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Abstract

We investigated in this study structural and nanomechanical properties of zinc oxide (ZnO) thin films deposited onto Langasite sub-
strates at 200 �C through radio frequency magnetron sputtering with an radio frequency power at 200 W in an O2/Ar gas mixture for
different deposition time at 1, 2, and 3 h. Surface morphologies and crystalline structural characteristics were examined using X-ray dif-
fraction, scanning electron microscopy, and atomic force microscopy. The deposited film featured a polycrystalline nature, with (100),
(002), and (101) peaks of hexagonal zinc oxide at 31.75�, 34.35�, and 36.31�. As the deposition time increased, the ZnO film became
predominantly oriented along the c-axis (002) and the surface roughness decreased. Through Berkovich nanoindentation following a
continuous stiffness measurement technique, the hardness and Young’s modulus of ZnO thin films increased as the deposition time
increased, with the best results being obtained for the deposition time of 3 h. In addition, surface acoustic wave properties of ZnO thin
films were also presented.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

The ZnO thin film, one of the II–VI compound semicon-
ductors, is composed of hexagonal wurtzite crystal struc-
ture (a = 3.249 Å, c = 5.2057 Å). Owing to its high
optical transmittance in the visible light region, the ZnO
thin film finds its applications mainly as a transparent con-
ductive film as well as the solar cell window. The ZnO is
also a promising piezoelectric material because of its high
coupling factor and its simple composition [1].

The ZnO thin film can be deposited by various methods
such as spray pyrolysis [2–4], chemical vapor deposition
(CVD) [5,6], sol–gel process [7–9], sputtering techniques
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[10–12], chemical spray [13], plasma enhanced CVD [14],
and pulsed laser deposition (PLD) [15]. Among these meth-
ods, reactive radio frequency (r.f.) magnetron sputtering
shows great advantages: it only requires a very simple
apparatus, has a high deposition rate, and is capable of
depositing on a large area.

Microelectromechanical systems (MEMS) serve as sen-
sors or actuators, for which piezoelectricity usually plays
a consequential role in sensing or generating forces and tor-
ques. Langasite (La3Ga5SiO14, LGS) monocrystal is an
attractive piezoelectric substrate for implementing IF band
small size and wide band surface acoustic wave (SAW) fil-
ters because of its larger piezoelectric coupling constant,
slower velocity than those of quartz and good temperature
stability [16–18]. LGS was shown to have piezoelectrically
induced bulk acoustic waves under a temperature up to
at least 1050 �C [19] and does not undergo any phase
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Fig. 1. XRD spectra of ZnO thin films deposited with different deposition
time: (a) 1 h – weak diffraction peaks of ZnO, (b) 2 h – presence of pure
and polycrystalline ZnO, and (c) 3 h – improvement of crystalline quality
with time.
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transition up to its melting temperature at 1473 �C [20,21].
The crystal quality and characterization of the material
with appropriate crystal constants were focused on in early
work [22,23]. Langasite-type crystals show excellent piezo-
electric properties led by their large electromechanical cou-
pling factors.

In this study, we focused on structural, mechanical, and
electromechanical coupling properties of highly c-axis-ori-
ented ZnO thin films deposited onto Langasite substrates
through r.f. magnetron sputtering by means of X-ray dif-
fraction (XRD), atomic force microscopy (AFM), nanoin-
dentation techniques, and surface acoustic wave (SAW)
measurements. The influence of various deposition time
of ZnO thin films was also presented.

2. Experiment descriptions

The ZnO thin films were deposited onto Langasite sub-
strates by magnetron sputtering so that double-layered
ZnO/Langasite composites were produced. A zinc disc
was used as the target (purity at 99.999 at.%). The r.f.
power, ambient pressure of oxygen and argon gases (O2/
(Ar + O2) ratio 20%), and substrate temperature were set
at 200 W, 0.8 mPa, and 200 �C, respectively. The deposi-
tion time was 1, 2, or 3 h. Crystalline structure and crystal-
lographic orientation of ZnO thin films were determined
using grazing incident angle XRD (PANalytical X’Pert
PRO). The power of XRD (Cu Ka radiation) was fixed
at 45 kV and 40 mA. The incident angle of X-ray was fixed
at 0.5�. In order to compare the (002) diffraction intensities
of different sputtering samples, the XRD diffraction angles
(2h) spanned from 30� to 60�. The thickness and morphol-
ogy of the ZnO layer (ZnO) was determined by scanning
electron microscopy (Hitachi 4700). Atomic force micros-
copy (Veeco Dimension 5000 Scanning Probe Microscope)
was employed to characterize microstructures of the
coatings.

