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Effect of Oxygen Partial Pressure on Epitaxial Growth
 and Properties of Laser-Ablated AZO Thin Films
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Abstract: Al-doped ZnO (AZO) thin films were grown on c-sapphire substrates by laser ablation under 
different oxygen partial pressures (PO2). The effect of PO2 on the crystal structure, preferred orientation as well as 
the electrical and optical properties of the films was investigated. The structure characterizations indicated that 
the as-grown films were single-phased with a wurtzite ZnO structure, showing a significant c-axis orientation. 
The films were well crystallized and exhibited better crystallinity and denser texture when deposited at higher 
PO2. At the optimum oxygen partial pressures of 10 - 15 Pa, the AZO thin films were epitaxially grown on 
c-sapphire substrates with the (0001) plane parallel to the substrate surface, i e, the epitaxial relationship was 
AZO (000 1) // Al2O3 (000 1). With increasing PO2, the value of Hall carrier mobility was increased remarkably 
while that of carrier concentration was decreased slightly, which led to an enhancement in electrical conductivity 
of the AZO thin films. All the films were highly transparent with an optical transmittance higher than 85 %.
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1  Introduction

Transparent conductive oxide (TCO) thin 
films have been drawing great attention due to their 
outstanding optical and electrical properties including 
low resistivity and high transmittance in visible 
region. They can be widely used in various optical-
electrical devices, for example, solar cells, display 
panels, organic light-emitting diodes, flexible thin 
film transistors and optical coatings, etc[1-4]. Typical 
TCO is indium tin oxide (ITO)[5], which has been by 
far most widely used because of its superb properties 
such as low resistivity (about 10-4 cm) and high 
transmittance (>80%). Unfortunately, indium is toxic, 
scarce and consequently expensive, which will limit 

the large-scale economical production of ITO films in 
the future. Among the possible alternatives, Al-doped 
zinc oxide (hereafter AZO)[6,7] has been regarded as 
one of the most promising TCOs to replace ITO due 
to its low manufacturing cost, non-toxicity, abundant 
source and similar electrical and optical properties to 
ITO. Therefore, the development of AZO thin films as 
the promising substitutes for indium-free transparent 
electrodes is extremely important, from the viewpoint 
of the massively growing market of transparent 
optoelectronics.

AZO thin films have been grown by a variety 
of deposition techniques[8-12], such as chemical vapor 
deposition, DC or RF magnetron sputtering, electron 
beam evaporation, pulsed laser deposition, metal 
organic chemical vapor deposition, and sol-gel. It was 
found that the electrical or/and optical properties of 
the as-grown AZO films were mostly affected by their 
structure (for example, microstructure, preferential 
orientation or surface morphology), while the structure 
could be modified by controlling the corresponding 
deposition process. Among those methods, laser 
ablation[13] is proposed to be a versatile technique for 
growing high-quality thin films. As for this method, 
the oxygen partial pressure (PO2) is one of the key 
processing parameters, which has strong influence on 
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film growth[14]. 
In the present study, the epitaxial thin films of 

AZO were then grown by laser ablation under different 
oxygen partial pressures. The effect of PO2 on the 
epitaxial growth, electrical and optical properties of 
laser-ablated AZO thin films were investigated, for the 
purpose of further improving the electrical conductivity 
and optical transmittance by controlling their structures.

2  Experimental

The AZO thin films were grown on c-sapphire 
substrates by laser ablation of an Al (3 wt%) - doped 
ZnO ceramic target. A Q-switched Nd: YAG laser, 
operating at 355 nm wavelength with a pulse repetition 
of 10 Hz and pulse duration of 5 ns, was used for the 
deposition. The pulsed laser energy (laser fluence on 
target) and deposition temperature for growing AZO 
films were fixed at 3.4 J/cm2 and 873 K, respectively. 
The deposition chamber was evacuated to about 1×
10-4 Pa and then high-purity oxygen gas was injected 
into the chamber. The depositions took place for 15 
min under different oxygen partial pressures, ranging 
from vacuum (about 10-4 Pa) to 15 Pa, respectively.

