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Abstract With micro-machining technologies, the micro-
cantilevers of Si-based antiferroelectric (Pb, La) (Zr, Ti)O3
thick films were fabricated, and five sizes of cantilevers
were completed in one chip. Out-of-plane motion of the
cantilever structure was described with the out-of-plane
actuation method. Under the square wave excited by the
voltage of 42 + 2 V, the micro-cantilevers presented the
good performance, such as high vibration velocity of
0.93 m/s and big cantilever tip displacement of 31 um due
to the electrical field induced phase transition in the thick
film. The drive voltage as the phase-transition voltage was
applied to the antiferroelectric material layers for the out-
of-plane motions measured by Micro System Analyzer
(MSA-400), and hence the Ist-order resonance frequency
of the cantilevers was 40.08 kHz. These results reveal that
the antiferroelectric thick films (Pb, La) (Zr, Ti)O5 are of
characteristics of large electrostrictive strain and show the
potential and board application for the micro-devices with
those films in micro-actuators and high-speed digital
switches.
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1 Introduction

The antiferroelectric (AFE) material have a unique
phase transition characteristic between the AFE phase
and the ferroelectric (FE) phase, characterized by
remarkable change of polarization, phase-transition
strain and phase-transition current under the field of
electricity, pressure or temperature [1, 2]. When the
AFE material changes from AFE phase to FE phase, the
volume will become larger due to the larger unit cells.
It was reported that the AFE material strain of (Pb, La)
(Zr, Ti, Sn)O3 was up to 0.85 % and the switching time
of phase transition was about 300 ns [3-6]. Because of
the unique phase transition effect and the large strain
characteristic, the AFE material can take extensive
application in micro-displacement actuators, force-elec-
tric coupling devices and micro-motors [7-9], etc.
Compared to AFE ceramics bulk and AFE thin films,
AFE thick films have lower transition voltage, more
homogeneous and larger strain. To the best of our
knowledge, it is rarely reported to integrate AFE thick
films with MEMS techniques together to meet the
demands in high-power micro-actuators.

In our earlier work, PLZT thick films has been suc-
cessfully prepared on Pt(111)/Ti/SiO,/Si(100) substrate
[10-12]. In this paper, the micro-cantilever structure based
on the PLZT thick film was taken as the drive unit to apply
AFE thick films in the field of MEMS. And the perfor-
mance of cantilevers has been studied, including resonance
frequencies, vibration modes, phased transition voltages of
the AFE material layers and the switch strain, through the
out-of-plane motions measured by the Micro System
Analyzer, MSA-400.
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2 Design, fabrication and packaging

The fabrication of PLZT thick films and micro-cantilevers
structure can be found elsewhere [13-16]. The device
structure of micro-cantilevers can be obtained by the wet
etching of AFE thick films and ICP dry etching of Silicon
substrate. The complete structural layout of the AFE PLZT
micro-cantilever was illustrated in Fig. 1. This layout was
designed on a c-Si wafer with 3-in. diameter and 235-pm
thickness. The etching depth was 228 um, considering
about 7 um thickness of silicon substrate in micro-can-
tilevers. A corrosion window of 1360 x 1360 pm?® was
opened on the backside of the wafer. The thickness of AFE
PLZT film was 2 pum. The bottom electrode windows were
arranged as ten cantilever beams and each beam had an
independent bottom electrode. The pad area was
100 x 100 pm?. The square shape was double-side aligned
marker for wet etching and the cross shape was aligned
marker for other layers. The name and function of layout
were shown in Table 1 in detail. Figure 2 showed the SEM
images of AFE PLZT micro-cantilevers. The SEM images
of the device structure with ten cantilevers in five couple
different sizes were shown in Fig. 2). All values for PLZT
micro-cantilevers dimensions were listed in Table 2. The
AFE PLZT micro-cantilevers that consist of polysilicon
and PLZT multi-layer coating were shown in Fig. 2b.
The Fig. 3a showed the entire layout of two wafers
integrated into one Printed Circuit Board (PCB) packaging.
The cantilevers electrode was connected with PCB by Au
bond wired (marked in red color). The bottom electrodes
on one side were the same as those of the other side. From

Fig. 1 Complete structural
layout of anti-ferroelectric
PLZT micro-cantilever

/\Amoliﬁcation

Fig. 3b, the case package volume of the AFE PLZT micro-

cantilevers was 9 x 9 x 3 mm°.

