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Abstract

drives to do nanoactuation in the future.

Zinc oxide [ZnQ] thin films are deposited using a radiofrequency magnetron sputtering method under room
temperature. Its crystalline quality, surface morphology, and composition purity are characterized by X-ray
diffraction [XRD], atomic force microscopy [AFM], field-emission scanning electron microscopy [FE-SEM], and
energy-dispersive X-ray spectroscopy [EDS]. XRD pattern of the ZnO thin film shows that it has a high c-axis-
preferring orientation, which is confirmed by a FE-SEM cross-sectional image of the film. The EDS analysis indicates
that only Zn and O elements are contained in the ZnO film. The AFM image shows that the film’s surface is very
smooth and dense, and the surface roughness is 5899 nm. The microcantilever (Au/Ti/ZnO/Au/Ti/SiO,/Si) based on
the ZnO thin film is fabricated by micromachining techniques. The dynamic characterizations of the cantilever
using a laser Doppler vibrometer show that the amplitude of the cantilever tip is linear with the driving voltage,
and the amplitude of this microcantilever's tip increased from 2.1 to 13.6 nm when the driving voltage increased
from 0.05 to 0.3 V. The calculated transverse piezoelectric constant ds; of the ZnO thin film is -3.27 pC/N. This
ds; is high compared with other published results. This ZnO thin film will be used in smart slider in hard disk
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Introduction

As the recording density of hard disk drive [HDD]
further increases, the spacing between the slider and the
disk decreases quickly. A 10-Tb/in® recording density
requires a 2 to 3 nm or even less of head-media spacing
when HDD is working [1]. In that case, contact between
slider and disk will not be avoided completely. So, it is
necessary to detect the slider-disk contact and then
adjust the spacing to decrease the damage to the head-
disk interface. Due to quick response and contact detec-
tion ability, many piezoelectric sensors/actuators based
on bulk and thin film lead zirconate titanate [PZT] have
been proposed in order to solve the above problem
[2,3]. However, it is hard to fabricate a bulk PZT mate-
rial into a microscale dimension. Meanwhile, the deposi-
tion of PZT thin film usually requires processing at over
600°C [4], which is not compatible with fabrication of
magnetic heads in HDD technology. Compared to PZT
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material, ZnO thin film also has good piezoelectric qual-
ity, and its microfabrication does not need head process
under very high temperature [5]. So, ZnO film-based
piezoelectric sensors/actuators are being designed and
used in smart slider to detect the head-disk contact and
then adjust the flying height in our ongoing project.
There were many papers about the fabrication and
characterization of ZnO films in the past decades [6-8].
However, few reports presented the piezoelectric quality
of ZnO film quantitatively. In this paper, a ZnO thin film
for the application of nanoactuator was deposited using a
radiofrequency [RF] magnetron sputtering system under
room temperature and was characterized by X-ray dif-
fraction [XRD], energy-dispersive X-ray spectroscopy
[EDS], field-emission scanning electron microscopy [FE-
SEM], and atomic force microscopy [AFM]. Moreover, a
ZnO film-based piezoelectric microcantilever was fabri-
cated by micromachining techniques. The dynamic
response of the piezoelectric cantilever was measured
using a laser Doppler vibrometer [LDV]. The calculation
result showed that the transverse piezoelectric constant
dsz; of the ZnO thin film is -3.27 pC/N. This d3; is high
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compared with other published results. In the future, this
ZnO thin film will be used in smart slider to do nanoac-
tuation in HDDs.

Experimental details

ZnO thin films were deposited by RF magnetron sputter-
ing system using a ZnO target (99.99%) with a diameter
of 2 in. and a thickness of 3 mm. The substrate com-
prised p-type silicon (100) with a SiO, layer and a Au/Ti
seed layer. The thickness of the SiO, layer and the Au/Ti
seed layer were 1 um and 300 nm/50 nm, respectively.
The chamber was down to 5 x 10°® Torr using a molecu-
lar pump before introducing mixed Ar and O, gases. In
the deposition of the ZnO thin film, the RF power was 70
W, the working pressure was 0.8 Pa, the O,/(Ar + O,)
gas ratio was 0.25, and the substrate temperature was at
room temperature. The above deposition condition was
from our previous optimization result. The correspond-
ing deposition rate of the ZnO film was about 0.28 um/h,
and the deposition time was 4.5 h.