The crystal structure of the films was measured 
using X-ray diffraction (XRD q/2q scan, Rigaku 
Ultima III) with Cu Ka radiation. The orientation 
relation of the AZO films with respect to the sapphire 
substrates was investigated by X-ray pole-figure (XRD  
f scan, Rigaku RAD-2C). The surface morphology 
was observed by a scanning electron microscope 
(SEM, Hitachi S-4800). The electrical properties, 
including carrier mobility, concentration and electrical 
resistivity, were determined on a Hall measurement 
device (Accent Optical HL5500PC) by using the four-
point probe method. The optical transmittance spectra 
were recorded by UV-visible-NIR spectrophotometer 
(Shimadzu UV-2550). All the measurements were 
carried out at room temperature.

3  Results and discussion

3.1  Structural characterization
Fig.1 shows the XRD patterns (q/2q scan) of 

the AZO thin films grown on c-sapphire substrates 
under different oxygen partial pressures, i e, PO2 = 10-
4, 3, 6, 10, 13 and 15 Pa, respectively. We can see that 
besides the peaks from the sapphire substrates, only the 
characteristic diffraction patterns corresponding to the 
(000 2) AZO reflections are detected. This proves that 

the deposited films are single-phased in a wurtzite ZnO 
structure and with a c-axis orientation. With increasing 
PO2 from 10-4 to 15 Pa, the full width at half maximum 
(FWHM) of the (000 2) peaks decreases, indicating 
better crystallinity of the AZO thin films when prepared 
at higher oxygen partial pressures. The sharp (000 2) 
reflections of the AZO films grown at PO2 10 Pa show 
that those films are well crystallized and highly c-axis 
oriented.

The XRD pole-figure characterization was 
performed by setting the diffraction angle (2θ) of 
AZO (10-11) plane to satisfy the Bragg law, so as to 
establish the in-plane orientation relationship between 
the as-grown (000 1)-oriented AZO thin films and 
the (000 1)-oriented Al2O3 (c-sapphire) substrates. 
The specimens were tilted (ψ-rotation) from 0 to 90 
°, respectively, and then rotated by 360 ° (y-rotation) 
about the normal to the film surface at each value 
of ψ. Fig.2(a) and Fig.2(b) show the pole figures for 
(10-11) plane of the (000 1)-oriented AZO thin films 
grown at PO2 = 10 Pa and PO2 = 15 Pa, respectively. 
Six symmetrical poles resulted from AZO (10-11) 
reflections are identified at the tilting angle (y) of about 
62 °, which is in agreement with the angle between 
the (000 1) plane and the diffracting (10-11) plane 
of AZO. The equally spaced reflections separated by 
60° interval show that the AZO (10-11) plane is six-
fold symmetry[15]. The pole-figure results confirm the 
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(000 1)-orientation of the AZO thin films, and further 
demonstrate the in-plane epitaxial relationship of the 
AZO films with respect to the c-sapphire substrates. 
That is, the AZO thin films were epitaxially grown on 
c-sapphire substrates with the (000 1) plane parallel to 
the substrate surface, i e, the epitaxial relationship was 
AZO (000 1) // Al2O3 (000 1).

The SEM images of surface morphology of the 
AZO thin films grown at different PO2 are shown in
Fig.3. No well-crystallized grains can be observed 
in the AZO films prepared at lower oxygen partial 
pressures (vacuum or smaller than 10 Pa). With  
increasing PO2, the films begin to be crystallized and the 
grain size is increased. The increasing in crystallite size 
might result from the enhancement in film’s surface 
atomic mobility, which enables the thermodynamically 
favored grains to grow[16]. It can be seen from these 
figures that the AZO thin films deposited at PO2 = 10-15 
Pa were well crystallized with uniform grains, showing 
a nearly dense texture and a smooth surface.
3.2 Electrical and optical properties

