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ABSTRACT

A silicon micromirror driven by piezoelectric Pb(Zr,Ti)O3 cantilever actuator has been demonstrated for
2-D scanning applications. Two different PZT actuator designs have been fabricated and characterized to
investigate the effects of the dimensions and number of S-shaped PZT cantilever actuator folds on the
2-D scanning performances of the micromirror. Three modes of operation have also been investigated
for both devices. Device A, which is driven by single S-shaped PZT cantilever actuator, performs better
in both dc and ac laser scanning compared to device B, which is driven by double S-shaped PZT actuator.
At 10V, static ODA of 4.6° and 3.3° are obtained for devices A and B respectively. In the ac actuation
regime, device A achieved +9.0° at resonant frequency of 27 Hz, 1V, while device B achieved +7.2° at
20Hz, 1V, for bending mode. In torsional mode, dynamic ODA peaks of +1.8° and +1.2° are observed
at 70 Hz and 156 Hz for devices A and B respectively. Lissajous scan patterns for both devices have been
successfully demonstrated by superimposing two ac sinusoidal signals of different frequencies into one
signal to be used to actuate the mirror.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Micromirrors realized by microelectromechanical systems
(MEMS) technology have been widely used in numerous important
optoelectronic applications such as optical communications [1-4],
microspectroscopy [5-7], optical coherence tomography [8-11]
and display [12-15]. MEMS and optics make a perfect match as
MEMS devices have dimensions and actuation distances compara-
ble to the wavelength of light. Besides using MEMS mirror which
are reflective-type devices, diffractive-type in the form of grat-
ings [16,17] and steering-type in the form of lens [18-20] have
also been reported for scanning purposes. In recent years, optical
MEMS devices have also formed a circle of growing interest with
the development of handheld pico-projectors based on scanning
mirror technology [21].

One of the key factors that have contributed to the remarkable
MEMS commercial success is the development of Si-based micro-
machining technology and CMOS MEMS [22]. The integration
of micromechanical parts and CMOS circuits have facilitated
mass production of MEMS devices in CMOS foundries due to
their high production yield, low fabrication cost etc. However,
limited material selection in CMOS MEMS and CMOS compatible

* Corresponding author. Tel.: +65 6516 5865; fax: +65 6779 1103.
E-mail address: elelc@nus.edu.sg (C. Lee).

0924-4247/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.5sna.2012.06.018

processes restrict the Si-based actuators to be mainly electrostatic
or electrothermal [23-25]. Actuators deploying piezoelectric PZT
(PbZryTi;_x03) films are also attractive alternatives to Si-based
actuators because of its potential to offer higher output force
at lower voltage compared to the other actuators [26-29]. In
a one-dimensional (1-D) resonant torsional micromirror based
on 0.5 wm PZT thin film actuation, Filhol et al. achieved a total
optical deflection angle (ODA), i.e. 40, of 78° at less than 1Vy,
in vacuum condition [30]. Besides 1-D resonant micromirror,
two-dimensional (2-D) micromirror driven by double layered PZT
actuators has also been developed by Tsaur et al. to yield larger
bending force with lower actuation voltage [31]. In addition, Yasuda
et al. reported a large elliptical 2-D micromirror driven by two
orthogonal pairs of 3 wm PZT thin film ring actuators in a double-
gimbal structure design [32]. In 2006, they demonstrated a new
design where multiple meandering PZT actuators were adopted in
both inner and outer frames so as to accumulate angular displace-
ment and generate larger static deflection angle [33]. Recently, Zhu
et al. demonstrated a tip-tilt-piston micromirror driven by four
sets of piezoelectric unimorph PZT actuators, in which an optical
scan range of 5° was obtained at 2 Vpp during resonance [34].
Besides the difference in actuation mechanisms, a wide variety
of designs for 2-D scanning mirror have also been reported in the lit-
erature, with most of them deploying either the two frames or/and
orthogonally arranged multi-actuators designs for 2-D actuation
[31-40]. In addition, superimposition of ac currents corresponding
to the frequencies of slow and fast scanning axis on the external
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electro-coil toillicit 2-D scanning have also been widely reported in
electromagnetic actuated micromirror [13,38-42]. However, such
electromagnetic actuated 2-D scanning mirrors require the pres-
ence of either an external permanent magnet or electromagnetic
coil, resulting in bulky packaging.

