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In this paper an exhaustive analysis is performed on the electrochemical corrosion resistance of
Al-doped ZnO (AZO) layers deposited on silicon wafers by a DC pulsed magnetron sputtering deposition
technique to test layer durability. Pulse frequency of the sputtering source was varied and a detailed
study of the electrochemical corrosion response of samples in the presence of a corrosive chloride
media (NaCl 0.06 M) was carried out. Electrochemical impedance spectroscopy measurements were per-
formed after reaching a stable value of the open circuit at 2 h, 192 h and 480 h intervals. Correlation of the
corrosion resistance properties with the morphology, and the optical and electrical properties was test-
ed. AZO layers with transmission values higher than 84% and resistivity of 6.54 × 10−4 Ω cm for a depo-
sition process pressure of 3 × 10−1 Pa, a sputtering power of 2 kW, a pulse frequency of 100 kHz, with
optimum corrosion resistance properties, were obtained.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Lifetime of optoelectronic devices is related to the durability of
the transparent conductor front electrodes as they are the most ex-
posed layers in the systems [1]. These front electrodes are currently
tin-doped indium oxide layers but indium has been classified as a
critical raw material by the European Union [2]. Thus, alternative
conductor materials are being investigated. Al-doped ZnO (AZO)
is a promising material due to its high transmittance, low electrical
resistivity, resource availability, low toxicity, strong resistance to
high radiation and thermal and chemical stability. It is an n-type
semiconductor material with high conductivity caused by an
increase in carrier concentration and in carrier mobility due to
the aluminium impurities. Among the different techniques avail-
able to deposit AZO layers, DC pulse magnetron sputtering technol-
ogy has been used as it is optimal for industrial applications
allowing deposition of high quality films at large scale with auto-
mated processes with no toxic emission or waste [3]. To make
AZO front contacts penetrate the market, it is necessary to further
investigate the durability of these layers. To test the durability, an
exhaustive analysis of the electrochemical corrosion response of
AZO layers grown by DC pulse magnetron sputtering deposition
as a function of pulse frequency has been performed. The corrosion

resistance behaviour is correlated with the optical, electrical and
morphological properties.

2. Experimental procedure

A DC magnetron sputtering industrial equipment (MIDAS 450
manufactured by Ik4-TEKNIKER) with a ZnO: Al2O3, 98:2 wt.% target
was used to deposit the AZO thin films. The power density was
2.9 W/cm2, which corresponds to 2000 W. The substrates were
heated up to 350 °C. The power source was dual output pulsed-DC (5 to
350 kHz) from AEI Pinnacle Plus + 5/5 kW with a duty cycle of 96%.
Two different process pulse frequencies were studied, 50 kHz and
100 kHz. Process pressure was fixed at 3 × 10−1 Pa. Layers of 1000 nm
thicknesswere deposited on glass and siliconwafers. The structural char-
acterization of the films deposited on glass was carried out by X-ray
diffraction (XRD, PANalytical, model X'Pert Pro) in grazing incidence
geometry in 2θmodel with Cu Kα line radiation (λ=1.5406 Å). Surface
morphology was examined by scanning electron microscopy (Zeiss
Auriga CrossBeam scanning electron microscope/focused ion beam
SEM/FIB system) and surface roughness by atomic force microscopy in
tappingmode (AsylumResearch 3D StandAlone). The transmission spec-
tra (350–2500 nm) were measured by a Perkin-Elmer Lambda 950 spec-
trophotometer on glass substrates (using as a reference Spectralon
labsphere certified reflectance standard). The electrical properties were
evaluated by Hall effect measurements in a Van der Pauw geometry [4].
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The corrosion behaviour of AZO layers was evaluated using
electrochemical impedance spectroscopy (EIS) and polarisation
techniques on silicon substrates. The measurements were per-
formed in a three-electrode electrochemical cell using a Ag/AgCl
(KCl 3 M) reference electrode (SSC) and a platinum wire counter
electrode. Tests were performed at room temperature under aerat-
ed conditions on an exposed area of 0.2 cm2 in a standard solution
of NaCl 0.06 M. Three immersion times were selected to test the
electrochemical evolution of the coatings over time. The first mea-
surement was after 2 h of immersion when the open circuit poten-
tial becomes stable. After this, 192 and 480 h of immersion were
used to estimate the evolution of the corrosion resistance over
longer immersion times.