Fig.4 shows the room-temperature electrical 
properties of AZO thin films deposited at different PO2. 
The value of electrical resistivity  (the reciprocal of 
electrical conductivity) was derived from the product 
of carrier mobility (mH) and carrier concentration 
(N)[17]. It is noted that a close correlation between the 
conducting behavior and oxygen partial pressure does 
exist. For the AZO thin films prepared in vacuum or 

at lower PO2, the carrier concentration N is high but 
begins to decrease slightly with increasing PO2 due to 
the reduction of oxygen vacancies. On the contrary, the 
carrier mobility H is increased remarkably with PO2. As 
a result, the electrical resistivity of the AZO thin films 
is decreased with increasing PO2 to higher pressures 
until 13 Pa, but increases when PO2 is further evaluated 
to 15 Pa. A minimum value of electrical resistivity 
(6.52 ×10-4 cm) is obtained at PO2 = 13 Pa, indicating 
the best conductivity of AZO thin films if grown at the 
optimum oxygen partial pressure.

The variation of electrical resistivity of the AZO 
thin films as a function of oxygen partial pressure is 
mainly dependant on the changes in grain crystallinity 
and surface morphology at different PO2. It is generally 
believed that better electrical conductivity could be 
attributed to the finer microstructure[18], including 
grain size and crystallinity. With increasing oxygen 
partial pressure, especially when PO2 = 10 Pa and PO2 
= 13 Pa, the AZO grains are more crystallized and 
the film’s surface is denser, which will improve the 
interconnectivity between grains and thus lead to a 
higher Hall carriers concentration. On the other hand, 
the grain size of the AZO thin films is also increased 
with PO2. Therefore, the scattering from the grain 
boundaries will be weakened, which will result in a 
smaller grain-boundary-resistance. All those factors 
would be beneficial to the enhancement in electrical 
conductivity of the AZO thin films.

The measurement of UV-vis transmittance spectra 
was carried out to evaluate the potential applications 
for the AZO thin films in transparent optical-electrical 
devices. Fig.5 shows the optical transmittance spectra 
(200 - 800 nm) of the AZO thin films grown on the 
transparent c-sapphire substrates at different PO2 from 
10-4 to 15 Pa, which are approximately 300 nm in 
thickness. It can be seen from the figure, all the AZO 



30 Vol.31 No.1 WANG Chuanbin et al: Effect of Oxygen Partial Pressure on Epitaxial Gro...

films are highly transparent in the visible region with 
an optical transmittance higher than 85%. The sharp 
dropping in transmittance (so-called absorption edge) 
is observed in the UV region, due to the fundamental 
absorption resulted from ZnO. With increasing PO2, 
the absorption edge shifts towards higher wavelengths, 
exhibiting a red-shifting characteristic because of the 
decreasing in carrier concentration[19].

From the above analyses, we can see that the 
epitaxially grown AZO thin films with good electrical 
and optical properties, resulting from high crystallinity 
and dense texture, could be obtained by choosing the 
optimum oxygen partial pressure. Our study would 
provide the possibility of the potential applications of 
the laser-ablated AZO thin films in optoelectronics.

4  Conclusions

Single-phased Al-doped ZnO (AZO) thin films 
with significant c-axis orientation were prepared by 
laser ablation. The films were well crystallized and 
exhibited better crystallinity as well as denser texture 
when deposited at higher oxygen partial pressures 
(PO2). By choosing the optimum PO2 of 10 - 15 Pa, 
the AZO thin films could be epitaxially grown on 
c-sapphire substrates, and the epitaxial relationship of 
the films with respect to the substrates was found to be 
AZO (000 1) // Al2O3 (000 1). With increasing PO2, the 
electrical resistivity of the AZO films was decreased, 
indicating better conductivity at higher oxygen partial 
pressures. All the films were highly transparent in the 
visible region with a high optical transmittance (> 85 
%). The excellent electrical and optical properties of 
the laser-ablated AZO thin films were similar to those 
of ITO, which rendered them potential applications in 
optoelectronics.
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