On the other hand, two superimposed ac excitation biases,
which have been performed on resistive type electromagnetic
coils, are rarely examined on capacitive type piezoelectric actua-
tor. Moreover, there are still limited research attempts on simple
MEMS mirror design that utilizes only one or a set of actua-
tors to achieve 2-D scanning. As a result, our motivation is to
explore novel 2-D actuation mechanisms based on one or a set
of piezoelectric actuators. In our previous research attempts, we
have designed micromirrors driven by a 1 x 10 array of parallel
arranged PZT cantilever actuators and demonstrated them for 2-
D MEMS mirror scanning applications [43,44]. In our most recent
work, we have also reported the development work of a 2-D MEMS
scanning mirror actuated by a single meandering S-shaped PZT can-
tilever [45] and demonstrated the advantages of our new design
over a straight beam design or those works we endeavored previ-
ously in Refs. [43,44]. As such, this research attempt aims to be
an extended investigation on the effect of the meandering PZT
cantilever actuator design on the actuation performance of the
Mmicromirror.

2. Design and modeling

A schematic diagram of the 2-D MEMS scanning mirror studied
in this paper is shown in Fig. 1(a). The packaged device consists of a
piezoelectric PZT S-shaped cantilever actuator driving and support-
ing a rectangular mirror plate simultaneously. The cross-section
of the cantilever actuator consists of Pt/Ti (0.2 m) top and bot-
tom electrodes sandwiching a PZT thin film (2.5 wm), with a Si
device layer (5 pwm) providing mechanical strength to the actuator.
The mirror plate is made up mainly of Si handle layer of 400 wm
thick, hence maintaining the rigidity and preventing dynamic mir-
ror deformation. There are only two bond pads for the device and
are electrically connected to the top and bottom electrodes respec-
tively. An elevating chip is placed beneath the mirror device so that
the mirror plate has room for movement when driven by the PZT
cantilever actuator. The mirror has six degrees of freedom and is
designed to operate in 3 modes: bending, torsional and mixed. In
bending mode, the mirror translates out of plane and rotates about
the x-axis, while in torsional mode, the mirror twists and rotates
about the y-axis.

Two actuator designs are developed in this research attempt to
investigate the effect of the PZT cantilever actuator on the actua-
tion performance of the mirror. As shown from the layout drawing
in Fig. 1(b), the mirror plate for device A is driven by a single
S-shaped PZT cantilever actuator with longitudinal (y-direction)
and transverse (x-direction) lengths of 1.6 mm and 1.8 mm respec-
tively. The layout drawing for device B is illustrated in Fig. 1(c),
where the mirror plate is driven by a double S-shaped PZT can-
tilever actuator with longitudinal and transverse lengths of 1.8 mm
and 1.7 mm respectively. The dimensions of the whole chip and
the Si mirror plate are kept constant for both devices A and B.
With these two different designs, we endeavor on the investiga-
tion of the effect of the number of S-shaped PZT cantilever actuator
folds made on the 2-D scanning performances of the micromir-
ror in terms of resonant frequency, optical performance and their
applications.