For each immersion time a sinusoidal AC perturbation of ±10mV of
amplitude at a frequency range from 10 kHz to 10 mHz under open
circuit potential conditions was applied. After the impedance measure-
ments (480 h immersion), the potentiodynamic polarisation curves
were registered for each sample from −0.4 V to 1.2 V (versus open
circuit potential) at a scan rate of 0.5mV/s. All thepotentials are referred
to Ag/AgCl electrode (0.207 V vs SHE).

3. Results and discussion

The X-ray diffraction patterns (Fig. 1) show a strong ZnO (002) peak
typical of the hexagonal wurtzite crystalline structure orientated with
the c-axis perpendicular to the substrate for both studied frequencies.
A weak (004) peak is also observed.

The position (2θ) of (002) peak is 34.37° and 34.36° for process
frequency of 50 kHz and 100 kHz respectively, smaller than 34.45°
corresponding to the ZnO crystal. This shift towards lower diffrac-
tion angles shows that the (002) interplanar spacing of these layers
is larger than the 002 interplanar space for ZnO crystals because of
the increase in the compressive stress of the crystals when doping
due to substrate heating [5]. No other phases, such as Al or Al2O3

were detected in these films. So, Al3+ ions substitute Zn2+ ions
into the ZnO hexagonal wurtzite structure. Al ions may also occupy
the interstitial sites of ZnO or Al segregates to the non-crystalline
region in the grain boundaries and forms Al–O bonds.

The full width at half maximum (FWHM) of the XRD peaks de-
pends on the crystalline quality of each grain and on the distribution
of grain orientation [6]. Table 1 shows the analysis of the FWHM for
the (002) XRD peak and the derived grain size through the Scherrer's
equation [7]. The film grown at 100 kHz presents the highest crystal-
linity associated with the lowest FWHM value and the highest grain
size of 43.31 nm [6].

Morphology of the layers changes with pulse frequency as ob-
served in Fig. 2. For 100 kHz process pulse frequency, the grains
are uniformly stacked up and compact, so no grain boundaries are
visible (Fig. 2b), while for 50 kHz pulse frequency the grains grow
loosely and they are clearly notable (Fig. 2a). These changes in mor-
phology slightly affect the roughness values, with roughness varying
from 23 nm for 50 kHz pulse frequency to 17 nm for 100 kHz pulse
frequency.

There are no significant changes in resistivity for both studied
samples (Table 2), although the sample grown at 100 kHz shows
slightly lower values of resistivity correlated with the highest car-
rier mobility. The free carriers in the AZO films are mainly provided
by oxygen vacancies, zinc interstitials and Al dopants. This corre-
lates with the highest grain size, so the number of grain boundaries
decreases facilitating the mobility of the free carriers.

There are no significant changes in transmittance spectra (Fig. 3),
with an average transmittance in the visible range (400–800 nm)
above 84% for both pulse frequencies. The bandgap of AZO films is
higher than that of ZnO films (3.37 eV). The absorption edge shifts
towards higher energy with an increase in carrier density due to
Burstein–Moss effect [8].

The durability of these layers was tested through corrosion resis-
tance analysis. Three electrochemical impedance measurements were
registered after 2, 192 and 480 h of immersion. Electrochemical imped-
ance spectroscopy (EIS) is a non-destructive technique that allows

Table 1
Values of the position of the (002) peak, FWHM, grain size and deposition rate.

Freq (kHz) 2θ (002) (°) FWHM (rad) Grain size (nm) Deposition rate (nm/m)

50 34.37 0.00384 39.40 13
100 34.36 0.00350 43.31 17

P= 50 kHz    Rrms= 23 nm       P= 100 kHz    Rrms= 17nm

ba

Fig. 2. SEMmicrograph of AZO films for the two studied pulse frequencies.

Fig. 1. XRD patterns of the AZO films at the two different studied frequencies.
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