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Al-doped ZnO (AZO) thin films were prepared on glass substrates by RF magnetron sputtering at room
temperature. The dependence of electrical, structural, and optical properties on the base pressure was
investigated. The lower base pressures for AZO thin film deposition resulted in improved electrical con-
ductivity owing to an increase in the carrier concentration and mobility, giving a resistivity as low as
7.3 x 10~ Q cm. The improved conductivity is attributed to increased Zn—0 bond formation and a sub-
sequent increase in oxygen vacancies as the base pressure is reduced. The average transmittance of all
the thin films deposited was above 84% in the visible spectrum. With decreasing base pressure, the figure
of merit for the AZO thin film improved linearly. The control of base pressure plays a major role in the
subsequent properties of AZO thin films deposited at room temperature.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Al-doped ZnO (AZO) has several potential applications as a
transparent conducting oxide (TCO) electrode in solar cells, light
emitting diodes and transparent thin film transistors [1-3]. It has
attracted attention because its high optical transmittance and low
electrical resistivity. AZO is a nontoxic, low-cost, abundant mate-
rial, with higher thermal stability, and it is less susceptible to
hydrogen plasma processing damage than the more widely used
indium tin oxide (ITO). AZO can also be deposited at lower tem-
peratures, leading to TCO applications that are sensitive to process
temperature. AZO thin films can be prepared by various methods
such as RF magnetron sputtering [4], pulsed laser deposition [5],
and chemical vapor deposition [6]. RF magnetron sputtering is the
preferred deposition method because it offers room-temperature
processing and easy control of the electrical properties of films
by adjusting processing parameters such as RF power, working
pressure and substrate temperature [7-9]. Although the effects
of varying the parameters in RF magnetron sputtering upon film
deposition have been reported by several researchers, no previous
studies have reported on the electrical properties of AZO thin films
deposited in a regime where differing base pressures have been
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applied. Previous work on ITO thin films has suggested that cham-
ber base pressure prior to film deposition affects the resistivity of
films deposited in the manner [10-12].

In this study, we determined how chamber base pressures
impacts on the structural, optical, and electrical properties of AZO
thin films deposited at room temperature using RF magnetron sput-
tering. We also investigated the effect of chemical bonding on the
film properties by an XPS study.

2. Experimental procedure

AZO thin films were deposited on glass substrates (Corning 1737) using an RF
magnetron sputtering system. A 3-in AZO ceramic target (mixed with 2 wt% Al,03)
was loaded on the cathode 55 mm from the substrate stage. The substrate surfaces
were cleaned in an ultrasonic bath for 10 min with acetone, methanol, and deionized
water, and then blown dry with nitrogen before being loaded into the sputtering
system. The sputter chamber was evacuated using a turbomolecular pump before
introducing the sputtering argon gas, which was oxygen-free and of high purity.
The base pressure was varied to following values: 0.8 x 106 Torr, 2.0 x 10~ Torr,
and 4.0 x 10~ Torr. In order to minimize possible plasma damage to the substrates,
a low RF power of 25 W was used. The deposition process was performed in an Ar
mass-controlled flow of 60 sccm at a deposition pressure of 2.0 x 10~2 Torr. The AZO
thin films were deposited at room temperature with a thickness of 250 nm.

The film electrical properties were measured at room temperature using a Hall
measurement system (ECOPIA HMS-3000). X-ray photoelectron spectroscopy (XPS,
THERMO VG SCIENTIFIC MultiLab2000) was used to investigate chemical bonding.
The crystal properties of the different AZO thin films were inspected using X-ray
diffraction (XRD, Phlilips X'pert), employing Cu Ko (A = 1.5406 A) radiation. The opti-
cal properties were analyzed using a spectrophotometer (JASCO UV/VIS/NIR) in the
wavelength range of 250-1000 nm.
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Fig. 1. Electrical resistivity, carrier concentration and mobility of AZO thin films deposited on glass substrates at room temperature as a function of the base pressure.

3. Results and discussions

Electrical parameters such as electrical resistivity (p), carrier
concentration (n), and mobility (i) of the AZO thin films as mea-
sured by the Hall system are shown in Fig. 1. All the films showed
n-type behavior, as confirmed from the signature of Hall coeffi-
cient. With decreasing initial base pressure, the electrical resistivity
decreases whilst both the carrier concentration and the mobility
increase. These results are similar to those obtained for ITO thin
films deposited by magnetron sputtering [10]. The best electrical
properties were obtained at 0.8 x 10~6 Torr: p of 7.3 x 10~4 Q cm,
nof9.7 x 1020 cm~3, and p of 8.82 cm3/Vs. The measured decrease
in the resistivity is due to an increase both in the carrier concentra-
tion and in the mobility. We suggest that the resistivity is mainly
affected by the mobility when the base pressure is decreased from
4 x10-%Torrto2 x 10-6 Torr (so-called first decrease), whereas the
change is mostly influenced by the carrier concentration when the
base pressure is decreased from 2 x 10-6 Torr to 0.8 x 10~ Torr (so-
called second decrease). This conduction behavior under differing
base pressure is discussed in detail later in the text.