To better understand the operation modes of both devices, finite
element analysis (FEA) of the devices were performed using the
ABAQUS simulation tool. The mechanical operation eigenmodes for
bending and torsional modes were retrieved for both devices and
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Fig. 1. (a) Schematic drawing of the packaged 2-D MEMS scanning mirror driven
by a S-shaped PZT cantilever actuator where it twists or bends when ac voltages of
different frequencies are applied to it. Layout drawings and dimensions of a mirror
driven by a (b) single S-shaped PZT cantilever actuator, i.e. device A; (c) double
S-shaped PZT actuator, i.e. device B.

the simulation results are demonstrated in Fig. 2. The color bars in
Fig. 2 represent the normalization of the mode shapes according to
the mass matrix. Fig. 2(a) and (b) shows the mode shapes and eigen-
values of device A for bending (34 Hz) and torsional (72 Hz) modes
respectively while the mode shapes and eigenvalues for device B
during bending (23 Hz) and torsional (149 Hz) modes are shown in
Fig. 2(c) and (d) respectively. The eigenvalue of bending mode for
device A is bigger than that of device B. This can be explained by
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(a) Device A, bending mode (34Hz)
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Fig. 2. Modal analysis of the two investigated designs using finite element simulation software ABAQUS. (a) Device A under bending mode, where the single S-shaped PZT
cantilever actuator bends out-of-plane at a eigenvalue of 34 Hz. (b) Device A under torsional mode, where the single S-shaped PZT cantilever actuator twists out-of-plane
at eigenvalue of 72 Hz. (c) Device B under bending mode, where the double S-shaped PZT cantilever actuator bends out-of-plane at eigenvalue of 23 Hz. (d) Device B under
torsional mode, where the double S-shaped PZT cantilever actuator twists out-of-plane at a eigenvalue of 149 Hz.

using the equation for rotational spring constant (K, ) along x-axis
obtained from Ref. [46]:

2(N+2) (N+1) 77!
KOX = |: El G] Lx:|

where N is the number of folds, E is Young’s modulus, [ is the
moment of inertia with respect to the x-axis, G is the shear modulus,
Jis the cross-section torsion factor of the spring element parallel to
the x-axis, Ly is the length of the spring element parallel to x-axis, Ly
is the length of the spring element parallel to y-axis. By analyzing
equation (1), it can be recognized that the first term is contributed
by the bending stiffness of the spring elements (of length Ly ) parallel
to the y-axis, while the second term is contributed by the torsional
stiffness of the elements (of length Ly) parallel to the x-axis. From
(1), the ratio of K, for device A to B can be derived as:

(Kox)a _ [2GJ(N + 2)Ly + 2EI(N + 1)Ly
(Kox)g — [2GJ(N +2)Ly + 2EI(N + 1)Lx] 5

For device A, the values of N, Ly and Ly are 1, 1.8 mm and 0.4 mm
respectively while for device B, the valuesare 2,1.7 mmand 0.3 mm.
After substituting these values of N, Ly and Ly into (2) and taking
into account that the values of shear modulus (G), Young’s mod-
ulus (E), moment of inertia (I) and cross-section torsion factor to
be independent of Ly and Ly, a ratio of (Ky,)a/(Kgy)s greater than 1
will be obtained, i.e. the rotational mechanical stiffness along x-axis
for device A is greater than that of device B. This explains why the
eigenvalue obtained for bending mode in Fig. 2(a) for device A is
bigger compared to device B in Fig. 2(c). In the case for torsional
mode, the eigenvalue obtained for device A in Fig. 2(b) is smaller

2
Ly +

(1)

(2)

than that for device B in Fig. 2(d). This is because the twisting of the
mirror plate for device B happens during the 3rd eigenmode while
for device A, it happens during the 2nd eigenmode.

