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a b s t r a c t

Transparent and conductive Al-doped (2 wt.%) zinc oxide (AZO) films were deposited on inexpensive
soda-lime glass substrates by using rf magnetron sputtering at room temperature. This study analyzed
the effects of argon sputtering pressure, which varied in the range from 0.46 to 2.0 Pa, on the
morphological, electrical and optical properties of AZO films. The only (0 0 2) diffraction peak of the film
were observed at 2q～34.45�, exhibiting that the AZO films had hexagonal ZnO wurtzite structure, and
a preferred orientation with the c-axis perpendicular to the substrate. By applying a very thin
aluminum buffer layer with the thickness of 2 nm, findings show that the electrical resistivity was
9.46 � 10�4 U-cm, and the average optical transmittance in the visible part of the spectra was
approximately 81%. Furthermore, as for 10 nm thick buffer layer, the electrical resistivity was lower, but
the transmittance was decreased.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Transparent conducting zinc oxide (ZnO) films have been
studied extensively because of their good optical characteristics,
high stability, excellent electrical properties and low material cost.
They also have attracted attention because of their great potential
for application in solar cells, surface acoustic wave devices, piezo-
electric transducers and optoelectronic devices etc [1]. ZnO has
a wide and direct band gap of 3.37 eV at room temperature, and is
optically transparent like indium oxide and tin oxide [2]. Non-
doped ZnO usually presents a high resistivity due to a low carrier
concentration [3]. In order to increase its electrical and optical
properties, ZnO is commonly doped with Group III elements, such
as boron (B), indium (In), aluminum (A1) and gallium (Ga). Among
these impurity doped zinc oxide films, Al-doped zinc oxide (AZO)
thin film is considered an excellent candidate material [4]. Al
presents a very high reactivity leading to oxidation during the
growth of films, and exhibits a wide band gap, high transparency,
low resistivity, non-toxicity, low cost, and stability in hydrogen
plasma compared with ITO and SnO2 [5].

Several techniques have been developed in the deposition of
AZO films, which is the most commonly used radio frequency (rf)
All rights reserved.
magnetron sputtering [6]. The most important deposition param-
eters that should be controlled in order to develop AZO films with
the desired properties are the substrate-to-target distance, the
substrate temperature, the oxygen flow rate, the rf power, and the
working pressure [7]. In this study, we examine the argon gas
pressure dependence of the electrical, structural and optical
properties of AZO transparent conductive films deposited on glass
substrates. In order to improve the quality of the AZO films, the
effects of Al buffer layers are also investigated.

2. Experimental procedures

Al-doped ZnO films were deposited onto soda-lime glass
substrates with dimensions of 20� 20�1 mm by rf magnetron
sputtering in an argon gas atmosphere. The glass substrates were
ultrasonically cleaned in a detergent bath, and then cleaned with
isopropyl alcohol, acetone and distilled water, and blow-dried with
nitrogen. A commercially available hot-pressed and sintered disc of
ZnO (purity, 99.99%) mixed with 2 wt.% Al2O3 (purity, 99.99%),
51.2 mm in diameter, was used as a target (Elecmat, USA). Before
coating, the target was pre-sputtered for 10 min to remove any
contamination.

The sputtering deposition was performed under an rf power of
100W and the film thickness was 250 nm on average for all the
samples. The flow rate of the argon was controlled by a mass flow
controller (MFC) from 33 sccm to 193 sccm, which corresponds to
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Table 1
Experimental conditions of AZO (with and without buffer layer).

Substrate Soda-lime glass (20� 20� 1 mm)

Target ZnO:Al2O3 (98:2 wt.%); 99.995% purity;
51.2 mm diameter

Gas argon (99.995%)
Base pressure 6.6 � 10�4 Pa
Substrate rotate vertical axis 20 rpm
Substrate-to-target distance 100 mm
Substrate temperature room temp.
Rf power 100 W
AZO thickness 250 nm
Sputtering pressure 0.46, 0.66, 0.99, 1.3 and 2.0 Pa

Table 2
Deposition parameters of Al buffer.