Successful implementation of thin films concerns greatly
with their mechanical properties. Mechanical characteriza-
tions of materials, however, are scale-dependent, and as a
result, a thin film may feature mechanical properties differ-
ent from a bulk material. For thin films, nanoindentation is
often used to characterize their hardness and Young’s
moduli [24–27]. In this study, mechanical properties of
r.f. magnetron sputtered ZnO thin films were characterized
by Nano Indenter XP systems (MTS Cooperation, Nano
Instruments Innovation Center, Oak Ridge, TN, USA)
using a diamond Berkovich indenter tip (tip radius
�50 nm), which is preferred for low-load indentation test-
ing. Albeit all real indenters are rounded at some small
scale, tip rounding on Berkovich pyramids is usually lim-
ited to 100 nm, and therefore plasticity initiates at very
small loads. Because the Berkovich pyramid induces nom-
inally the same strain as the conventional Vickers pyramid
does, hardness data taken with a Berkovich pyramid (HB)
may be directly converted to the Vickers hardness (VHN)
[28,29]. The continuous contact stiffness measurement
(CSM) was incorporated in nanoindentation, which was
accomplished by superimposing small oscillations at
75 Hz on the force signal to measure displacement
responses. The CSM technique helps acquire hardness
and Young’s modulus with respect to the indentation depth
during indentation [30,31]. The indenter was loaded and
unload three times to ensure that the tip was in proper con-
tact with the surface of the specimen. The indenter was
then loaded with a strain rate of 0.05 s�1 and held at the
peak load for 60 s before unloading. The method proposed
by Oliver and Pharr [30] was used to extract hardness and
Young’s modulus of the specimen from the load–displace-
ment curve. The Poisson’s ratio was set as 0.25. The
Young’s modulus corresponds to an isotropic approxima-
tion related to a specific combination of independent elastic
constants of the ZnO thin film along the indentation
direction.
3. Results and discussion

3.1. Crystalline structure and surface morphology (XRD,
SEM, AFM)

Fig. 1 features X-ray diffraction spectra of ZnO thin
films deposited with different deposition time. For 1 h
deposition, weak diffraction peaks of ZnO were observed,
referring to the beginning stage of ZnO growth. The spec-
trum for 2 h deposition indicates the presence of pure and
polycrystalline ZnO in a wurtzite structure [32]. Intensities
of the spectrum peaks magnified significantly as the depo-
sition time increased to 3 h, and that indicates an improve-
ment of the crystalline quality with time.

The deposited film featured a polycrystalline nature,
with (100), (002), and (101) peaks of hexagonal ZnO at
31.75�, 34.35�, and 36.31�. Previous work [33,34] showed
that the films deposited by dc magnetron sputtering at a
substrate temperature of 50 �C had a preferred orientation
along the (002) plane, a random orientation at 200–300 �C,
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and again a preferred orientation along the (002) crystal
plane at 350–480 �C. For r.f. magnetron sputtering as in
this case, the deposited films were found to feature mixed
orientations at a substrate temperature of 200 �C. More-
over, as the deposition time increased, the c-axis (00 2)
peak was sharply magnified while the other two peaks
coexisted but with much smaller intensities and greater
FWHM (full width at half maximum). We note that the
grain size of a film can be estimated using Scherrer’s equa-
tion [35], D = 0.9k/bcosh, where D is the mean dimension
of the crystallites, k the X-ray wavelength, and b the
FWHM of the (002) peak. From the XRD analysis, the
grain size of the film decreased from 208, 187, to 140 nm
with the increase of the deposition time from 1, 2, to 3 h,
indicating that the crystallinity along the c-axis improved
as the deposition time increased. Deposition up to 1 h
probably only disturbed the oriented crystal growth
because of the random atomic arrangement of the sub-
strate, while the nucleation of ZnO apparently occurred
on the substrate interface from 2 to 3 h because the peak
Fig. 2. SEM and AFM images of surface morphologie
intensity of the (002) plane was observed. The oriented
grain growth may be readily triggered due to the presence
of slightly oriented grains, and hence the peak intensity
of the (002) plane increased abruptly as the deposition
time increased.

Fig. 2 shows SEM images and AFM inspections, respec-
tively, of surface morphologies of ZnO thin films deposited
with different deposition time. It is suggested that the Lang-
asite substrate surface do not have a specific epitaxial ori-
entation to follow, which results in randomly oriented
nuclei. Therefore, the RMS (root mean square) surface
roughness of ZnO thin films decreased from 20.6, 18.5, to
13.5 nm as the deposition time increased from 1, 2, to
3 h. Clearly, as the deposition time increased, surface mor-
phologies of the films became smooth and grains grew and
distributed uniformly.

Fig. 3 shows cross-sectional SEM images of ZnO thin
films deposited with different deposition time. The
thickness of ZnO thin films increased regularly from 1.5,
3, to 4.5 nm as the deposition time increased from 1, 2,
s of ZnO thin films with different deposition time.



