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Characterization of ZnO films prepared by reactive
sputtering at different oxygen pressures
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Abstract

The piezoelectric qualities of ZnO films are characterized by their high resistivity and polycrystalline structure which is preferentially
textured in perpendicular to the substrate, both of them were studied as a function of sputtering parameters. This paper deals with the
formation of ZnO thin films successfully deposited onto glass substrate by sputtering. The films feature plane (0 0 2) preferential orientation.
The effects of the sputtering pressure, sputtering power and sputtering in an O2 + Ar gas mixture on the preferential orientation of the ZnO
films are studied. The results show that a lower sputtering pressure is conducive to the formation of the (0 0 2) plane.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

ZnO is a II–VI compound semiconductor with a hexago-
nal wurtzite crystal lattice structure and characteristic piezo-
electric properties[1,2]. The high ultrasonic velocity and
the fairly large piezoelectric coupling constant of ZnO films
make them very suitable for device applications, particularly
for the generation and detection of surface and bulk acoustic
waves[3].

When applying ZnO film to surface acoustic wave (SAW)
devices, the structure is required to have a polycrystalline
preferential orientation, a homogeneous composition, high
resistivity and low surface roughness.

A variety of deposition techniques, including the sol–gel
method[4,5], spray pyrolysis[6], chemical vapor deposition
[7], pulsed laser deposition[8], reactive evaporation[9], and
sputtering[10] have been employed for the growth of the
ZnO. In this paper, the preparation of ZnO film by reactive
radio-frequency (rf) sputtering is studied.

We have succeeded in preparing ZnO films with a (0 0 2)
preferential orientation onto glass substrate. In particular,
the ZnO (1 0 0) plane is difficult to prepare with physical
vapor deposition (PVD) methods.
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2. Experimental details

ZnO thin films are deposited on glass substrate measuring
12 mm×8 mm by radio-frequency sputtering. The target was
a sintered oxide ceramic disk of ZnO (purity 99.5%), 80 mm
in diameter. The target–substrate distance was 5.5 cm. A
thermocouple was positioned on the reverse side of the sub-
strate holder to control the substrate temperature during the
film growth, the sputtering gases were O2 and Ar, which
were combined in the sputtering chamber.Fig. 1 shows the
geometries of the deposition zone of the sputtering system
used in this work.

The substrates were carefully cleaned just prior to the
deposition, to improve the deposited adhesion to the sub-
strates. Finally, the substrates were exposed to dry N2 flow
and spin dried. Before each deposition, the sputtering cham-
ber was pumped down to below 3× 10−3 Torr. The target
was pre-sputtered in O2 for 15 min, in combination with
a shutter, ensuring stabilized sputtering conditions. Several
parameters—total sputtering pressure, sputtering mixture ra-
tio and rf power—were changed for the different deposition
runs of ZnO.

Observation of the crystallinity and microstructure of ZnO
films were accomplished using X-ray diffraction (XRD) and
scanning electron microscopy (SEM), and the resistivity of
the ZnO films was measured by a two-point probe system.
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Fig. 1. Schematic representation of the target–substrates geometric con-
figuration.

The sputtering was carried out at a working gas pressure
in the (1.5–9) × 10−2 Torr range and with a rf power in the
range 50–150 W.

3. Results and discussion

3.1. Deposition rate

Fig. 2 shows the deposition rate of the ZnO films as a
function of the sputtering mixture ratio for two different rf
power (50 and 150 W). The deposition rate was calculated
by dividing the film thickness by the sputtering time for
each run. The deposition rate of the films, grown at a total
sputtering pressure of 1.5 × 10−2 Torr, was in the range
3.2–2.1 nm min−1 for an rf power of 50 W, and was in the
range 4.8–6 nm min−1 for an rf power of 150 W when the
O2/Ar gas flow ratio changed between 50 and 100%. At
a given rf power, the deposition rate gradually decreased
with the decreasing of the Ar percentage in the sputtering
mixture.

These results can be explained by considering the greater
sputtering yield of Ar atoms, which have an atomic mass

Fig. 2. Deposition rate of ZnO films, the sputtering gas mixture ratio for films grown atTsub = RT, with a sputtering pressure of 15 mTorr and deposition
time of 3 h.

higher than that of O2 molecules. Furthermore, at a given
mixture ratio, the deposition rate was higher for the films
grown with a higher rf power, as can be expected.