Harmonic analysis, based on ANSYS simulation software, was
also performed to investigate the ac performance of the two devices
for different input frequencies. An arbitrary sinusoidal varying force
was uniformly applied on the mirror plate of both devices while
frequency sweep from 1Hz to 200 Hz, with step size of 1Hz, was
made. A node at the far-right corner of the meshed mirror plate
was chosen as the input point while the vertical amplitude of the
node versus frequency for both designs are plotted and shown in
Fig. 3. Frequency peaks at 34 Hz and 72 Hz are obtained for device A,
which corresponds well to the modal analysis shown in Fig. 2(a) and
(b). Similarly for device B, frequency peaks at 23 Hz and 149 Hz are
obtained. In both devices, the vertical amplitudes of the vibrating
mirror plate are larger during bending mode compared to torsional
mode of the same device. In addition, by comparing the bend-
ing modes of the two devices, the vertical amplitude obtained for
device B is smaller than that for device A. By considering the bal-
ance of the weight, i.e. the downward gravitational force acting
on the mirror plate and the parallel acting restoring force of the
deformed S-shaped spring actuator, the weight of the mirror will
have a greater damping effect for the softer spring actuator design
in device Bcompared to device A. This reduces the amount of energy
being coupled from the biased PZT actuator to the mirror plate. As
such, this may cause more energy to be lost in device B compared
to device A, resulting in the vibration peak to be smaller for device
B compared to device A. This trend also applies when comparing
the torsional modes of both devices.
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Fig. 3. Simulated plot of vertical amplitude for corner of mirror plate against fre-
quency sweep from 1 Hz to 200 Hz, with a step size of 1 Hz obtained during harmonic
analysis of the two investigated designs. An arbitrary sinusoidal varying force is
uniformly applied on the mirror.

In order to evaluate and compare the dc static responses for
the two devices, a mathematical model based on the following
equations are used [47]:

3AB
(Scantilever = TLlongitudinalz‘/dﬂ (3)
A = S5;Spzr(Spzrtsi + Ssitezr) (4)

_ _tsi(tsi + tozr)
Spzrtsi + Ssitpzr

K = (Ssi)*(tpzr)* + 4SSpzrtsi(tozr)® + 6S5iSpzr(tsi)*(tpzr)
+4S5iSpzr(tsi )’ (tezr) + (Spzr? )(tsi) (6)

where Scaptilever 1S the displacement of the PZT actuator tip,
Liongitudinal is the length of the PZT actuator along the y-direction,
V is the applied voltage, S5; and Spzr are the compliances of the
strutural Si layer and PZT thin film respectively, ts; and tpz7 are the
respective thicknesses of the strutural silicon and PZT film and ds4
is the piezoelectric strain constant. From (3), it can be interpreted
that a longer longitudinal PZT cantilever actuator will result in a
larger displacement. As such, we deliberately designed the longi-
tudinal PZT cantilever actuator length for device B to be slightly
longer than that of device A. With this minor design tweak, it will
allow us to determine which factor, i.e. number of actuator folds or
the longitudinal length plays a more significant role in the mirror
optical performance.

3. Device microfabrication

The microfabrication process flow for the MEMS mirror is
schematically depicted in Fig. 4. The process began in Fig. 4(a) with
Pt/Ti/PZT/Pt/SiO, multilayer deposition on silicon-on-insulator
(SOI) wafers with 5wum thick Si device layer. The SOI wafers
were first oxidized at 1100°C to form a thermal oxide layer
(1 pm). After the oxidation process step, Pt(0.2 wm)/Ti(0.05 pm)
thin films were deposited as bottom electrode materials by dc
magnetron sputtering. 2.5 wm thick Pb(Zrg5,Tig4g)03 (PZT) thin
films of (100)-orientation were then formed by sol-gel deposi-
tion. Such (100) crystallographic orientation of PZT gives a larger
piezoelectric constant compared with (11 1) orientated ones [48].
Finally, Pt(0.2 pwm)/Ti(0.05 pwm) thin films were deposited by dc
magnetron sputtering. The obtained multilayers were then pat-
terned and etched by both dry and wet methods in Fig. 4(b). The
top and bottom electrodes of Pt/Ti were defined using masks 1

and 3 respectively. The electrode material was etched using Ar
ions after lithography. The piezoelectric PZT film was defined using
mask 2 and wet etched using a mixture of HF, HNO3 and HCI. In
Fig. 4(c), an insulating oxide layer (0.8 wm) was deposited by RF-
magnetron sputtering, followed by contact hole definition through
mask 4 and etched by reactive ion etching (RIE) with CHF3 gas.
In Fig. 4(d), contact hole formation using 1pwm Pt metal lines
with Ti adhesion layer was done. The contact metal was deposited
by sputtering, patterned and etched using mask 5 and Ar ions
respectively. Through mask 6 in Fig. 4(e), the thermal oxide, Si
device and BOX layers were etched by RIE using SFg (for Si) and
CHF; (for SiO,) gases. Finally, in Fig. 4(f), the Si handle layer was
etched from the backside using DRIE, releasing the actuator and
Mirror.

