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Abstract

Transparent ZnO and Al-doped ZnO (AZO) thin films have been prepared by radio frequency sputtering deposition at room

temperature. The optical, electrical, and structural characteristics of the obtained films have been extensively investigated as a function

of sputtering and annealing parameters. Spectrophotometry, X-ray diffraction (XRD), atomic force microscopy (AFM), four-point

probe and Hall-effect measurements were employed. The ZnO films generally exhibited excellent crystalline properties, while providing a

UV cut-off in the absorption spectrum for optical filtration. AZO thin films exhibited an average transparency (larger than 85%) over

the visible region of the spectrum, and resistivity of the order of 10�3 O cm was obtained. The carrier concentration and electron

mobility values proved to be dependent on the deposition parameters and annealing temperature. The obtained results showed that

annealing temperatures higher than 400 1C were not necessary and potentially degraded the electronic properties of the AZO thin films.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Transparent conductive oxides (TCOs) continue to be at
the forefront of semiconductor research due to their appeal-
ing electronic and optical properties such as high conductiv-
ities and transparencies within the visible and IR region of
the spectrum. Indium Tin Oxide (ITO) is one of the most
largely used TCO’s in industry, specifically for photovoltaics
[1], LED [2] and OLED devices [3]. However, due to the
increasing cost of indium, alternatives are being explored.

Zinc Oxide (ZnO) thin films began to attract research
interest the early 1970s and its properties were explored for
their potential in optoelectronic devices [4–6]. Interesting
aspects of ZnO include: the anisotropy in crystal structure,
wide band gap, the optical transparency in visible range,
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fairly high refractive index and large piezoelectric constant,
respectively.
Undoped ZnO usually presents a high resistivity due to a

low carrier concentration [7] and regardless the deposition
method it has unstable electric properties in the long term.
This instability of the undoped ZnO was related to the
change in surface conductance under oxygen chemisorptions
and desorption. However, it is known that conductive
properties of ZnO depend on its stoichiometry and presence
of impurities (dopants). N-type doping has been achieved by
the substitution of Zn with group-III elements such as Al,
Ga, In or by substitution of oxygen with group-VII elements
such as Cl or I [8–12]. Aluminum-doped ZnO (AZO)
provides attractive alternative to ITO [13,14]. Even if AZO
conductivity still does not surpass the ITO one, it is
considered for manufacturing transparent electrodes in flat
panel displays, solar cells and organic light-emitting diodes
due to their high electro-optical quality, high material
availability and low material cost for large area applications
[15–19] and its chemical stability in specific environment such
rved.
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as the hydrogen environment typical for thin-film Si solar
cells, as well.

AZO films have been deposited using a multitude of
methods, including spray pyrolysis [20], electrodeposition
[21], sol–gel [22] and direct current (DC)/radio frequency
(RF) sputtering [13]. Among these deposition processes,
magnetron sputtering is considered to be a suitable technique
due to its inherent characteristics such as high deposition
rate, good controllability and scalability to large areas [23].
AZO layers prepared at room temperature or higher followed
by subsequent annealing treatment at a higher temperature
presented different properties as a function of the annealing
atmosphere [24]. In order to achieve a better understanding
of the influence of the sputtering power and annealing
temperature on such film properties, higher knowledge of
the interrelation between the structural, electrical and optical
characteristics of AZO films is essential.

In this work, AZO thin films have been deposited by
sputtering at room temperature and subsequently annealed
in an inert atmosphere. Their structural, optical and
electrical properties were analyzed as a function of sputter-
ing power and annealing temperature and further com-
pared to the ZnO ones deposited in the same conditions.

A better understanding of the dependence on the
deposition conditions of different characteristics of the
AZO films is aimed in this work. This will contribute to
optimize the optoelectronic quality of the material as
transparent and conductive electrode.
2. Experimental

2.1. Materials

Depositions were performed employing 2 in. diameter
ZnO (99.99% purity) and AZO (2% Al2O3 concentration,
99.99% purity) sputtering targets (K. J. Lesker). Prior to
sputtering, glass substrates (Schott AF-45 borosilicate)
were prepared by ultrasonically cleaning in dilute detergent
solution and subsequent rinsing with distilled water,
acetone and isopropanol for 10 min each and followed
by drying under nitrogen.
Fig. 1. XRD diffractograms corresponding to (
2.2. Synthesis

High purity Ar gas (99.99%) was introduced after the
vacuum chamber was evacuated at 1� 10�5 Torr. The
process total pressure values were kept constant at
50 mTorr and 30 mTorr for ZnO and AZO, respectively.
The substrate (3� 3 cm2) was placed parallel to the
sputtering target and the target-substrate distance was
always maintained constant at 9 cm while the sputtering
power was varied in the range 70 W–160 W and the
corresponding power densities ranged 3.45–7.89 W cm�2.
For practical application of the ZnO and AZO thin films,
the obtained film thickness was kept at 200 nm. Upon
deposition, annealing treatment of the thin films was
performed in an Ulvac-Riko Mika-5000 chamber subjected
to low pressure Ar atmospehere at 1� 10�2 Torr as
follows: 1 h at 400 1C for ZnO films and 1 h at 400,
500 and 600 1C for AZO ones.

