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Abstract Zinc oxide (ZnO) thin films were grown on silicon
(100) substrate using radio frequency (RF) sputtering under
various processing parameters including deposition time and
annealing temperature. A series of characterization techniques
including X-ray diffraction (XRD), scanning electron micros-
copy (SEM), atomic force microscopy (AFM) and scanning
acoustic microscopy (SAM) have been used to analyze the
crystallinity and crystal orientation, structural morphology,
surface roughness, and acoustic properties of these films. In
particular, quantitative analysis of elastic wave propagation in
ZnO thin films by scanning acoustic microscopy has been
performed for the first time in the present work. It has been
shown that the propagation properties of acoustic waves on
the surface of ZnO thin films strongly depend on film thick-
ness, crystallinity, and surface roughness. The dispersion
properties of surface acoustic waves (SAWs) are observed as
a function of ZnO film thickness. The velocities of SAWs
range from 5328.3 m/s to 4245.7 m/s with increasing film
thickness from 32.5 nm to 2.04 um, while smoother surface
contributes to faster propagation of SAWs.
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1 Introduction

Zinc oxide (ZnO) is a material that possesses both piezoelec-
tric and semiconducting properties, thus attracting widespread
international interest. Use of such properties has led to emerg-
ing applications of ZnO thin films for thin films transistors,
transparent electrodes, energy harvesting and surface acoustic
wave (SAW) devices. Radio frequency (RF) sputtering tech-
nique is one of the most common methods to deposit ZnO thin
films and there have been a number of studies on the piezo-
electric, optical, electronic, structural and mechanical proper-
ties of RF sputtered ZnO thin films as a function of processing
parameters [1-8]. Understanding the correlation of material
properties with processing conditions is considerably impor-
tant because it enables systematic design and fabrication of
ZnO thin films suitable for the target applications of interest.

Acoustic microscopy is a powerful nondestructive tech-
nique for materials characterization where acoustic waves
are used as probes as a counterpart to the light in optical
microscopy. Incident acoustic waves penetrate through
solids and interact with the elastic properties of materials.
Analysis of the reflected signal of acoustic waves provides
useful means not only to observe internal and subsurface
structures of even optically opaque specimens but also to
determine acoustic characteristics of materials (Fig. 1). The
principle of operation, resolution, penetration ability, and
contrast mechanisms of acoustic microscopy are thorough-
ly reviewed in a prior publication by Yu and Boseck [9].
Here, two operating modes — imaging and materials char-
acterization — are briefly described to help understanding
of the work done in this paper.

In the imaging mode, any change in substructure such as
discontinuities and elastic properties will result in signal
changes during scanning, which in turn are used to generate
a contrast image of the interference. Thus, acoustic
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Fig. 1 (a) Schematic of the circulator

operation principle in acoustic
microscopy and (b) scanning
acoustic microscope used in this
work (Olympus, UH-3)
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micrographs have been usefully utilized to “see” the internal
structures and subsurface defects [10, 11].

Acoustic microscopy also offers quantitative evaluation of
surface elastic properties of materials. This materials charac-
terization technique is related to V(z) curve, also known as
acoustic materials signature (AMS) [12, 13]. When acoustic
beams are focused on the specimen surface through the acous-
tic lens, surface acoustic waves (SAWSs) propagate along the
interface of a material and water and then radiate into the
liquid. Interference of this reflected leaky surface acoustic
waves (LSAWSs) (track #2 in Fig. 1(a)) and the waves specu-
larly reflected from the incident waves (track #1 in Fig. 1(a))
generates periodic oscillations of transducer voltage output, V
as a function of the distance z between the focal point of
acoustic lens and the specimen surface [14]. Since the spacing
of peaks or periodicity of the V(z) curve is directly related to
the surface acoustic wave velocity of the material investigated,
it is possible to calculate the SAW velocity from the V(z)
curve measurement. The shapes of V(z) curves are uniquely
dependent on the materials interested. Accordingly, V(z) mea-
surement allows quantitative analysis of surface elastic prop-
erties of the specimen material [15, 16].

