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AlN thin films are of continuing interest for excitation of acoustic waves in
surface and bulk acoustic wave devices. We report herein on preparation and
characterization of c-axis inclined AlN films by a new method of rotating the
substrate holder plate to different angles in an off-center system. The micro-
structure of the c-axis inclined AlN films was investigated using x-ray dif-
fraction, scanning electron microscopy, and transmission electron microscopy.
The analyses showed that polycrystalline AlN films with c-axis inclination of
up to 12� could be obtained using the off-center system. Solidly mounted
resonators based on the deposited c-axis inclined and vertical AlN films were
successfully realized. The frequency responses showed dual-mode resonance
characteristics located at 1.12 GHz and 1.87 GHz, corresponding to shear and
longitudinal resonant modes, respectively.
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INTRODUCTION

Highly textured, e.g., c-axis oriented, AlN or ZnO
thin films are critically important for fabrication of
high-frequency electro-acoustic resonators and
band-pass filters.1–3 Such films have been prepared
by metalorganic chemical vapor deposition (MOC-
VD), pulsed laser deposition (PLD), and magnetron
sputter deposition.4–6 In most cases, highly c-axis
oriented films are crucially important for optimizing
both the electromechanical coupling coefficient K2

t
and the Q value of electro-acoustic devices, since
they can excite pure longitudinal mode along the
thickness direction.7,8 However, operating in liquid
media, shear-mode resonance instead of longitudi-
nal-mode resonance is required for biochemical
sensors, because the longitudinal wave produces
compressional motion and leaks acoustic energy
into the liquid media, resulting in reduced resolu-
tion.9 Therefore, AlN and ZnO films with tilted
textures are desired, since they can potentially

excite dual-mode resonance (both longitudinal and
shear modes), which is beneficial for biochemical
sensing applications. Indeed, the transverse polari-
zation of shear modes is more sensitive than the
vertical polarization of longitudinal modes, because
the former does not produce any compressional
motion in the liquid media. Hence, no energy leak-
age occurs and sensors achieve better resolu-
tion.10,11 Therefore, c-axis tilted AlN films rather
than perfectly c-axis oriented films are desired to
improve the shear electromechanical coupling coef-
ficient in biochemical sensors.

To optimize the shear electromechanical coupling
coefficient, the c-axis inclination angle should be in
the range of 5� to 30�.12 Several methods have been
developed in the past decade to deposit tilted AlN
and ZnO thin films. Hunt and coworkers developed
a method using an additional electric field during
the sputter deposition to promote c-axis inclination
of ZnO films.13 Yanagitani et al. first produced
c-axis tilted AlN films in a planar deposition system.14

Later, Elmazria and coworkers used a tilted sub-
strate to grow tilted ZnO films.15 Recently, Link
et al. applied an additional blind positioned between
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the target and the substrate to fabricate c-axis tilted
ZnO films.16

In this study, AlN films were deposited on
Pt-coated silicon substrates in an off-center system
without additional hardware modification or sub-
strate tilting. The microstructure and morphology of
as-deposited films were characterized by means of
scanning and transmission electron microscopy and
x-ray diffraction. Highly dual-mode solidly mounted
resonators (SMRs) based on the deposited AlN films
were fabricated to investigate the excitation of
shear modes and assess the piezoelectric properties
of the films. The dual-mode SMRs are aimed at
applications in bio- and viscosity sensors.

EXPERIMENTAL PROCEDURES

AlN thin films were reactively deposited on a
p-type (100) silicon wafer coated with a 100 nm Pt
layer in a radio frequency (RF) magnetron sputter-
ing system (JGP 450). The target was a 99.995%
pure Al disk, 60 mm in diameter, and nitrogen/ar-
gon gas mixture was employed. The system was
pumped down to a base pressure of less than
2 9 10�4 Pa. The substrate temperature was kept
at 300�C, the nitrogen concentration in the N2/Ar
gas mixture was 60%, and the pressure was fixed at
0.5 Pa. A RF power of 200 W was applied to the
cathode for 1 h. The target–substrate distance was
5 cm.

In the present study, deposition of AlN films was
again accomplished by a conventional magnetron
sputtering method, except that the substrate was
mounted off center with respect to the target. As a
result, rotation of the substrate holder plate (as
shown in Fig. 1) is expected to change the angle of
deposition. During the deposition, the rotation angle
of the substrate was allowed to assume the values
0�, 5�, 10�, and 15�. Preparation at a rotation angle
of 0� means that the substrate is located at the
center of the target.