2.3. Characterization methods

The film thickness was measured using a Tencor P-10
profilometer. A Cary 500 spectrophotometer (Varian) was
employed for the optical characterization in the typical
300–800 nm wavelength range. Film topography was
studied by atomic force miscroscopy (AFM) using a Veeco
3100 microscope. X-ray diffraction (XRD) measurements
were performed using a SEIFERT 3003 PTS equipment
with CuKa radiation (l¼1.5405 Å). Four-point probe
technique was employed for the conductivity measure-
ments and mobility measurements were taken using the
Van der Pauw method.

3. Results and discussion

3.1. Structural properties

The XRD measurements revealed that all of the ZnO films
obtained at room temperature were polycrystalline with
the hexagonal structure and had a preferred orientation with
the c-axis perpendicular to the substrate. Fig. 1 depicts some
a) as-prepared and (b) annealed ZnO films.



D. Podobinski et al. / Ceramics International 39 (2013) 1021–1027 1023
of the XRD diffractograms obtained for ZnO films as
a function of sputtering power before and after anneal-
ing treatment. All the films were dominated by the (002)
texture, with the diffraction peak located at 2y¼34.5/34.71.
To better evidence the effect of the varying parameter
on the (002) peak, only the corresponding 2y range is
depicted. The lattice parameters were calculated using the
formula

dhkl ¼ 4 h2þk2þhk
� �

=3a2þ l2=c2
� ��1=2

ð1Þ

where a and c represent the lattice parameters and dhkl is
the crystalline surface distance for h k l indices. The
obtained value ranging 5.209–5.234 Å was close to the
known Joint Committee on Powder Diffraction Standard
(JCPDS) value (c¼5.205 Å). The intensity and the width
at half maximum of the diffraction peak were found to be
dependent on the sputtering power and the heating treat-
ment, indicating changes in the mean crystallite size for the
different samples. As it can be observed in Fig. 1a, the
(002) diffraction angle is slightly shifted to the smaller 2y
upon increasing the sputtering power, indicating a slight
crystal lattice deformation resulting from stress in the
Fig. 2. Effect of the annealing treatment on the mean crystallite size for

ZnO films.

Fig. 3. AFM images of the ZnO and AZO films as a fu
films. Generally, the intensities of the diffraction peaks
decreased with increasing sputtering power due to the
modified crystallinity of the resulting films and crystallite
sizes becoming smaller (see Fig. 2). After the annealing
treatment, the XRD peaks were located at the same 2y
value, with the corresponding c axis value (c¼5.2055 Å)
very close to the JCPDS one, as shown in Fig. 1b. Such a
change is expected if the Zn:O ratio within the crystal is
very close to unit, meaning that any crystalline change
during annealing is due to an increase in crystallite size and
reduction of grain boundaries, as well as relaxation of the
initial tensile stresses within the film.
Crystallite size of ZnO films has been estimated using

the Scherrer formula. Fig. 2 illustrates the evolution of
mean crystallite size (S) as a function of the sputtering
power and annealing treatment. A steady decrease in
crystallite size was noted upon increasing power but they
tend towards a constant value after annealing treatment.
The sputtering power effect on crystallite size for the

ZnO and AZO films was confirmed by AFM micrographs
further depicted in Fig. 3. The surface morphology evolu-
tion for ZnO and AZO films was observed as a function of
sputtering power before and after annealing treatment, at
the same magnification order. From this figure, it can be
seen that the obtained films are porous and while the
crystallite size of as-prepared ZnO is slightly decreasing
with sputtering power, after annealing treatment, it
appears to be almost constant for all values. The AZO
crystallite size is observed to be smaller than for the ZnO
films obtained in the same conditions and it decreased with
sputtering power. No cracks were observed upon anneal-
ing treatment for either ZnO or AZO films.
Further, the root-mean-square (RMS) roughness was

measured. In Fig. 4, the effect of sputtering power on RMS
roughness of ZnO and AZO films is depicted. For ZnO
films, a small variation is observed in the values of the thin
films before and after annealing. The RMS roughness
appeared more stable upon annealing treatment and
increasing the sputtering power above 110 W resulted in
an increased roughness of ZnO films. In case of AZO films,
the RMS roughness had a decreasing trend to a plateau of
1.9 nm. Increased sputtering power had an opposite effect
on the AZO films resulting in lower roughness suggesting
a conductivity improvement. As Oh showed, an increase
nction of sputtering power and annealing treatment.
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in roughness may cause deterioration of the electrical
properties [25].