Evaluation of SAW velocity from the V(z) measurement
provides a useful diagnostic tool for material characterization
particularly of thin film structures. The propagation behavior
of surface acoustic waves in layered structures is different
from that of bulk solids. In a layered structure like a thin film
deposited on a substrate, surface acoustic waves become dis-
persive in that SAW velocity depends on frequency of excita-
tion, layer thickness, and elastic parameters [9]. In a thin film
structure, the energy from the transmitted wave has a
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penetration depth approximately equal to one wavelength
[17]. Because of the energy distribution between film and
substrate, SAW velocity variation occurs as a function of the
thin film thickness and wavelength. In other words, changes in
film thickness as well as frequency result in a dispersive char-
acteristic of SAW velocities. Therefore, examination of dis-
persion properties of SAWs in a thin film structure enables
estimation of film thickness and determination of elastic prop-
erties. Weglein demonstrated a pioneering work on the appli-
cation of acoustic microscopy to SAW dispersion and film
thickness measurement in 1979 and 1980 [13, 18]. Using the
SAW velocity data measured by acoustic microscopy, he de-
rived the thicknesses of gold films deposited on a < 100>
silicon wafer [13]. Theoretical modeling was also followed.
Kundu et al. developed an analytical model of the acoustic
materials signature for multilayered structures, which was ap-
plied to the calculation of AMS of the copper coated fused
quartz substrate with coating thickness of 2 um [19].
Acoustic microscopy has also been used for quantitative
measurement of elastic properties of thin films. Achenbach
et al. estimated the elastic constants of anisotropic thin films
consisting of TiN and VN films deposited on (001) MgO
substrates from V(z) measurements obtained by using line
focus acoustic microscopy [20, 21]. Robert et al. obtained
and compared elastic properties of TiN coating and C-Cr coat-
ing on a steel substrate by using different techniques including
impact excitation, indentation, and V(z) measurement of
acoustic microscopy [17]. Later, Bamber et al. demonstrated
the potential for combining nanoindentation and V(z) acoustic
microscopy to determine an unknown Young’s modulus and
Poisson’s ratio of thin films [22]. Benbelghit et al. proposed a
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semi-empiric approach to estimation of elastic properties of
one layer coated materials (e.g., Cron Fe, TiN on Fe, Al on Si,
and Al on SiC) [23].

In the present work, quantitative analysis of elastic wave
propagation in ZnO thin films deposited on silicon (001) sub-
strate has been performed by scanning acoustic microscopy for
the first time. SAW velocities of ZnO thin films deposited
under various sputtering conditions are determined from the
V(z) measurement. Fabrication of SAW devices with complex
electrode structures is normally required to determine the SAW
velocities. In contrast, scanning acoustic microscopy offers a
nondestructive materials characterization method for as-
deposited thin films without a need for device fabrication.
The correlation of surface elastic properties of ZnO thin films
with thin film growth is thoroughly studied through X-ray
diffraction (XRD), atomic force microscopy (AFM), scanning
electron microscopy (SEM) and scanning acoustic microscopy
(SAM) techniques. Structural and acoustic characterization in
this work would provide useful information on the magnitude
and trend of SAW velocities in ZnO thin films as a function of
RF sputtering conditions, which can be considered in device
design of SAW sensor or ultrasonic transducer applications.

2 Experimental details

ZnO films were deposited on Si substrates using RF magnetron
sputtering from a ZnO target (99.9%). Substrate is n-type sili-
con with (100) orientation and the resistivity is 1-10 2-cm. The
RF power, gas pressure, and substrate temperature were set at
200 W, 5 mTorr, and room temperature (24 °C) as listed in
Table 1. The target was pre-sputtered before the actual deposi-
tion to prevent any contamination of the target surface. In order
to study the influence of processing conditions, deposition time
and annealing temperature were set as variable parameters.
First, we fabricated films with various deposition times of

Table 1  Sputtering conditions for deposition of ZnO thin films used in
this work

Target composition ZnO target

Target-substrate distance [mm] 70

Substrate temperatures [°C] Room temperature (24 °C)

RF power [W] 200

Sputtering gas Ar (60 sccm), no O, gas
Deposition pressure [mTorr] 5

05,1,2,3,5,6,7,10

100, 200, 300, 400, 500, 550, 600

Annealing time [min.] 50

Deposition time [hours]
Annealing temperature [°C]

Annealing environment 0O, gas (20 sccm)

30 min, 1, 2, 3, 5, 6, 7, to 10 h and all deposited films were
annealed at 600 °C for 50 min. In the second set of experiment,
eight samples of ZnO films were deposited for 6 h and then
annealed. Each of seven samples was annealed at different tem-
perature (100, 200, 300, 400, 500, 550, and 600 °C) for 50 min
while one sample remained as-deposited. Annealing process
was conducted under O, environment (20 sccm).