The ZnO piezoelectric microcantilever was fabricated
by micromachining techniques. The substrate was (100)
p-type silicon wafer on which a 1 pm of silicon dioxide
[SiO,] was grown using a thermal oxidation method.
Both the top and bottom electrodes were Au/Ti which
was more suitable than the Al electrode used in our pre-
vious fabrication. The microfabrication process of the
cantilever mainly included ZnO thin film etching, top
and bottom electrode deposition and patterning, silicon
DRIE etching, and finally the microcantilever’s release.
The detailed steps are the following: (1) Au/Ti bottom
electrode is sputtered on the SiO, surface and patterned
by lift-off technique; (2) ZnO thin film is sputtered on
the bottom electrode; (3) Au/Ti top electrode is sputtered
on the ZnO film surface and patterned by lift-off techni-
que; (4) ZnO film is wet etched by a diluted HCI solution
to expose the bottom electrode and the SiO, layer
around the cantilever; (5) the SiO, layer is etched by
reactive-ion etching technique, and then the Si layer
below with a specific thickness is etched by deep reac-
tive-ion etching technique; and (6) finally, the SiO, layer
and the Si substrate are etched through to release the
cantilever from the backside of the wafer.

The crystalline structure of the ZnO film was examined
using an X-ray diffractometer (PW 1830, Philips, Singa-
pore, Republic of Singapore). The chemical composition
and the stoichiometry of the ZnO films were analyzed by
EDS equipped with a scanning electron microscope
(JSM-5600 V, JEOL, Singapore, Republic of Singapore).
The surface morphology of the ZnO film was measured
by AFM (3000 SPM, DI, Santa Barbara, CA, USA). The
multilayered cross sections of the ZnO film were
observed by FE-SEM (JSM-7600F, JEOL). The dynamic
characteristics of the ZnO piezoelectric microcantilever
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were tested using a LDV (PSV300, Polytec, Irvine, CA,
USA).

Results and discussion

The XRD pattern of the ZnO thin film shown in Figure 1
indicates that the diffraction peak located around 34.422°
is very high compared with other peaks and is just the
Zn0O(002) diffraction peak. So, the ZnO thin film on the
Au/Ti bottom electrode has a highly c-axis-preferred
orientation, which is necessary to achieve a ZnO film
with high piezoelectric quality. The full width at half
maximum [FWHM] of the ZnO(002) diffraction peak
can be obtained from the XRD pattern, and it is 0.198°
for the deposited ZnO film. The grain size in the ZnO
thin film can be calculated using the Debye-Scherrer for-

0.89A
mula: D = , where A, B, and 0 were the wave-
cos

length of the X-ray source (4 is equal to 0.154056 nm for
the Cu target), the FWHM of the ZnO(002) diffraction
peak, and the Bragg diffraction angle, respectively. The
calculated grain size in the ZnO thin film is 41.566 nm.

To further confirm the chemical composition of the
ZnO film, an EDS analysis shown in Figure 2 was done.
It reveals that only Zn and O elements were contained
in the ZnO thin film. Compositional analysis of the EDS
spectrum indicated that the atomic ratio of Zn/O in the
ZnO film is 47.90:52.10. This means that the ZnO film
has a little excessive oxygen, which is maybe from the
oxygen ions that existed on the surface.

Figure 3 shows the 2-D AFM image and the rough-
ness analysis of the ZnO thin film. As can be seen in
Figure 3, the grain sizes in the ZnO thin film are very
uniform, and the surface is very dense and smooth. The
roughness analysis from the AFM showed that the sur-
face roughness (RMS value) is just 5.899 nm.
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Figure 1 XRD pattern of the ZnO thin film.
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Figure 2 EDS analysis of the ZnO thin film.
A

The cross-sectional morphology of the multilayer
structure of the ZnO microcantilever was observed by
FE-SEM and is shown in Figure 4. It clearly shows that
the ZnO thin film in the cantilever is polycrystalline.
The columnar texture of the ZnO thin film can be seen
in Figure 4, which indicates that the ZnO film is highly
c-axis-oriented and so has hexagonal crystals. It also
shows that the thickness of the ZnO film is about 1.4
pm. The SEM images of the fully fabricated ZnO canti-
lever and the enlarged multilayered structure of the can-
tilever are shown in Figure 5. It shows clearly that the

Figure 4 The cross-sectional FE-SEM image of the ZnO thin

film with top and bottom electrodes.

microcantilever stably maintained its freestanding state
without structural deformations. The dimension of the
Si cantilever is about 1, 500 x 500 x 24 pm?.

The above characterizations of the ZnO thin film and
the ZnO microcantilever were just done qualitatively.
Actually, the most important issue for the ZnO piezo-
electric film is having high piezoelectric performance. So
in the following experiment, LDV was used to measure
the dynamic response of the ZnO microcantilever first,
and then the transverse piezoelectric constant d3; of the
ZnO film was calculated using the tested data from

Roughness Analysis

2.00 um

Figure 3 AFM image and roughness analysis of the ZnO thin film.
A
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Image Statistics
Img. Z range 44,210 nm
Img. Mean -0.000000 nm
Img. Raw mean -84.694 nm
Img. Rms (Rq) 5.899 nm
Img. Ra 4.698 nm
Img. Rmax 44.210 nm
Img. Srf. area 4,367 um?
Img. Prj. Srf. area 4.000 pm*
Img. Srf. area diff 9.164 %
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Figure 5 SEM images of the fabricated ZnO microcantilever chip.
multilayered structure marked in (a).
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(@) Entire view of the microcantilever, and (b) enlarged view of the