After the microfabrication process, the mirror chips were assem-
bled on a dual in-line package (DIP) as shown in Fig. 5. Elevating
spacer chips of 1200 wm thickness were placed between the base of
the package and the devices so as to prevent hindrance to the mirror
movement during dc and ac actuations. Fig. 6(a)-(d) shows optical
microscope images of the PZT cantilever actuators for devices A and
B respectively. The top and bottom bond pads are connected to the
pins of the DIP by gold bond wires.

The material characterization of the PZT thin film fabricated
has already been investigated previously in Ref. [49]. Our non-
buffered PZT thin film have (100)/(001) preferred orientation, a
remnant polarization and dielectric constant of 10.5 wCcm~2 and
950 respectively. The transverse piezoelectric constant d3; mea-
sured at 30 Vg is -60pm V-1,

4. Experimental setup

The experimental setup shown in Fig. 7 is used to investigate
the dc and ac characteristics of the fabricated devices. The device
was mounted upright perpendicular to the optical table surface
on a L-shaped stand and fixed to an adjustable X-Y-Z stage. This
setup is different from the one we used in our previous research
attempt in Ref. [45] where the device is placed parallel to the
table surface. In this setup, a red laser beam of 633 nm wavelength
was impinged along the optical table surface onto the micromir-
ror and reflected to a white screen. The screen was placed and
fixed perpendicularly to the reflected light when the device was
initially unbiased. The optical deflection angle (26) can be directly
determined from the scale reading on the screen (L) and the dis-
tance of the screen from the mirror (H). A dc power supply was
used for dc response experiments. In ac response experiments,
two function generators, each responsible for bending and tor-
sional modes respectively, were input into a summing amplifier
(MC1741C, Motorola) to bias and excite the PZT cantilever actua-
tor. Function generators 1 and 2 are responsible for bending and
torsional modes, producing ac sinusoidal voltages of Vg and Vt
respectively. Unlike our previous approaches in Refs. [43,44] where
two ac signals are applied separately to two different sets of actu-
ators to achieve 2-D scanning patterns, a summing amplifier is
needed for our devices in this study so as to superimpose both ac
signalsinto one and excite the PZT cantilever actuator. The resistors’
values Ry, R; and Ry were chosen such that the summing amplifier
achieved unity gain, i.e. the voltage applied to the device is equiva-
lent to the summation of the input voltages from the two function
generators.

Polarization process was done before the characterization of the
devices as this aligns the ferroelectric domain orientation of the
PZT crystals, hence enhancing the piezoelectric performance of the
PZT cantilever actuator. A 20V poling voltage, corresponding to a
polarized electric field of 80 kV/cm, was applied to the PZT film for
5 min at room temperature.
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Fig. 4. Microfabrication process flow for making the S-shaped PZT cantilever actuator and the mirror.
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Fig. 5. Photos of the packaged MEMS mirror for devices A and B, driven by single and double S-shaped piezoelectric PZT cantilever actuator respectively.
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Fig. 6. Optical microscope images of (a) single S-shaped PZT actuator and a portion of the mirror plate; (b) top and bottom bond pads of device A with bond wires; (c) double
S-shaped PZT actuator and a mirror plate; (d) top and bottom bond pads of device B with bond wires.