The correlation among processing conditions, physical
structures and acoustic properties of the films were investigat-
ed by various techniques. The crystallinity and crystal orien-
tation of the films were characterized by X-ray diffraction
(XRD). XRD data were collected over the scattering angle
range 5° <260 < 100° at a 20 step of 0.02° using Cuk,, radi-
ations with a graphite monochromator in the reflection geom-
etry at room temperature (Rigaku, Dmax 2200 V). For further
investigation of the crystal qualities, the values of full width at
half maximum (FWHM) of different sputtering ZnO thin films
were obtained by spanning the XRD diffraction angles (20)
from 33.5°to 35.5°. Scanning electron microscopy (SEM) was
used to determine the thickness and study the microstructure
of the ZnO film layers. The topographic characterizations in-
cluding surface morphology and roughness were conducted
by atomic force microscopy (AFM, Park Systems-XE 100).
The AFM data were collected using silicon cantilevers from
the surface area of 5 um % 5 um in contact mode.

Scanning acoustic microscope (Olympus, UH-3) with a
point focused transducer was used in the reflection mode to
perform V(z) measurement (Fig. 1(b)). The same measure-
ment system has been described in detail in [24]. For an acous-
tic lens, we employed AL4M631, which is a burst acoustic
lens with an aperture angle of 120° and a center frequency of
400 MHz. The phase velocities of leaky surface acoustic
waves (or leaky Rayleigh waves) are determined from the
interval Az in the V(z) curve. Eq. (1) allows calculation of
the LSAW velocity from the V(z) curve [10]:

Vo
2y 1/2
{1_<1 _2;Zz> }

where v, is the velocity of acoustic waves in the coupling fluid
and f'is the frequency. Distilled water was used as a coupling
fluid at room temperature. In the present work, the velocity of
the acoustic wave in distilled water was assumed to be
1505.9 m/s. Detailed procedure was as follows: Fast Fourier
Transform (FFT) waveform analysis was applied to determine
the frequency spectra of interest from the measured V(z) curve.
We then applied digital filtering technique to the frequency
spectra to remove background and noise during the measure-
ment. Inverse Fast Fourier Transform (IFFT) was conducted
to gain the digitally filtered V(z) curve. The value of LSAW
velocity was finally obtained by applying FFT technique to
the digitally filtered V(z) curves.

(1)

VLSAW =
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3 Results and discussion

Thickness of the deposited ZnO films is determined via the
cross-section SEM imaging. Figure 2 shows that the thickness
of ZnO films increases from 32.5 = 2.5 nm to 2.04 £ 0.02 um
when deposition time increases from 30 min to 10 h. The
average deposition rate is found to be about 3.35 nm/min,
leading to an almost linear increase in the film thickness. As
will be shown in Fig. 10, all the thicknesses of the ZnO films
deposited for 6 h and annealed at eight different annealing
temperatures (i.e., 100, 200, 300, 400, 500, 550, 600 °C) are
observed to be around 1.01 um = 0.09 um. Therefore, it can be
concluded that deposition time is one of the dominant process-
ing parameters in controlling film thickness while annealing
temperature seems to have little influence on film thickness.

Figure 3 shows X-ray diffraction (XRD) patterns of the
deposited ZnO films as a function of deposition time. All the
XRD spectra of ZnO films deposited under various sputtering
conditions exhibit a single characteristic peak at around
20 = 34.4°, which corresponds to the diffraction from the
(002) plane of the hexagonal wurtzite structure. This confirms
fabrication of highly c-axis textured ZnO films. As indicated
in Fig. 3 and Table 2, the 20 diffraction angle slightly shifts
from 34.5° to 34.4°, when the deposition time increases from
30 min to 10 h. This implies increase in the ¢-axis and c-axis
lattice parameters, which will be discussed further in the fol-
lowing paragraph. With increasing deposition time, the inten-
sity of the peaks increases accordingly. This result seems
closely related to the thickness of the deposited films.
Longer deposition time results in thicker films, which leads
to the stronger intensity of the diffracted peaks at around
20 =34.4°.