X-ray diffraction (XRD, D8; Bruker) with Cu Ka

(k = 0.15406 nm) radiation was used to determine
the crystalline properties of the AlN thin films in
terms of preferred orientation and c-axis inclina-
tion. The morphology of the films was observed
by field-emission scanning electron microscopy
(FESEM, S-4800; Hitachi). Transmission electron
microscopy (TEM, JEM-2010F; JEOL) operating at
200 kV and selected-area electron diffraction
(SAED) were used to investigate the microstructure
as well as the c-axis inclination of AlN films. Cross-
sectional TEM samples were prepared at room
temperature following standard procedures of face-
to-face gluing, mechanical thinning, dimpling, and
ion milling with a 5-keV beam and beam-to-speci-
men surface angle of 3� to 5�.

Finally, to investigate the shear mode generation
in the deposited films, a dual-mode SMR was fab-
ricated to assess the piezoelectric activity of the AlN
films. The dual-mode SMR was composed of a c-axis
inclined AlN film sandwiched between a 100 nm Pt
bottom electrode and a 100 nm Au top electrode,
and Mo/Ti high/low acoustic impedance layers, all
obeying the 1/4k mode resonance criteria, and a
p-type (100) Si substrate, as shown in Fig. 2. RF/
direct-current (DC) magnetron sputtering and pho-
tolithography were used to fabricate the required
multilayer structure. The bottom electrode served
as the electrical ground plane, and the top electrode
was patterned in ground–signal–ground configura-
tion for measurements using an Agilent 4291B
network analyzer and a Cascade probe station, in
which the standard RF on-wafer measurement
technique was employed. The active device area was
100 lm 9 100 lm. When an electrical signal was
applied between the top and bottom electrodes, an
acoustic wave was excited in the AlN film.

RESULTS AND DISCUSSION

The c-axis inclined AlN films were deposited on a
100 nm Pt bottom electrode layer with the substrate
holder plate rotated to different angles. h–2h x-ray

Fig. 1. Schematic configuration of AlN deposition by rotating the
substrate holder plate to different angles.

Fig. 2. Schematic structure of the SMR device.
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scans showed a (002) c-axis preferred orientation for
all AlN films except for the one deposited at a
rotation angle of 15�, which exhibited an additional
(100) diffraction, as shown in Fig. 3. However, a
significant decrease in (002) peak intensity was
clearly observed as the rotation angle increased.
This results from the decreased energy of plasma
species due to a decrease in the mean free path at

large rotation angle. Consequently, particles with
decreased energy bombard the surface of the layer,
leading to decreased adatom mobility and thus the
decreasing (002) peak intensity or the appearance of
(100) and (101) peaks.

Morphological characterization of AlN films
deposited at different rotation angles was performed
by FESEM analysis, as shown in Fig. 4. AlN col-
umns inclined from the surface normal were clearly
observed. The column inclination estimated from
FESEM images varied from 5� for the sample
deposited at a rotation angle of 5�, to 12� for the
sample deposited at a rotation angle of 10�. The
larger the rotation angle of the substrate holder
plate, the more inclined the crystalline orientation
obtained. In fact, for a rotation angle of 0�, the
grains of the deposited film remained vertical, while
the columnar structure disappeared in the AlN film
deposited at a rotation angle of 15�, consistent with
the XRD results. From these analyses, it can be
deduced that the film exhibits c-axis inclined
columnar structure with oblique incidence flux and
sufficient energy, and the c-axis inclination disap-
pears as the flux direction deviates further from the
center of the substrate.

Figure 5a presents a TEM bright-field image for
the sample deposited by rotating the substrate
holder plate to an angle of 5�. The cross-sectional

Fig. 3. XRD patterns of AlN films deposited by rotating the substrate
holder plate to an angle of (a) 0�, (b) 5�, (c) 10�, and (d) 15�.

Fig. 4. Cross-sectional FESEM images of AlN films deposited by rotating the substrate holder plate to an angle of (a) 0�, (b) 5�, (c) 10�, and (d) 15�.
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TEM image shows the columnar structure of the
film and c-axis inclined orientation of about 5�,
which is well consistent with the FESEM result
shown in Fig. 4. On the other hand, there is no
evidence of a secondary-phase interfacial layer
between the Pt and AlN films. The TEM image reveals
that the AlN film is uniform and dense, and the
interfacial region shows a smooth and sharp inter-
face. It is worth noting that the roughness of the
layers is critical for the acoustic wave scattering
loss, since a rough surface or interface leads to
energy scattering and induces dissipation loss in
microwave applications.17 In the SAED pattern
(Fig. 5b), the electron beam was parallel to the
[100] direction of the silicon substrate, and the
diffraction was taken from an area in close prox-
imity to the film interface. The well-defined
electron diffraction spots without the ring pattern

characteristic of polycrystalline grains indicate
excellent film crystallinity.

Figure 5c shows a high-resolution TEM image of
the cross-section around the interface between the
Pt and AlN films. There is an inhomogeneous
transition layer, approximately 5 nm thick, in the
area marked A. The reason for the appearance of
this transition layer is partly due to the decreasing
adatom mobility with oblique incidence. It is also
likely due to lattice mismatch between the AlN film
and the Pt bottom electrode layer. (002), (100), and
(101) orientations of AlN are observed around the
interface between the Pt and AlN layers. There is
only (002) preferred orientation in the area
approximately 20 nm away from the interface (data
not shown).