5. Results and discussion
5.1. dcresponse

The static response of devices A and B under unipolar dc driving
voltage is shown in Fig. 8. Upon bias, the mirror translates and
rotates about the x-axis, causing the laser spot on the screen to be
displaced from its original position. This displacement is measured
by a scale on the screen and the optical deflection angle (26) is
calculated. Static optical deflection angles (ODA) of 4.6° and 3.3°
are obtained at 10 V. for devices A and B respectively. More impor-
tantly, the static ODA of device A is greater than that of device B for
all range of dc driving voltage investigated despite device A having
a slightly shorter longitudinal PZT actuator compared to device B.
This experimental result contradicts with the deduction derived
from (3), whereby a longer longitudinal PZT cantilever length will
result in a larger displacement. This contradiction is due to Eq. (3)
being derived and valid only for simple, fixed-free rigid straight
cantilever actuator structure without any meandering folds. When
meandering folds are introduced to a straight cantilever structure,
other factors such as the mechanical stiffness of the actuator starts
to play a more important role in the actuation performance com-
pared to the length of the actuator. The meandering folds reduces
the mechanical stiffness of our investigated double S-shaped PZT
cantilever actuator significantly, causing the amount of effective
force that translates to displacement of the actuator to decrease.
This reduces the amount of energy being coupled from the PZT
actuator to the mirror plate. This observation also confirms that
the number of folds in the S-shaped PZT actuator plays a more

-

: S00pm ‘

Top bond
Bonc&w pad

significant role on the bending actuation of the mirror compared
to the longitudinal length of the actuator.

5.2. Frequency response

The frequency responses of both devices were measured in
atmospheric condition and illustrated in Fig. 9. Sinusoidal ac volt-
age of 0.5 Vypp, along with a frequency sweep from 1Hz to 1kHz,
was applied separately to both devices using a function genera-
tor. The length of the laser scanning trajectory on the screen was
measured and used in the calculation of the dynamic ODA (+26).
Fig. 9(a) shows the semi-log frequency spectra observed for both
devices during bending mode. Primary and secondary ODA peaks
of +£4.1° and +1.6° are observed at 27 Hz and 230Hz for device A
while only one peak of +3.5° is observed at 20 Hz for device B. The
inset illustrates an example of the horizontal laser scan trajectory
obtained for device A during resonant condition. The experimental
resonant frequency obtained for device A is larger than that for
device B. This is in agreement with our conclusion drawn from
(2) as a larger spring constant (Kp,) for the single S-shaped actu-
ator will lead to a larger resonant frequency during bending mode
operation.

Fig. 9(b) shows the semi-log frequency spectra observed for
both devices during torsional mode. Dynamic ODA peaks of +1.1°
and +£0.9° are observed at 70Hz and 156 Hz for device A and B
respectively. The observation that device B has a larger resonant
frequency over device A during torsional mode implies that the
rotational spring constant along y-axis (Kg, ) of the double S-shaped
PZT cantilever actuator is larger than that of the single S-shaped PZT
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Fig. 7. Experimental setup for measuring the mirror optical deflection angle when the device is driven under dc or ac actuation voltage. A dc power supply was used for dc
response experiments while two function generators, each responsible for bending and torsional modes respectively, were input into a summing amplifier to bias and excite
the PZT cantilever actuator during ac response experiments. Function generator 1 is responsible for bending mode excitation and produces an ac voltage of V3. Function
generator 2 is responsible for torsional mode excitation and produces an ac voltage of V.

actuator. An example of the image for the vertical laser scan trajec-
tory obtained for device A during torsional mode is depicted in the
inset of Fig. 9(b). From these frequency response results, it is clear
that device B, which has a greater number of S-shaped folds than
device A, produces a higher ratio of frequencies of the two modes.
Such design makes it favorable for 2-D scanning applications such
as projection display, where a high frequency ratio between the
horizontal to vertical axes is necessary for high-resolution dis-
play format [50]. However, inferior optical scanning performance
remains a tradeoff inherent in the design for device B.
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Fig. 8. Measured optical deflection angle versus driving dc voltage applied to PZT
actuator for devices A and B respectively.