With regards to the deposition of AZO films, it was
observed that films deposited at low pressures (o10
mTorr) exhibited the highest conductivities [13,26,27],
although S. H. Jeong et al. found optimum conductivities
when sputtering at approximately 30 mTorr [28]. However,
sputtering is versatile. There is a high variety of systems
different in sputtering configuration, geometry, target
types etc. The orientation and placement of the substrate
relative to the target can affect the deposition rate as well
as the properties of obtained film [27]; moreover, the size
of the sputtering target influences the power density. There
are generally two modes of sputtering when considering
the substrate exposition relative to the sputtering target;
static and dynamic mode. During static mode both the
substrate and sputtering target are stationary, whilst
during dynamic mode the substrate is rotated [29]. This
is done to prevent the known problem of the lateral change
in the film properties [13]. It is assumed that the spatial
variation in film properties is due to inhomogeneous
distribution of oxygen at the substrate surface [30] or to
the increased bombardment of the AZO films by energetic
Fig. 4. RMS roughness evolution for ZnO and AZO films with the

sputtering power, before and after annealing.

Fig. 5. The optical transmittance curves of (a) ZnO and
oxygen atoms of the substrate at the target erosion sites
[29,30]. In this paper the films were sputtered by using
static mode in order to have a better insight into the effect
of sputtering conditions on the films properties. This
approach was considered as an optimization step in the
design of AZO film properties.

3.2. Optical properties

The curves in Fig. 5a and b summarize the optical
transmittance (T) spectra as a function of wavelength (l) in
the visible spectrum for thin films of ZnO and AZO before
and after annealing treatment. Overall, very high transmit-
tance was noticed for all ZnO films (4 85%) over the visible
spectrum, considering 100% transmittance for the glass
substrate. A very slight change of the optical transmittance
of ZnO film as effect of annealing is shown in Fig. 5a. Before
annealing, a marginal variation in the position of the
transmittance curves with respect to the sputtering power is
seen. These peaks shift after annealing treatments. These
results are in good agreement with the XRD measurements
as crystallite size varied with the sputtering power.
Fig. 5b displays the transmittance of the AZO films before

and after the final annealing process at 600 1C. All AZO films
displayed excellent optical properties, and as expected, an
average transmittance, close to that of the ZnO ones. It was
noted that AZO transmittance slightly increased upon anneal-
ing being related to a displacement of the absorption edge
when thermal treatment was applied. The arrows in Fig. 5b
show the redshift of the transmission for the as-prepared AZO
films with increasing sputtering power.
The optical bandgaps were obtained from the transmit-

tance spectra by plotting (ahn)2 vs. hn (a is the absorption
coefficient and hn the photon energy) and extrapolating
the straight line portion of this plot to the energy axis.
These plots yielded bandgaps ranging 3.32–3.40 eV for
AZO with respect to 3.31 eV for ZnO thin films. The
increase of the bandgap of the AZO films indicates an
increase in free charge carriers within the films, as
explained by the Moss-Burstein effect [31]. A bandgap
narrowing was observed with increasing sputtering power
for the as-prepared films, as seen in Fig. 6. However,
this relationship is non-existent for the annealed films.
(b) AZO films as a function of annealing treatment.
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It is known that the bandgap of highly n-doped materials
enlarges with increasing carrier concentration thanks to a
blocking of the lowest states of the conduction band by
excess electrons [32]. Therefore, in case of our thin films,
the observed dependence of optical properties on the
sputtering power before and after annealing treatment
should be related to changes in the carrier concentration,
considering a limit depending on the annealing atmosphere
[24]. It was already reported that vacuum is effective in
improving the carrier concentration, grain size and mobi-
lity of AZO films and that annealing can result in increase
of bandgap energy [33].
Fig. 7. Effect of annealing treatment on ZnO resistivity (r).
3.3. Electrical properties

Further measurements were performed in order to relate
the structural and electrical characteristics. As depicted in
Fig. 7, the resistivity (r) of ZnO films didn’t vary significantly
upon annealing treatment. No change with the sputtering
power was observed, either. Since the conductivity of ZnO is
primarily due to oxygen vacancies and interstitial zinc ions
[34], a decrease in conductivity is indicative of a fewer
crystalline defects, and hence a reduction in the number of
free charge carriers. In order to relate the fundamental
electronic transport behavior to the dependence of resistivity,
a scattering mechanism should be emphasized since the
grain boundary plays an important role in determining the
characteristic of carrier scattering for the un-doped poly-
crystalline ZnO film [35].