To investigate the influence of chemical state on the electri-
cal properties, the XPS spectra of each element in the AZO thin
films were analyzed. All atomic spectra were calibrated by using
the hydrocarbon C 1s peak at 284.6 eV as a reference. The Zn 2p3),
and Al 2ps, core lines (not shown here) exhibit a highly symmetric
shape centered at 1021.79 eV and 74 eV, respectively, which corre-
sponds to Zn—0 bonds and Al—O bonds in AZO [13]. No metallic
Zn or Al with binding energies of 1021.5eV [14] and 72.7 eV [15]
was observed. This confirms that Zn and Al exist only in oxidized
states. The O 1s spectra show asymmetrical features (Fig. 2) for

films deposited at different base pressures. For a careful analysis
of this asymmetrical behavior, the O 1s peak of AZO was fitted
with 90% Gaussian and 10% Lorentzian mixed lineshape functions.
These O 1s core level features can be deconvoluted into three com-
ponents at binding energies of 529.9eV, 531.35eV, and 532.6eV.
The fitted results indicate that each component has a full width at
half maximum (FWHM) of less than 1.9 eV. The low and medium
energy components are related to 02~ with the different bind-
ing structures. It has been previously reported that for 0%~ ions in
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Fig. 2. O 1s XPS spectra of AZO thin films under various base pressures.
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Fig. 3. XRD results of AZO thin films as a function of the base pressure.

AZO thin films with a full stoichiometric arrangement of Zn or Al
atoms, there is a peak located at 529.9 eV (low binding energy) [16].
02~ ions located in oxygen-deficient regions in AZO thin films give a
peak at 531.35 eV (medium binding energy) [17]. The high binding
energy peak at 532.6eV originates from adsorbed species such as
05, H,0, and CO owing to surface hydroxyl groups [18]. The relative
changes in intensity of the low and medium binding energy compo-
nents therefore indicate the degree of 0—Zn bonding and oxygen
vacancies, respectively. The intensity of O—Zn bonding increases
at the first decrease in the base pressure and saturates at the sec-
ond decrease. The intensity of the peak in oxygen-deficient areas is
constant at the first decrease but increases at the second decrease.
The formation of the O—Zn bonds was initially enhanced at the first
decrease of the base pressure and then an oxygen deficiency was
promoted at the second decrease. These behaviors are consistent
with the conduction characteristics mentioned above. At the first
decrease of the base pressure, the mobility increases owing to an
improvement in crystallinity, as is evident from the O—Zn bonding.
At the second decrease, the carrier concentration is enhanced by
an increase in oxygen vacancies. Both these mechanisms cause a
reduction of the resistivity with a reduction in base pressure. Low
base pressure generally minimizes the effect of residual gases such
as Ny, O3, and H,0 in the process chamber. Rogozin et al. have
reported that the increase in the amount of impurities with increas-
ing the base pressures leads to a chemical reduction in the ITO thin
film, resulting in the formation of non-stoichiometric structures
[10]. Lee et al. have reported increase in the measured lattice con-
stant for films deposited at higher sputtering base pressures, which
they attributed to the interstitial or substitution incorporation of

impurities from residual gases into the lattice [11]. On the basis of
the large number of O—Zn bonds at intermediated pressures, we
suggest that the reduced impurity levels result in better structure;
in contrast, at the lowest pressure, there is some measure of reduc-
tion, which results in the formation of oxygen vacancies. The change
between crystallinity and oxygen deficiency with decreasing the
base pressure is attributed to behavior of H, O, which start to reduce
at high vacuum condition (<10~ Torr) [19]. These experimental
data show that base pressure is an important factor in determining
the nature of bonding in AZO thin films and that it has implications
for the conductivity of AZO thin films deposited at room tempera-
ture.