Substrate Soda-lime glass (20� 20� 1 mm)

Target Al; 99.99% purity; 51.2 mm diameter
Gas argon (99.995%)
Base pressure 6.6 � 10�4 Pa
Substrate rotate vertical axis 20 rpm
Substrate-to-target distance 100 mm
Substrate temperature room temp.
Rf power 50 W
Sputtering pressure 0.99 Pa
Deposition rate 3.96 nm/min
Buffer thickness 2, 5, 10 nm

Fig. 2. (a) X-ray curve, (b) variation of peak position and FWHM of the (0 0 2) peak,
and (c) grain size plotted as a function of sputter pressure, for 250 nm thick AZO films
grown on glass.
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a sputtering pressure varying from 0.46 to 2.0 Pa. The target to
substrate distance was kept at 100 mm and the base pressure was
6.6�10�4 PaTable1 lists theexperimental conditionsof theAZOfilm.
In addition, Table 2 lists the sputtering conditions for the Al buffer. As
shown in Table 2, the rf powers were 50W, the sputtering pressure
was 0.99 Pa, and the buffer thicknessesweremeasured to be 2, 5, and
10 nm. The deposition rate of the Al buffer was 3.96 nm/min.

The film thickness was measured using a surface profilometer
(a-step, AMBIOS XP-1). A field emission scanning electron micro-
scope (SEM, JEOL, JSM-6500F) analyzed the surface morphologies
and an atomic force microscope (AFM, PSIA-XE-100) obtained
topographic images. The structural properties were determined by
X-ray diffraction (Rigaku-2000 X-ray Generator) using Cu Ka radia-
tion with an angle incidence of 1�. The electrical resistivity was
measured by the four-point probe method (Mitsubishi chemical
MCP-T600). A UVevis spectrophotometer carried out optical trans-
mittance measurement in a wavelength range of 300e800 nm.
Fig. 1. Deposition rate of AZO films as a function of sputter pressure.
Fig. 3. Electrical resistivity and optical transmittance as a function of sputter pressure,
for 250 nm thick AZO films grown on glass deposited at room temperature.



Fig. 4. Electrical resistivity and optical transmittance of AZO films grown on glass as
a function of AZO film thickness under the sputter pressure of 2.0 Pa.

Fig. 5. SEM micrographs of AZO films grown on glass for the sputter pressure of 2.0 Pa,
and with different thicknesses (a) 250 nm, (b) 350 nm, and (c) 450 nm.

Fig. 6. Resistivity of AZO films grown on Al/glass and glass as a function of buffer
thickness, when the AZO films’ thickness was 250 nm and the sputter pressure was
2.0 Pa.
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3. Results and discussion

The deposition rates of AZO films as a function of sputter pres-
sure are plotted in Fig. 1. As the deposition pressure increases, the
deposition rate increases, reaching the maximum value of
Fig. 7. (a) X-ray curve, (b) variation of peak position and FWHM of the (0 0 2) peak,
and (c) grain size plotted as a function of Al buffer thickness, when the AZO films’
thickness was 250 nm and the sputter pressure was 2.0 Pa.



Fig. 8. Cross-sectional SEM image of AZO film when the Al buffer layer thickness was
2 nm.
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6.306 nm/min at the deposition pressure of 0.99 Pa, and then
decreases with further increase in the sputtering pressure. This is
also similar to the results of Ma et al. [8].

Fig. 2 (a) shows the XRD pattern of 250 nm thick AZO films
grown on glass at a 2.0 Pa sputter pressure. The experimental
results show that there is no significant change in the orientation of
all the films deposited in different sputter pressures. The (0 0 2)
peak positions and the full width at half maximum (FWHM) of XRD
for AZO films vary depending on the sputter pressure as shown in
Fig. 9. AFM images of the films corresponding to Fig. 7. (a) AZO/Glass (b) AZO/Al buf
Fig. 2 (b). This reveals the diffraction peak position of 2q shifts from
34.25� at 0.46 Pa sputter pressure up to a higher angle of 34.55� at
a sputter pressure of 1.3 Pa and then decreases to 34.50� at a sputter
pressure of 2.0 Pa. The FWHM of XRD depends on the crystalline
quality of each grain and distribution of grain orientation [9]. With
the increase of sputter pressure, we gradually observed a decrease
in the FWHM of XRD for AZO films. The grain size was calculated
using Scherrer’s formula. The grain sizes of the AZO thin films at
different sputter pressures are shown in Fig. 2. (c). The result is
consistent with the result of the FWHM of XRD as shown in Fig. 2.
(b). This shows that the best quality crystallization of the AZO films
should be deposited at a sputter pressure of 2.0 Pa.