3 Test and analyses

In order to obtain the electromechanical response behaviors
(including resonant frequency, vibration velocity, and tip
deflection) of the PLZT micro-cantilevers, Out-of-plane
motions measured by Micro System Analyzer (MSA-400)
was used with the laser Doppler method, which increased
the flexibility and precision of non-contact measurement.
The measurement processes were listed as followed.
Firstly, the signal generator of the micro-system ana-
lyzer offered a variety of signal modes (e.g., sweep, square
wave and sine signals, etc.). Secondly, the maximal
amplitude of original signal was amplified by the power

Table 1 Revision illustrate of PLZT micro-cantilever in procedures

Photolithography ~ Version Functions Version
order number class
1 Align Alignment mark of Negative
dual surface version
Lithography
2 Beam Lithography in the Positive
cantilever beam version
3 Upper Lithography in the Positive
electrode  upper electrode version
4 Bottom lithography in the Positive
electrode  bottom electrode version
Bottom Electrode Au

)
3

Top Electrode Au

[The size of this cell was 2mm*2mm]
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Fig. 2 SEM images of antiferroelectric PLZT micro-cantilevers. a One device structure with ten cantilevers in five different sizes; b SEM image

of cantilever tip

Table 2 PLZT micro-cantilever dimensions

Samples Length Width Thickness
I (um) w (Hm) 1 (um)
Sample A 400 40 10
Sample B 450 40 10
Sample C 500 40 10
Sample D 600 60 10
Sample E 650 60 10

amplifier (HA-400) to 400 V-pp, to meet the requirement
of phase transition voltage for the AFE thick film layer of
the cantilevers. Finally, the magnified voltage was loaded
into the cantilever while the oscilloscope and millimeters
were adopted to inspect the loaded signals. The operating
scheme of the system was showed in Fig. 4. The motion of
the AFE PLZT micro-cantilevers was characterized by the
Laser Doppler Vibrometer when applying the amplified
sweep or sine/square voltages to the top and bottom elec-
trodes. These measurements were performed at ambient
temperature and pressure. The length (/), width (b) and
thickness (¢) of the test cantilevers chosen as the sample
were 500, 40 and 10 pm, respectively. And 25 linear test
points were set from top (the 1st) to bottom (the 25th) of
the cantilever. All the test data were achieved by the setting

Fig. 3 Package of
antiferroelectric PLZT micro-
cantilevers. a Layout of PCB
packaging; b photograph of case
package (Color figure online)
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points of the certain size to indicate the vibration
characteristics.

The thickness (7) and the phase switching electric field
(E) of AFE PLZT films were about 2 pum and 210 kV/cm,
respectively. According to the formula of U = E X ¢, the
theoretical driving voltage was U = 210 x 2 =42 V.

However, the maximal output voltage provided by
POLYTEC System was only 10 V, and then an external
power amplifier was required to amplify the voltage more
than the phase transition voltage. Figure 5 was the simple
test with Laser Doppler Vibrometer, and the inset showed
the colorful photomicrograph and the photograph of AFE
PLZT micro-cantilevers under microscope.

The resonance frequencies and the vibration modes were
obtained by the sweep frequency test. The main setting
parameters included Fast Fourier Transform (FFT) mea-
surement modes, periodic chirp wave form, bandwidth of
0-500 kHz, the FFT algorithm with line 6400 (maximum),
voltage amplitude of 1 V, and offset of 1 V.

The inset of Fig. 6 gave the sweep frequency signal of
cantilever under the bias voltage of 10 V. The large strain
magnitude of the cantilever was tested, and thus the phase
transition characteristics were determined, including the
AFE material layers with the response measurement of the
vibration velocity and the displacement. The square signal
with the step voltage magnitudes from 5, 7.5 to 60 V was

b
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the 15 V periodic chirp scan signal. There were one reso-

Cg;"sf:l:fr nance peak of 31 pum close to 40.08 kHz, and one vibration
Mirror A/D velocity about 0.93 m/s. Both the maximal vibration dis-
Micro System : | Controller Converter placement and the vibration velocity were located near the
Analyzer Op;icszzlath first response frequency peak. And Fig. 7 showed the 1st-
d order vibration effect simulation at the first response of the

cantilevers.
Laser Emitter ‘ ‘Laser Receiver Figure 8 showed the curve relating the dependence of
 Driving Source . both maximal velocity and maximal displacement variation
Signal High Voltage DUT of Micro- under different voltages of micro-cantilevers. The square
Generator Amplifier || cantilevers voltage signals from —1 to 1 V were applied to AFE PLZT

micro-cantilevers, which was shown in the inset of Fig. 8.
Fig. 4 Measurement system of Micro System Analyzer and high  If the range was from a to b V, the bias voltage (denoted as
voltage amplifier B) and the voltage amplitude (denoted as A) were expres-
sed as follows,

B:a;—b (1)
b—a
A= @)