The comparison of the frequency values obtained from the har-
monic analysis of FEA simulation and experiments are summarized
in Table 1. The simulated eigenvalues obtained from the finite ele-
ment harmonic analysis in Fig. 3 agree reasonably well with the
experimental resonant frequencies in Fig. 9, with the small discrep-
ancy arising due to deviation caused by lithography and fabrication.
In addition, by comparing the experimental optical performance
obtained during bending and torsional modes of the same device,
it can be seen that a larger ODA is obtained during bending mode
when compared to torsional mode. For example, ratios of 3.7 and
3.9 are obtained for devices A and B respectively when comparing
the experimental ODA obtained during bending mode to torsional
mode. This coincides rather closely with the simulated amplitude
ratios of 3.0 obtained during harmonic analysis for both devices.
It is also noted that device A performs better, in terms of ODA,
for both modes when compared to device B. Both of these exper-
imental trends echo well with the simulation trends we observed
previously from Fig. 3.

5.3. acresponse

The ac response during bending and torsional modes for both
the devices are subsequently investigated and shown in Fig. 10.

Table 1
Comparison of frequency values obtained from simulations and experiments.

Bending mode Torsional mode

FEA Experimental FEA Experimental
simulation simulation
Device A 34Hz 27Hz 72Hz 70Hz
Device B 23Hz 20Hz 149Hz 156 Hz
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frequencies at 0.5V, for devices A and B during (a) bending mode; (b) torsional
mode, with the insets showing the scanning trajectories obtained during the two
modes.

In Fig. 10(a), both devices were excited at their respective reso-
nant frequency for bending mode while sinusoidal driving voltage
sweep up to 1Vp, was made. For the same ac driving voltage,
device A achieved a larger dynamic ODA compared to device B. For
example, at 1Vypp, device A achieved +9.1° at resonant frequency
of 27Hz while device B achieved +7.2° at 20Hz. This observa-
tion concurs with that of dc response, i.e. device A performs larger
deflection angle compared to device B in both dc and ac excitation.
In addition, the dynamic ODA of £9.1° obtained at 1Vy,, is signif-
icantly larger when compared to the static ODA of 0.4° obtained
at 1Vyc. This phenomenon is due to the device attaining mechan-
ical resonance behavior from the ac electrical excitation, resulting
in maximum energy transfer from the ac electrical signal to the
vibrating mechanical structures.

For torsional mode ac response experiment in Fig. 10(b), the
biasing setup is similar to that for bending mode except that devices
A and B were excited at 70Hz and 156 Hz respectively. At 1Vy,,
device A obtained a dynamic ODA of +1.8° while device B obtained a
smaller ODA of +1.2°. This difference in the actuation performance
between the two devices can be explained by the rotational spring
constant along y-axis (Ky,) of the double S-shaped PZT cantilever
actuator being larger than that of the single S-shaped PZT actua-
tor. In addition, for the same ac actuation voltage, the ODA during
bending mode is much larger than that for torsional mode. This is
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Fig. 10. Measured optical deflection angle versus driving ac voltages for devices A
and B during (a) bending mode and (b) torsional mode.

because in bending mode, the mirror undergoes both translational
and rotational motion in the x-axis whereas in torsional mode, the
mirror only rotates about the y-axis. Such rotational movement of
the mirror plate during torsional mode would not induce displace-
ment of the laser reflection path as much as bending mode do, hence
making bending mode more effective in beam steering.

In both modes, it is noted that the difference in performances
between both the devices during bending and torsional modes
become smaller for the experimental results as compared to the
harmonic simulation result obtained in Fig. 3. This is due to the
device being mounted upright in the experimental setup shown
in Fig. 7. As a result, the downward gravitational force acting on
the mirror has reduced effect on the performance of the device as
the direction of swing of the mirror plate is perpendicular to the
gravitational force at equilibrium position. However, the gravita-
tional force vector changes with respect to the various positions of
a single vibration swing. When the mirror rotation angle becomes
significant, the damping effect brought about by the gravitational
force vector increases at the boundary of a vibration swing. Thus,
the scanning angle difference between devices A and B becomes
larger under a higher ac driving voltage for both modes.