Fig. 3. Cross-sectional images of ZnO thin films deposited for (a) 1 h, (b)
2 h, and (c) 3 h.
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Fig. 4. Hardness of ZnO thin films with different deposition time as
functions of indentation depth.
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Fig. 5. Young’s moduli of ZnO thin films with different deposition time as
functions of indentation depth.
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to 3 h, respectively. Columnar structures were observed in
the ZnO thin films, whose possible formation stages have
been proposed [36,37]. Note that distinct columnar struc-
tures and even voiding defects inside the ZnO thin film
may be encountered using a different sputtering method
[38]. Our experiments clearly demonstrated that the crystal-
line structure of ZnO thin film can be deposited reliably
through r.f. magnetron sputtering with regular parameter
controls.
3.2. Nanoindentation characterizations

Figs. 4 and 5 show hardness and Young’s moduli,
respectively, of ZnO thin films deposited with different
deposition time as functions of the indentation depth, fol-
lowing the method proposed by Oliver and Pharr [30].
For indentation depths up to about 10 nm, the hardness
increased as the indentation depth increased, which is usu-
ally attributed to the transition between purely elastic to
elastoplastic contact whereby the hardness is actually the
contact pressure. For indentation depths greater than
about 10 nm, the hardness of ZnO thin films became con-
stant. Young’s modulus followed a trend similar to that
of the hardness except that its magnitude converged at an
indentation depth smaller than that for hardness. Hardness
and Young’s moduli were therefore determined by averag-
ing measurements at indentation depths from 100 to
200 nm, considering an adequate depth to achieve a fully



Table 1
Mechanical properties of ZnO thin films obtained by nanoindentation

Sample Hardness (GPa) Young’s modulus (GPa)

ZnO/Langasite (1 h)a 9.2 ± 0.8 135.4 ± 6.4
ZnO/Langasite (2 h)a 9.4 ± 2.8 147.3 ± 4.5
ZnO/Langasite (3 h)a 10.4 ± 0.4 157.9 ± 2.8
ZnO/c-sapphireb 5.8 ± 0.8 310 ± 40
ZnO bulk (a-axis)b 4.8 ± 0.2 143 ± 6
ZnO/a-sapphireb 6.6 ± 1.2 318 ± 50
ZnO bulk (c-axis)b 2.0 ± 0.2 163 ± 6

a Present study.
b Coleman et al. [39].

Fig. 6. Frequency response (s21) and smith chart (s11) of Langasite
coated with 1.76 lm thick ZnO thin film.
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developed plastic zone and meanwhile not exceeding 20%
of the film thickness to avoid the substrate effect [14]. For
deposition time at 1, 2, and 3 h, hardness of ZnO thin films
was 9.2 ± 0.8, 9.4 ± 2.8, and 10.4 ± 0.4 GPa, respectively,
while Young’s moduli were 135.4 ± 6.4, 147.3 ± 4.5, and
157.9 ± 2.8 GPa, respectively.

Comparisons of hardness and Young’s moduli of ZnO
thin films with the magnitudes reported by Coleman
et al. [39] are shown in Table 1. Unlike the monocrystalline
structure focused on by Coleman et al. [39], in our experi-
ments, polycrystalline ZnO in a wurtzite structure was
present, whose c-axis crystalline quality improved with
increasing deposition time. Well nucleated ZnO occurred
on the substrate interface from 2 to 3 h and this accompa-
nied with the enhancement in its mechanical resistance
against elastic and elastoplastic deformations.
3.3. SAW measurement

Fig. 6 shows frequency response of s21 and smith chart
of s11 of Langasite coated with a 1.76 lm thick ZnO thin
film. The center frequency was 57.41 MHz and the SAW
velocity calculated was 2756 m/s. The impedance at the
center frequency was 29.713 + j(�43.986) X and the elec-
tromechanical coupling coefficient (K2) calculated from
the data was 1.18%. For the original Langasite substrate,
K2 was 0.38% and the SAW velocity was 2732 m/s. Clearly,
coating of a ZnO thin film on Langasite slightly enhances
the SAW velocity while effectively enhances electromechan-
ical coupling.
4. Conclusion

The XRD, SEM, AFM, and nanoindentation tech-
niques have been used to investigate surface features and
nanomechanical properties of ZnO thin films deposited
onto Langasite substrates through r.f. magnetron sputter-
ing with different deposition time. The XRD analysis
showed that the deposited film featured a polycrystalline
nature, with (100), (002), and (101) peaks of hexagonal
ZnO at 31.75�, 34.35�, and 36.31�. As the deposition time
increased, the ZnO thin film became predominantly ori-
ented along the c-axis (002) and the surface roughness
decreased. Results from Berkovich nanoindentation indi-
cated that the hardness of ZnO thin films deposited for
1–3 h ranged from 9.2 ± 0.8 to 10.4 ± 0.4 GPa while the
Young’s modulus ranged from 135.4 ± 6.4 to 157.9 ±
2.8 GPa. Through SAW measurements, coating of ZnO
thin films was shown to effectively enhance electromechan-
ical coupling of Langasite.
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