From Egs. (1), (2) and Fig. 8, the bias voltage (B) was
0 V and the amplitude of voltage (A) was 1 V. The can-
tilevers tip deflection tests were performed with square
signal of the power amplifier that could be amplified from
5,7.5 to 75 V. The maximum displacement and rate of the
micro-cantilevers varied linearly with voltage in Fig. 8.
There were three states to explain the phenomenon above.
The first one was the quite short period of loading voltage,
from several dozens to hundreds of microseconds; the
Fig. 5 Simple test of Laser Doppler Vibrometer. The inset showed second one was the cantilever moved toward a certain
both the colorful photomicrograph and the antiferroelectric PLZT positive direction when loading a positive voltage, and vice
micro-cantilevers under microscope versa; The last one was the moving of cantilever hampered
by the negative voltage when the voltage altered from
loaded in the cantilevers, and the vibration velocity and positive to negative, and vice versa. Therefore, the dis-
displacement magnitudes were shown in Fig. 6. placement and rate of cantilevers could not arrive at the
Figure 6 showed the test result of frequency domain  maximal value and the present linear variation rule was
analysis (FFT) of the cantilevers tip (the Ist test point) at  zero under the bias voltage.

Fig. 6 Vibration velocity and !
displacement of the cantilever 1.0 - [ ===FFT -Velocity | [ ==FFT -Displacement L 30
tip (500 x 40 x 10 pm®) with | o
frequency domain analysis of 0.8 - 3
FFT. The inset showed the m ' 7 1 - 24 S
period sweep frequency signal E ' r Il | A ] [
of Micro System Analyzer and > 0.6 - s | ’ ‘ - 18 8
the signal generator = i | ‘ | ‘ i L g
S 0.4- : f i H L12 S
© | il | =
S ; = . % ;
0.2 L6 3
0.0 - danbde sttt - 0
0.0 4.0x10° 8.0x10*  8.0x10" 4.0x10* 0.0
Frequence(Hz) Frequence(Hz)
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Fig. 7 First-order vibrate model at the first response of the cantilevers
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Fig. 8 V(velocity)/D(displacement) — V(voltage) of PLZT micro-
cantilever (500 x 40 x 10 pm?®) with different square voltages. The
inset showed original square signal of voltage varied from —1to 1 V

Figure 9 showed the curve of the dependence of maxi-
mal rate and displacement variation in different square
voltages of the micro-cantilevers. The square voltage sig-
nals from 0 to 2 V were applied to the AFE PLZT micro-
cantilevers, shown in the inset of Fig. 9. The original
voltage frequency was the natural frequency of the micro-
cantilever, and the bias voltage of original voltage and
amplitude of voltage were both 1 V. The motion law of
micro-cantilever presented the switching characteristics
when loading the amplified original voltage. There were
three stages that could be easily recognized.

1. For the loaded voltage between 5 and 30 V, the strain
had slight linearly increased due to the AFE phase
mostly existing in the AFE layer of Si-based PLZT
cantilevers with a quite less rate of remnant polariza-
tion. Therefore, the vibration displacement and veloc-
ity of the cantilevers increased to 8.02 pm and 0.24
m/s under the voltage of 30 V, respectively.
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Fig. 9 V(velocity)/D(displacement) — V(voltage) of PLZT micro-
cantilever (500 x 40 x 10 pm3) with different square voltage at the
first resonance frequency. The inset showed the original square signal
of voltage varied from 0 to 2 V

2. For the loaded voltage varying from 30 to 45 V, the

cantilevers showed sharp strain, and the maximal
vibration displacement and maximal vibration velocity
reached 31 pm and 0.93 m/s at the voltage of 40 V,
respectively. Because the AFE phase in AFE layer
transited to the ferroelectric phase, great strain in the
anti-ferroelectric layer produced the big stress of the
cantilevers which conformed to phased change curves
of the AFE to the ferroelectric phase [9]. In addition,
the testing voltage (40 V) was quite close to the
calculated voltage (42 V) mentioned before.

3. For the loaded voltage changing from 45 to 50 V, it

showed the cantilever held almost the same strain
because the AFE layer had been in the ferroelectric
phase at this stage. A higher voltage could lead the
cantilevers to breakdown, and hence all the tests were
carried out no more than 50 V magnitudes.
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As a result, the characteristics of phase transition for
PLZT micro-cantilevers were provided, and both velocity
and displacement arrived at maximal values when the
amplitude of voltage was equal to or greater than the bias
voltage.

4 Conclusions

This work presented the design and test of a Si-based AFE
(Pb, La) (Zr, Ti)O5 thick film micro-cantilevers with the
purpose of MEMS device. The PLZT cantilevers driven by
stable electric field (40 & 2 V) had large displacement
(31 pm) and velocity (0.93 m/s), which could be suit-
able for MEMS devices, especially those devices that
needed larger drive powers, such as micro-pumps, micro-
motors, ultrasonic motors and actuators, etc.
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