In Table 2, the lattice parameters of a-axis and c-axis are
presented as a function of deposition time. In order to refine
lattice parameters of the ZnO thin films, a position-constrained
pattern decomposition called Pawley refinement, in which the
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Fig. 2 ZnO film thickness as a function of deposition time
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Fig. 3 XRD patterns of the deposited ZnO films as a function of
deposition time

unit cell, zero point and peak profile parameters are varied in a
least-squares fit to the diffraction data, was used [26]. The zero-
point shift associated with the alignment of the diffractometer
was corrected with X-ray powder diffraction data of a standard
reference material (SRM) 640c (NIST) to account for the peak
shifts in the diffraction patterns recorded. Initial crystal structural
information of ZnO is a hexagonal crystal system with space
group of P 63 m ¢ [27, 28]. With increasing deposition time,
both g-axis and c-axis lattice parameters are found to increase
and approach those of bulk ZnO [29]. It should be noted that
various lattice parameters of bulk ZnO are available in the open
literature (a = 3.2500 ~ 3.2648 A and ¢ = 5.2040 ~ 52194 A,
respectively) [25, 30-32], while we indicated one representative
values in Table 2. Possible reason for this might be the compres-
sive residual stress between Si substrate and ZnO film [33]. Thin
films are subject to compressive residual stress generated due to
the substrate when films are relatively thin. As films become
thicker with increasing deposition time, the influence from the
substrate becomes weaker. Accordingly, relaxation of compres-
sive residual stress occurs, which leads to the increase in lattice
parameters. Relaxation of compressive residual stress is also

Table 2 Variation of 20 diffraction angles and lattice parameters
depending on deposition time

Time (hrs.) 20 (°) a-axis (A) c-axis (A)
0.5 34.5 3.2223 5.1944
34.5 3.2216 5.1951
34.5 3.2286 5.1963
34.5 3.2288 5.1984
34.4 3.2300 5.2159
10 344 3.2441 5.2175
bulk [25] 342 3.2500 5.2040
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related to the dispersive behavior of ZnO thin films, which will
be addressed later.

From the profile analysis of (002) reflection, FWHM is
obtained as a function of film thickness that corresponds to
the deposition time. FWHM decreases from 0.37° to 0.25°
when the film thickness increases from 32.5 nm to 2.04 pum.
This suggests that slightly higher crystallinity is observed
when films become thicker. According to Scherrer’s equation,
crystallite size, which is inversely proportional to FWHM,
was calculated and plotted in Fig. 4(a) [34, 35]. With increas-
ing deposition time, crystallite size is found to increase from
22.2 t0 30.6 nm, as seen in Fig. 4(a). Figure 4(b) contains the
result of the calculated crystallite sizes as a function of anneal-
ing temperature. The values of FWHM range from 0.24° to
0.27°. The average crystallite size in Fig. 4(b) is about 32.4 nm
with a minimum value of 30.5 nm and maximum value of
34.3 nm. Both FWHM and crystallite size do not exhibit pro-
nounced tendency depending on the annealing temperature,
when compared to deposition time.
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Fig. 4 Crystallite sizes as a function of (a) deposition time and (b)
annealing temperature

SEM characterization was performed to study the layer
microstructure and surface morphology. Evolution of film
morphology towards columnar grain structures is observed
as deposition time increases. The columnar structures become
more prominently seen in ZnO films deposited for more than
5 h, as shown in Fig. 5 where cross-sectional views of the ZnO
thin films deposited for 7 and 10 h, respectively, are presented.
The columnar structures are proved to have a parallel c-axis
(002) orientation as ZnO crystals typically grow as long hex-
agonal rods along c-axis [7]. Observation of more noticeable
grain growth towards columnar structures with increasing de-
position time suggests that longer deposition time causes films
to have stronger c-axis (002) orientation. This result is consis-
tent with that of the XRD patterns in Fig. 3 where peak inten-
sities at (002) reflection increase with increasing deposition
time. For the films annealed at different annealing tempera-
tures, all films are found to have a columnar structure perpen-
dicular to the surface with uniform distribution of spherical
grains, as shown in Fig. 6. This can be understood that as the
temperature increases, atoms gain more energy to migrate and
have enhanced mobility, which contributes to the formation of
uniform grains to a certain degree.