LDV. The relationship between the magnitude of velo-
city of cantilever’s tip and the frequency of input vibra-
tion is given in Figure 6. It clearly shows that the
natural frequency of the microcantilever is 19, 492 Hz.
When an AC voltage signal with sine waveform was
applied on the top and bottom electrodes of the ZnO
microcantilever, the cantilever generated vibration
according to piezoelectric effect. Then, the LDV can
detect the vibration of the cantilever and measure the
velocity and displacement of the cantilever. The mea-
sured amplitude of the cantilever tip versus the driving
voltage is given in Figure 7. In this experiment, the fre-
quency of the driving voltage is fixed at 1 kHz. As can
be seen from Figure 7, the amplitude of the ZnO canti-
lever tip increased from 2.1 to 13.6 nm when the driving
voltage increases from 0.05 to 0.3 V... Moreover, the

amplitude of the cantilever tip increases linearly with
the driving voltage.

For a given piezoelectric heterogeneous bimorph
including one elastic layer and one piezoelectric layer,
both of which have same width, the deflection of the
cantilever can be expressed as [9]:

3x%te(te + tp)EeEp Vs

§(x) = ,
() E2tg + EoEp (4631, + 61262 + 4t,3) + B2t

1)

where x is the distance from the fixed end of the can-
tilever; d(x) is the deflection; £, and f. are the thick-
nesses of piezoelectric and elastic layers (namely Si
substrate), respectively; E, and E, are Young’s modulus
of piezoelectric and elastic materials, respectively; V is
the applied voltage; and d3; is the transverse piezoelec-
tric constant of the piezoelectric material. For our
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Figure 6 The magnitude of velocity of cantilever tip versus
frequency of input vibration.
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Figure 7 Measured amplitude of cantilever tip and ds; of ZnO
film versus applied voltage on microcantilever. During the
experiment, the frequency of the AC driving voltage is 1 kHz.




Wang et al. Nanoscale Research Letters 2012, 7:176
http://www.nanoscalereslett.com/content/7/1/176

fabricated ZnO microcantilever, all the parameters
except ds; are known. x is the length of the cantilever
which is 1, 500 pm, ¢, is 1.4 pm, t, is 24 um, E, is 1.8 x
10* Pa, and E, is 1.9 x 10" Pa. §(x) and V can be
obtained from Figure 7. So, the d3; of the ZnO thin film
can be calculated using Equation 1. The calculated ds;
of the ZnO film versus different driving voltages is given
in Figure 7. As can be seen from Figure 7, the transverse
piezoelectric constant d3; of the ZnO film is almost
changeless under different driving voltages. The average
value of d3; can be calculated as -3.27 pC/N which has
the same order of magnitude as the -5.43 pC/N for the
7ZnO bulk material [10].

Although the transverse piezoelectric constant d3; of
our deposited ZnO film is smaller than that of the ZnO
bulk material, it is high compared with other results
[9,11-13]. Moreover, many ZnO films suffered heating
or post-annealing process in the experiments, but in our
case, the deposition of ZnO film was under room tem-
perature. So, the piezoelectric quality of the ZnO film
will be surely increased further if heating or post-
annealing process is carried out on our fabricated ZnO
thin film. The relative experiment is ongoing.

Conclusion

ZnO piezoelectric microcantilevers were fabricated and
characterized in this paper. The ZnO film was deposited
on Au/Ti bottom electrode using RF magnetron sputter-
ing system under room temperature. XRD pattern
showed that the ZnO film has a highly c-axis-preferred
orientation, and the grain size in the ZnO film was
41.566 nm. The EDS spectrum indicated that only Zn
and O elements were contained in the ZnO film. The
AFM image showed that the surface of the ZnO film
was very uniform, and the surface roughness was 5.899
nm. The FE-SEM cross-sectional image of the ZnO film
confirmed that the ZnO film grows columnar, and the
direction is perpendicular to the surface. The piezoelec-
tric microcantilever based on the ZnO film was fabri-
cated by micromachining techniques. Its dimension is
about 1, 500 x 500 x 25 um?®. The dynamic characteri-
zation of the microcantilever using LDV showed that
the deflection of the cantilever increases with the driving
voltage linearly, and the experimental result indicated
that the amplitude of the ZnO cantilever tip increased
from 2.1 to 13.6 nm when the driving voltage increased
from 0.05 to 0.3 V... The transverse piezoelectric con-
stant d3; of the ZnO film calculated using LDV data is
-3.27 pC/N which is high compared with other pub-
lished results. This ZnO thin film will be used in our
ongoing design, simulation, and fabrication of ZnO film-
based smart slider in hard disk drives.
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