Fig. 3 shows the electrical resistivity and optical transmittance
as a function of sputter pressure for the AZO films (experimental
conditions lists in Table 1). The samples deposited at the sputter
pressure increase from 0.46 to 0.66 Pa, causing a steep decrease in
the electrical resistivity from 10.32 down to 4.22 � 10�2 U-cm. The
electrical resistivity then decreases slowly as the sputter pressure
further increases. The average transmittance in the visible range is
approximately 80% for the sputter pressure of 2.0 Pa. For compar-
ison purposes, Fig. 4 shows the electrical resistivity and optical
transmittance at different AZO thicknesses for the sputter pressure
fer (2 nm)/Glass (c) AZO/Al buffer (5 nm)/Glass (d) AZO/Al buffer (10 nm)/Glass.



Fig. 10. Optical transmittance for AZO films as a function of Al buffer thickness, with
the AZO films’ thickness was 250 nm and the sputter pressure was 2.0 Pa.
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of 2.0 Pa. This figure reveals that the AZO thickness increases from
250 to 450 nm, the electrical resistivity decreases from 2.22 � 10�3

to 1.61 � 10�3 U-cm. These results are consistent with the SEM
micrographs of AZO films observed in Fig. 5. It is clear that
the average gain sizes of the films differ from one another. From the
micrographs, an obvious increase of grain size is observedwhen the
AZO thickness increases from 250 to 450 nm. The larger crystallite
size results can cause a decrease in grain boundary scattering and
an increase of carrier lifetime [10], and consequently leads to an
increase of conductivity. On the other hand, with increasing AZO
thickness up to a value of 450 nm, the optical transmittance
decreases to a value approximately of 72% (see Fig. 4).

Fortunato et al. [11] showed that the buffer layer between the
film and the substrate improved the quality of the film. In this
study, the Al thin films were grown on glass substrates at room
temperature as buffer layers. The rf power was 50W, and the
thicknesses of the Al buffers were 2, 5, and 10 nm, respectively
(experimental conditions are listed in Table 2). Fig. 6 presents the
resistivity of the AZO films grown on Al/glass and glass as a function
of buffer thickness, with the AZO film thickness of 250 nm and
a sputtering pressure of 2.0 Pa. It is evident that the resistivity of the
AZO films grown on Al/glass decreased as the Al buffer thickness
increased. Fig. 7 (a) shows the XRD patterns of the AZO films at
various Al buffer thicknesses. All the films show that the AZO films
had the hexagonal ZnO wurtzite structure with a preferential
orientation along the c-axis perpendicular to the substrate surface.
For buffer thicknesses of 10 nm, the diffraction peaks of AZO films
became sharper and more intense. This is due to the increase of
crystallite size and the improvement of the crystallinity of the films.
In Fig. 7 (b) and (c), the variations in the grain size and the (0 0 2)
peak position are plotted as a function of the Al buffer thickness.
The average grain size was the largest for the Al buffer thickness of
10 nm. The (0 0 2) peak position also showed dependence on the
buffer thickness. The cross-section of the films was also revealed by
SEM (Fig. 8). The films were very compact, homogeneous, perfectly
adherent to the substrate, and the AZO film consists of columnar-
structured grains, possibly representing the oriented grains. Atomic
force micrographs of the surface morphology of the films deposited
at various buffer thicknesses are shown in Fig. 9. As mentioned
above, the AZO grain size increasedwith increased buffer thickness,
and the electrical resistivity was reduced. In addition, the thickness
of the Al-metal layer was not allowed beyond a certain threshold
for high transmittance. With increasing thickness of the metal
layer, the transmittance decreased and the reflection increased as
the film became a mirror [12,13]. Fig. 10 shows the optical trans-
mittance for AZO filmswith different Al buffer thicknesses. It can be
seen that the transmittance decreases with an increase of the Al
buffer thickness.

4. Conclusions

Transparent conducting Al-doped zinc oxide films were fabri-
cated on soda-lime glass substrates by using rf magnetron sput-
tering at room temperature. The sputtering pressure dependence of
the structural, morphological, electrical, and optical properties of
the films was studied. As the sputtering pressure increased, the
AZO thin film crystalline quality, conductivity and transmittance
were promoted. All of the AZO films grown on Al/glass and glass
under various sputtering pressures had strong c-axis (002)
preferred orientation. The AZO films crystalline quality and resis-
tivity were improvedwith increased Al buffer thickness but the film
transmittance was not in good agreement with the increase in
buffer thickness.
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