5.4. Mixed mode operation

In mixed mode operation, frequencies corresponding to the
bending and torsional modes are input into the summing ampli-
fier simultaneously to excite the devices. To prove the effect of the
summing amplifier on the two input ac signals from the function
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Fig. 11. Waveform obtained from the oscilloscope during mixed mode operation
and derived from the fitting curves respectively for (a) device A and (b) device B.

generators, an oscilloscope was placed at the output of the sum-
ming amplifier to detect the signal. Thered graph in Fig. 11(a) shows
the signals detected by the oscilloscope when the frequency inputs
by function generators 1 and 2 used to excite device A are 0.5 Vpp,
27Hz and 0.5 Vpp, 70 Hz respectively. The blue graph in Fig. 10(a)
shows the fitting curve, which is mathematically represented by:

Vout = —[0.25 sin[wg(t + t1)] + 0.25 sin[w(t + t1)]] (7)

where wg =27m(27), wr=2m(70), and t; is the amount of time shift
needed to match the curve to the oscilloscope trace. The close fitting
of the blue curve with the red curve confirms that the superim-
posed output signal from the summing amplifier is equivalent to
the summation of the two input sinusoidal signals by the function
generators. The close fitting of both the blue and the red curves is
also observed for device B and reflected in Fig. 11(b). Such experi-
mental confirmation is important as it allows us to ensure that the
output superimposed signal from the summing amplifier retains
the ac characteristics of the input signals from the function genera-
tors and remains controllable through the adjustment of the various
parameters such as Vg, V1 and frequencies.

Fig. 12 illustrates the 2-D Lissajous scan pattern obtained in
resonance during mixed mode operation for both devices. An exam-
ple of the scan pattern for device A is demonstrated in Fig. 12(a)
while similar 2-D resonance Lissajous scan pattern is obtained in
Fig. 12(b) for device B when it is driven at the respective resonant
frequency for both bending and torsional modes. To achieve better
optical performance in terms of larger ODA and resonant frequen-
cies, various optimizations may be made for both our designs. For
example, the sol-gel deposition process for the PZT thin film can

Fig. 12. Lissajous scan pattern obtained in resonance during mixed mode operation
with (a) device A and (b) device B.

be refined further as PZT films with very large piezoelectric strain
constant of 260 pm V! have already been reported [51]. In addi-
tion, the mirror size can be reduced so that the mass is reduced
and the resonance frequency can be extended to the kilohertz
range.

6. Conclusion

A novel 2-D MEMS scanning mirror driven by simultaneous
dynamic excitation of two different modes on an S-shaped piezo-
electric PZT actuator is explored. Two different PZT actuator designs
have been fabricated and characterized. With these two different
designs, investigation on the effects of the dimensions and number
of S-shaped PZT cantilever actuator folds on the 2-D scanning per-
formances of the micromirror have been made. An experimental
setup which involved the devices being mounted upright perpen-
dicular to the optical table surface was performed to reduce the
effect of gravity on the performance of the devices. Device A, which
is driven by single S-shaped PZT cantilever actuator, performs
better in both dc and ac laser scanning compared to the double
S-shaped PZT actuator driven device B. The differences in scanning
angles between devices A and B become larger under higher dc and
ac driving voltages. This is due to increase damping effect brought
about by the increased gravitational force vector acting on the mir-
ror plate for device B compared to device A. In terms of frequency
response, alarger frequency ratio between the horizontal to vertical
axesisobserved for device B (~8) compared to device A(~2.6). Such
double S-shaped actuator design for device B makes it favorable for
2-D scanning applications such as projection display, where a high
frequency ratio between the horizontal to vertical axes is necessary
for high-resolution display format. However, inferior optical scan-
ning performance remains a tradeoff inherent in device B. Last but
not least, Lissajous scan patterns have been successfully demon-
strated by both devices, hence demonstrating their potential in 2-D
imaging applications.
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