Many investigations have addressed the growth
mechanism of inclined AlN films. Lobl et al. pro-

Fig. 5. (a) TEM cross-section bright-field image of c-axis inclined AlN films on the Pt bottom electrode, (b) SAED pattern, and (c) high-resolution
TEM image of the cross-section at the interface between Pt and AlN layers.
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posed that, in the case of the following direction of
the impinging source material with a small angle,
the (002) plane was almost always perpendicular to
the normal of the surface, and the column inclina-
tion was due to the shadowing effect.18 Martin
suggested a second growth mechanism, according to
which the (002) planes always grew in a direction
perpendicular to the substrate in order to minimize
the surface energy and the inclined columns were a
result of the oblique incidence.19 In our case, the
grains are quasivertical (inclination of 0� to 2�) to
the film surface at a low pressure of 0.5 Pa. The
transformation from quasivertical to tilted growth
(c-axis inclination of up to 5�) could be induced by
decreased adatom mobility due to the oblique flux at
low pressure as well as by the shadowing effect. The
low adatom mobility prevents adatoms from jump-
ing at the surface and induces atomic rearrange-
ment resulting in a c-axis perpendicular to the
surface. Actually, oblique incidence is due to the
cosine distribution of the sputtered particles,
which also explains the fact that no c-axis inclina-
tion was obtained in the sample deposited at a
rotation angle of 0�. So, atoms arriving at the sub-
strate with oblique incidence are more apt to induce
tilted columns.

However, it has often been observed that the
buffer layer or substrate orientation plays a key role
in the growth of a tilted AlN thin film.20,21 Mean-
while, the film also needs some islands exhibiting
preferred orientation in the direction of the sput-
tering flux in the nucleation phase in the case of AlN
deposited on a Pt-coated substrate. Therefore, a
substrate which facilitates nucleation of inclined
islands, or that creates conditions for inclined islands
and grain growth, is favorable. In our case, the
lattice mismatch between the AlN (002) plane and
the Pt (111) plane is only 6.9% with nanoscale sur-
face roughness, which leads to a large number of
inclined islands,22 meaning that columns that are
aligned with the inclined net flux direction grow
faster than columns in other directions due to
competitive growth. The induction of c-axis incli-
nation is facilitated by the Pt film. Impinging
particles are deposited on the tilted surface due to
the nanoscale surface roughness and the small
lattice mismatch between the AlN film and the Pt
layer.

To clarify the generation of shear mode waves in
the obtained AlN films, SMR devices based on the
vertical and c-axis inclined (by 12�) AlN films were
fabricated. The resulting frequency responses, S11,
are shown in Fig. 6, illustrating distinct resonance
behavior and excellent noise restraint. Moreover,
dual-mode resonance is clearly observed with the
fundamental longitudinal and thickness shear
modes located at 1.87 GHz and 1.12 GHz, respec-
tively. Considering the wavelength value, the shear
velocity was calculated to be 6510 m/s, which is
close to the shear mode velocity in AlN films
(6330 m/s).

However, the longitudinal resonance is sup-
pressed for the c-axis inclined AlN SMR, as shown
in Fig. 6. The suppression effect results from two
main factors. Firstly, in the off-center deposition
process the density of the AlN film was decreased,
thus the degree of c-axis orientation was degraded,
as evidenced by the weak peak in the XRD pattern.
Secondly, since the AlN crystallites are tilted, the
acoustic wave attenuation increases, resulting in
suppression of the longitudinal resonance. The fre-
quency response characteristics present an inser-
tion loss of �34.8 dB and a rejection loss of �3.9 dB.
The performance of the dual-mode SMR could be
improved by increasing the c-axis inclination or by
optimizing the SMR design. Further work on pro-
cessing optimization to improve the performance of
such devices for biochemical sensing applications is
in progress.

CONCLUSIONS

Highly c-axis inclined AlN thin films were pre-
pared on Pt-coated Si substrates. By rotating the
substrate holder plate in the magnetron sputtering
system without additional hardware modification or
substrate tilting, c-axis inclination of up to 12� could
be produced for the given deposition conditions. The
oblique incidence of the particle flux and the small
lattice mismatch between the AlN (002) plane and
the Pt (111) plane with nanoscale roughness are
responsible for the formation of c-axis inclined films.
The inclined AlN films were tested by fabricating
SMR devices, and the frequency responses showed
resonant characteristics at 1.12 GHz and 1.87 GHz,
corresponding to shear and longitudinal mode res-
onances, respectively. The results show that c-axis
inclined AlN films are promising candidates for
biochemical sensing applications.
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