To study the annealing effects on the electronic proper-
ties of AZO, the films were annealed at 400, 500 and
600 1C. Four-point probe measurements of as-deposited
films showed high resistance values for the AZO films in
absence of annealing treatment as observed in Fig. 8A.
Upon annealing at 400 1C, the resistivity (r) is reduced by
several orders of magnitude and only a minimal change
Fig. 6. Sputtering power dependence of ZnO and AZO bandgap energy

(annealing treatment at 600 1C).

Fig. 8. Effects of annealing treatment on (A) resistivity (r); (B) carrier

concentration (N) and (C) mobility (m) of AZO films.



Fig. 9. Evolution of mobility (m) with the carrier concentration (N) for

the AZO films.
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was seen with further increasing annealing temperature.
The drop in resistivity upon annealing treatment could be
attributed to the release of aluminum ions into the crystal
lattice and expulsion of oxygen from the film [36]. It should
be noted that the resistivity range narrowed for optimum
annealing temperature achieved, indicating that the same
electrical quality can be achieved with the various sputter-
ing power. The origin of these resistivity changes has been
investigated by determination of the carrier concentration
and mobility for the different AZO films.

The Hall effect measurements showed a 20–100 fold
increase in the carrier concentration (N) within the AZO
films upon annealing treatment as observed in Fig. 8B.
Generally, the films deposited at lower sputtering power
exhibited higher carrier concentration values and as
annealing temperature increased, the carrier concentration
of AZO films showed a slight increase. It has been found
that the carrier concentration tends to increase when the
lattice distortion increases [37]. The changes in the carrier
concentration of AZO films have also been related to
creation or annihilation of donor oxygen vacancies [38], in
addition to crystalline quality variations that modify the
effective doping of Al onto Zn lattice sites [39].

An invariant trend of the carrier concentration as
observed at higher sputtering values is indicative of
degenerate semiconductors. As Zhang et al. showed, for
the degenerate polycrystalline films with large crystallite
size (much larger than mean free path of carriers) and high
carrier concentration, ionized impurity scattering domi-
nates the Hall mobility (m) of the films and the Hall
mobility is independent of temperature in low temperature
range, while in high temperature range, thermal lattice
vibration becomes the major scattering mechanism and the
mobility is inversely proportional to temperature [40].

Generally, the mobility increased upon annealing treat-
ment, showing the maximum value at 400 1C see Fig. 8C,
regardless of sputtering power employed. The mobility as a
function of annealing temperature exhibited a different
behavior depending on the sputtering power and carrier
concentration, respectively. The AZO films with the high-
est mobility were obtained at higher sputtering power
values and showed a decrease of the mobility with
increasing temperature. This decreasing trend of mobility
as a function of annealing temperature became less evident
with decreasing sputtering power. It can be concluded that
the particle energies in the deposition process have a
marked influence on the mobility values of AZO films,
therefore both crystallinity and carrier concentration affect
the mobility values [41]. The decrease of the mobility of
our Ar-annealed AZO films could be attributed to a high
grain boundary trap density that couldn’t be overcome by
the grain barrier scattering [42]. A significant change in
mobility with respect to the carrier concentration due
to the annealing processes is clearly evidenced in Fig. 9.
The mobility improved over a factor of 10 with decreasing
carrier concentration. Further attempts are needed to fully
understand the carrier transport in AZO films.
4. Conclusions

The ZnO and AZO thin film deposition parameters
required for optimal electronic, structural and optical
properties have been studied. Therefore, the results showed
that increasing sputtering power induces modified crystal-
linity of the ZnO films and smaller crystallite sizes. AZO
transmittance slightly increased upon annealing being
related to a displacement of the absorption edge to the
higher wavelengths when thermal treatment applied. The
bandgap energies ranged 3.32–3.40 eV for AZO films and
3.31 eV for ZnO ones obtained in the same conditions. The
resistivity of ZnO films didn’t present significant changes
with varying parameters, while AZO resistivity was
reduced by several orders of magnitude upon annealing
at 400 1C. Generally, the films deposited at lower sputter-
ing power exhibited higher carrier concentration values
and moreover, as annealing temperature increased, the
carrier concentration of AZO films showed a slight
increase indicating crystalline quality variations that mod-
ify the effective doping of Al onto Zn lattice sites and
probable lattice distortion. The mobility of AZO films
increased upon annealing treatment, showing the max-
imum value at 400 1C, regardless of sputtering power
employed. The AZO films with the highest mobility were
obtained at higher sputtering power values and showed a
decrease of the mobility with increasing annealing tem-
perature. This suggests a strong influence of particle
energies in the deposition process and the decreasing trend
could be attributed to a high grain boundary trap density.
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