Figure 7 provides V(z) curves of ZnO thin films deposited
for various hours. With increasing deposition time, Az values
decrease while not much difference in peak heights is ob-
served among various deposition time conditions. The level
of high frequency noise becomes severe for thicker films par-
ticularly when z is in the range of =250 pm to 100 pm. In
Fig. 8, aplot of LSAW velocities determined from V(z) curves
generated at 400 MHz excitation frequency with different
ZnO film thickness. It is apparent that LSAW velocity strong-
ly depends on film thickness, which is expected as SAW dis-
persion properties in thin film structures. The phase velocity
of LSAWs monotonically decreases from 5328.3 m/s and as-
ymptotically approaches to 4245.7 m/s with film thickness
increasing from 32.5 nm to 2.04 um. This can be explained
by the distribution of the transmitted acoustic energy between
film and substrate. Since the acoustic wave can penetrate rel-
atively deeper into the substrate in a thinner film, most of the
transmitted acoustic energy is localized in the substrate and
thus, the phase velocity of the LSAW approaches the Rayleigh
velocity of the substrate material [36, 37]. As film thickness
increases, more energy is localized inside the ZnO film layer
and therefore, the LSAW velocity approaches the Rayleigh
velocity of the bulk ZnO. The Rayleigh velocity of Si is higher
than that of ZnO and therefore, LSAW tends to decrease with
increasing ZnO film thicknesses, as observed in Fig. 8. The
decreasing dependence of LSAW velocities on film thickness
in Fig. 8 can also be explained by acoustoelasticity. According
to acoustoelasticity, compressive residual stresses normally
increase the acoustic velocity. Hence, relaxation of compres-
sive residual stress decreases the acoustic velocity, so does
LSAW velocity with increasing film thicknesses in Fig. 8.
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Fig. 5 Cross-section SEM
images of the ZnO films
deposited for (a) 7 h and (b) 10 h

(b) 10 hours
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Du et al. previously reported dispersive properties of SAW  further decrease rather than a slight increase would appear for
velocities of ZnO films deposited on Si (100) in [37]. In their  thicker films until it reaches the Rayleigh velocity of bulk ZnO,
work, SAW velocities decrease from 4352 m/s to 3456 m/s  which is known to be 2700 m/s [38]. Two possible mecha-
while film thickness increases from 1.5 um to 6.6 um.  nisms can be addressed for this phenomenon. First, it might
Although the propagation mechanism of LSAW is slightly  be related to the degree of orientation and crystallinity. Both
different from that of SAW, the magnitude and the dispersive =~ XRD analysis and SEM images confirmed that ZnO films
trends in the LSAW velocities obtained in this work and the  sputtered for 7 and 10 h exhibit distinct columnar structures
previously reported SAW velocities are found similar, which ~ and better preferred orientation. In [39], Liaw and Hickernell
proved useful to check the validity. presented that better orientation of AIN grains might be attrib-

In Fig. 8, even a slight increase from 4146.0 m/s to  uted to higher SAW phase velocity in AIN film on [100] Si
4245.7 m/s occurs in the LSAW velocities when film thickness ~ substrates. The authors of [39] plotted the change in the SAW
varies from 1.47 um to 2.04 um. These two thicknesses are the ~ velocity as a function of the ratio of AIN thickness to acoustic
results from film deposition for 7 h and 10 h, respectively. This ~ wavelength and compared their experimental dispersion
is in distinct contrast with the theoretical prediction that much ~ curves with a theoretical curve derived by Tsubouchi and

Fig. 6 Cross-section SEM
images and plan-views of the (a) 200 °C (b) 500 °C

ZnO films annealed at (a), (¢)
200 °C and (b), (d) 500 °C,
respectively

scale bar: 1 pum scale bar: 1 um

0,000

X 10,000 5.0kV SEI
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Fig. 7 V(z) curves of the ZnO films deposited for (a) 1 h, (b) 2 h, (¢) 3 h,(d) 5h, (e) 7h, () 10 h