The crystalline structure of the AZO thin films was analyzed by
XRD. Fig. 3 shows XRD curves for the AZO thin films. All three films
have a strong crystalline peak located at the 26 position of 34.4°
and a weak crystalline peak at 62.8°, which correspond to the (00 2)
peak and (1 03) peak, respectively, regardless of the base pressure.
This indicates that all the AZO thin films are polycrystalline with a
hexagonal structure and have a well-defined c-axis orientation per-
pendicular to the substrate. No data for an Al,03 phase is found,
which implies that Al atoms substitute Zn in the hexagonal lat-
tice, Al ions may also occupy the interstitial sites of ZnO or that Al
segregates to the non-crystalline region in the grain boundary and
forms Al—O bonds [20]. The intensity ratio of the (002) and (103)
peaks, whichis g 2)/I(1 0 3), becomes stronger with decreasing base
pressure. In case of 0.8 x 10~ Torr, the intensity of (002) peak is
5.7 times that of the (103) peak, which indicates highly c-axis
oriented crystallographic growth. The FWHM of AZO thin films
with decreasing base pressure, implying an enhancement in the
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Fig. 4. Optical transmittance spectra in light wavelength of AZO thin films under
various base pressures.

crystallinity. It suggests that low base pressure improves crys-
tallinity owing to reduced incorporation of impurity atoms into
the AZO films. These results agree with those of the XPS study,
mentioned above. According to Scherrer’s formula [21], the average
crystallite size, which is the length of the crystal in the direction of
the d-spacing, can be calculated using the FWHM. In line with this,
our data suggest that the average crystallite size increases when
the films are deposited from low base pressure, giving rise to more
crystalline films.
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Fig. 5. Variation of the optical energy bandgap for AZO thin films as a function of
the base pressure.

Fig. 4 shows the transmittance spectra of AZO thin films of
250nm thickness prepared at different base pressures in the
200-1000nm wavelength region. In the visible spectrum, all
the AZO thin films are highly transparent (>80% on average).
The average transmittance (T,) in the visible wavelength region
(400-800 nm) increases and then decreases as the base pressure
decreases. The highest transmittance (93.2%) was obtained for the
film deposited at moderate base pressure, 2.0 x 10-% Torr. This,
together with the conductivity results mentioned earlier, confirms
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Fig. 6. Effect of the base pressure on the figure of merit of AZO thin films.
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that the AZO thin films prepared under these conditions are highly
suitable for application to thin film optical devices. The absorp-
tion edge, which is related to the optical energy gap, shifts toward
shorter wavelength and then back to the longer wavelength with
a decrease in base pressure. The optical energy gap (Eg) of the
thin films was calculated by using the value of « in the following
equation for direct band semiconductors [22]: a(hv) = C(hv — Eg)1/2,
where h is Planck’s constant and v is the frequency of the incident
photon; Cis independent of frequency. The optical absorption coef-
ficient (&) is defined as a=In(1/T)/d, where d is the thickness of
the AZO thin films [23]. Fig. 5 shows the plots of (a¢hv)? versus the
optical energy gap. The energy gap can be obtained from the inter-
cept of the linear absorption edge part with the energy axis. When
(ahv)? is zero, then the photon energy is equal to the optical energy
gap. As was seen in the transmittance spectra, the optical energy
gap increases and then decreases with a decrease in the base pres-
sure. The highest optical energy gap of 3.945 eV was observed for
in 2.0 x 10~ Torr. In general, the increasing carrier concentration
correlates well with the widening of the bad gap, which is related to
the Burstein-Moss shift and is due to filling of states at the bottom
of the conduction band, which results in an increase in the band
gap [24,25]. However, a decrease in the band gap to 3.521 eV for
N>3.407 x 1022 cm—3 in 2.0 x 10~8 Torr can be attributed to a basic
change in the band structure of the material [26]. For device appli-
cation, a band gap of >3 eV is required, which is already exhibited
by the films synthesized in this study [27].

To confirm the suitability of the AZO thin film as TCOs, the figure
of merit (FOM), which is a ratio of optical properties to electrical
properties, was calculated; the results are given in Fig. 6. The FOM
was calculated using the following equation: @ =T/ p, where Tis the
average transmittance in the visible spectrum and p is the resistiv-
ity of AZO thin film [28]. With decreasing base pressure, the FOM
of the AZO thin film increases linearly, in line with electrical con-
ductivity, data, which influences the FOM to a greater extent than
the optical transmittance. The highest FOM value was found to be
12 x 10* (2 cm)~1, achieved at a base pressure of 0.8 x 10~ Torr.
This high FOM for the AZO thin films deposited at room temper-
ature implies that they are suitable for application as transparent
contacts in various optoelectronic devices.

4. Conclusion

In this study, the properties of sputtered AZO thin films
deposited at different base pressures were investigated. It was
found that the base pressure is a critical factor influencing the prop-
erties of the films. The AZO films deposited at low base pressure

showed the best crystallinity, lowest resistivity, and highest FOM.
The optical properties of AZO thin films were less affected by the
base pressure. The conductivity behavior as a function of base pres-
sure is attributed to enhanced Zn—0 bond formation and oxygen
vacancy formation with a reduction in the pressure. Therefore, we
conclude that the control of base pressure is an important factor
in the fabrication of AZO transparent electrodes for optoelectronic
devices.
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