3.2. Structural analysis

Fig. 3 shows the XRD patterns of ZnO thin films de-
posited at different sputtering pressures with a rf power of
100 W and a oxygen concentration of 50%. When the sput-
tering pressure was 1.5× 10−2 Torr, only the (0 0 2) diffrac-
tion peaks with 2θ of 34.54◦ appeared in the XRD patterns.
With a sputtering pressure between 40 and 6× 10−2 Torr,
the preferential orientation of the films was not distinct.
When the sputtering pressure increased to 9× 10−2 Torr,
the (0 0 2) peaks disappeared.

These results can be explained by the reduced energy
loss of atoms which impinge on the growing film. In fact,
at low pressures, the collision frequency of atoms with the
plasma neutrals is lower than that a higher pressures; there-
fore, the atoms have more energy to rearrange according to
the hexagonal wurtzite crystalline structure at the substrate
surface.

The lattice spacingd0 0 2, calculated by substituting the
experimental 2θ value into the Bragg’s equation, were
2.5946 Å. The lattice constantsc were calculated using the
relationshipd0 0 2 = c/2 to be 5.1891 Å.

The amount of uniform strain in the ZnO films was calcu-
lated from the relationship [c(film)− c(powder)]/c(powder)
and varied∼−0.3%. Such results indicate that the films
were in a state of tensile stress. The main contributions
to the film strain can be attributed to the lattice mis-
match and to the difference between the thermal expan-
sion coefficients of the ZnO and glass substrates[10]
(Figs. 4 and 5).
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Fig. 3. XRD spectra of ZnO films deposited atTsub = RT, with rf
power of 150 W, O2/Ar gas ratio 50% and deposition of 3 h, at different
sputtering pressure: (a) 15 mTorr, (b) 30 mTorr, (c) 50 mTorr, (d) 70 mTorr,
(e) 90 mTorr.

Fig. 3. (Continued ).

Fig. 4. Scanning electron micrographs of the ZnO films, deposited under
an ratio of 50/50 at room temperature, as a function of total pressure (a)
15, (b) 50, (c) 90 mTorr.
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Fig. 5. c(0 0 2)-axis oriented ZnO films used to estimate the thickness.

3.3. Morphologic analysis

The surfaces of the thick ZnO films were observed by
SEM. The structure inside each island was formed from
100 to 500 nm (Figs. 4 and 5). The comparison of the
crystallite size obtained by XRD and the grain size by
SEM suggests that columns are formed by many staked
crystallites.

3.4. Electrical proprieties

Fig. 6 shows the effect of oxygen pressure on the resis-
tivity. The electrical resistivity of the films formed at a low
sputtering pressure of 1.5× 10−2 Torr was 8.5× 108 	 cm.
As the sputtering pressure increased to 3×10−2 Torr electri-
cal resistivity reached a minimum value of 5.0× 108 	 cm;

Fig. 6. Influence of the oxygen pressure on resistivity of ZnO films deposited by reactive sputtering.

thereafter it increased to 9.2 × 108 	 cm at 9× 10−2 Torr.
At low sputtering pressures, the gas density is low and the
sputtered zinc atoms can reach the substrate with less col-
lisions resulting a slightly high zinc content in the films
which leads to low electrical resistivity. In addition, the
decrease of electrical resistivity in the sputtering pressure
range 1.5 × 10−2–3× 10−2 Torr is caused by the reduction
in the electron scattering from the grain boundaries due to
improvement in the crystallinity of the films. At high sput-
tering pressures, the gas density is high and the sputtered
zinc atoms can only reach the substrate with more collisions
leading to the production of nearly stoichiometric zinc ox-
ide films resulting in the increase of electrical resistivity. A
remarkable fact of these results is that the reactive sputter-
ing method allows the deposition of high resistive ZnO thin
films.

4. Conclusion

This paper reports on the preparation of ZnO films with
a reactive sputtering technique. It was found that the sput-
tering pressure is a very important factor for the crystalline
preferential orientation of ZnO films. When the sputtering
pressure is low, it is easy to form the (0 0 2) preferential ori-
entation of ZnO films.
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