Mikoshiba in [40]. The theoretical dispersion from Tsubouchi
model suggested that the SAW velocity increases from the
minimum due to the higher elasticity associated with the better
orientation. The slight increase in the LSAW velocity observed
in Fig. 8 also seem to confirm the argument made by the
authors of [39, 40]. Second, the increased LSAW velocity lo-
cally observed might be related to the surface roughness. To
investigate the effect of surface roughness on LSAW veloci-
ties, the results of the AFM measurements are depicted in
Figs. 8 and 9. As deposition time increases, film thickness
increases. Meanwhile, roughness gets increased to a certain
point and then drops to very low values for thicker films that
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Fig. 8 LSAW velocities and RMS roughness (Rrps) as a function of
film thickness

were deposited for 7 and 10 h. Long deposition time sufficient
for the grain growth seems to contribute to the formation of
smoother surface. Acoustic waves can propagate much faster
on smoother surface rather than rough surface. According to
Liaw and Hickernell [39], films with smaller grain sizes are
likely to exhibit smoother surface, which is attributed to the
higher elasticity associated with the improvement in the pre-
ferred orientation. Similar to the case of AIN on Si in [39], the
change in the LSAW velocity in this work also has dependence
on the surface roughness via the improvement in the orienta-
tion (hence the increase in the elastic constant). Thickness de-
pendence leads to the decrease of LSAW velocity while
smooth surface results in the increase of LSAW velocity.
Combination of both effects of thickness and surface condi-
tions might be the results of LSAW velocities at thicknesses of
1.47 um and 2.04 um in the plot of Fig. 8.

The influence of annealing temperature on the LSAW ve-
locities and surface roughness is also investigated. As men-
tioned previously, there is little variation in the thickness of
ZnO films annealed at various temperatures, which is demon-
strated in Fig. 10. Accordingly, not much difference appears
among the LSAW velocities of these films. The values of
LSAW velocities seem slightly distinctive from the rest in
the plot of Fig. 10 when the annealing temperature corre-
sponds to 550 °C and 600 °C. At these conditions, the expect-
ed behavior would be faster speed according to SAW disper-
sion effect since film thickness gets decreased slightly. On the
contrary, LSAW velocities are decreased, which might be due
to the relaxation of the compressive residual stress. According
to acoustoelasticity, compressive residual stresses increase the
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(a) e RMS =10 nm

(b) RMS =1.7 nm

2 Q

Fig. 9 Three-dimensional AFM images and RMS values of surface roughness for ZnO films deposited for (a) 5 h and (b) 7 h

acoustic wave velocity. If a compressive residual stress is re-
laxed by annealing at high temperature such as 550 °C and
600 °C, it is possible that the LSAW velocity decreases.

4 Conclusions

Highly crystalline ZnO thin films were deposited and charac-
terized to investigate the structural and acoustic properties as a
function of sputtering conditions. The correlation of surface
acoustic properties of ZnO thin films with thin film growth
was thoroughly studied through X-ray diffraction, atomic
force microscopy, scanning electron microscopy, and scan-
ning acoustic microscopy techniques. In particular, scanning
acoustic microscopy provided a useful method to determine
the velocities of surface acoustic waves of ZnO thin film with-
out a need for additional device fabrication with electrodes. It
was found that surface acoustic wave propagation in ZnO thin
films was closely related to film thickness, crystallinity, grain
structure, and surface roughness. The velocities of LSAW had
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Fig. 10 Thickness and LSAW velocity of the ZnO films annealed at
various temperatures
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a distinct dispersion to film thickness and decreased from
5328.3 m/s to 4245.7 m/s with increasing film thickness from
32.5 nm to 2.04 um. Additionally, higher crystallinity and
smoother surface seemed to result in faster acoustic propaga-
tion. These results will help understanding the behavior of
acoustic wave propagation in ZnO thin films as well as pro-
vide useful information on the magnitude of SAW velocities
in ZnO thin films as a function of sputtering conditions.
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