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Low-Voltage Driven MEMS VOA Using Torsional
Attenuation Mechanism Based on Piezoelectric

Beam Actuators
Kah How Koh, Takeshi Kobayashi, and Chengkuo Lee, Member, IEEE

Abstract—A gold-coated silicon mirror (5 mm 5 mm) driven
by a piezoelectric Pb�Zr Ti�O� (PZT) beam with 1 10 can-
tilever actuators has been demonstrated for variable optical
attenuator application. A dual-core-fiber collimator is aligned
perpendicularly to the mirror in a three-dimensional light attenu-
ation arrangement. Torsional attenuation based on the difference
in the dc biasing voltage applied to the ten piezoelectric cantilevers
was investigated. The attenuation curve under dc bias follows that
of a Gaussian distribution, with dynamic attenuation range of
40 dB achieved at 1.8 V.

Index Terms—Microelectromechanical Systems (MEMS),
mirror, optical MEMS, piezoelectric Actuator, Pb�Zr Ti�O�

(PZT), variable optical attenuator (VOA).

I. INTRODUCTION

M ICROELECTROMECHANICAL systems (MEMS)
technology has been an enabling tool for numerous

telecommunication components in modern optical network
systems based on dense-wavelength-division-multiplexed
(DWDM) technology. The phenomenal growth of the internet
in the past decade has led to telecommunication companies
making huge investments in MEMS devices such as tunable
lasers [1], optical switches [2], reconfigurable add–drop mul-
tiplexers [3], and variable optical attenuators (VOAs) [4], [5].
MEMS VOAs have been one of the most attractive devices
in the optical communication market due to their widespread
presence in optical networks. A large number of VOAs are
currently used in the wavelength multiplexing (MUX) and
demultiplexing (DMUX) nodes of DWDM system to control
the transmission power of optical signals.

Most of the designs of VOAs reported in the literature
adopted attenuation schemes that can be generally classified
into three groups: shutter-type [5]–[7], planar reflective-type
[8], [9], and three-dimensional (3-D) reflective-type [10]–[12].
Design of optics and their integration with large reflective
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mirrors are typically realized in 3-D configurations. In conjunc-
tion with large micro-optics such as dual-core collimators, the
enabled 3-D VOA devices can gain excellent data of return loss,
polarization-dependent loss (PDL), and wavelength-dependent
loss (WDL) under reasonable driving voltage. To achieve large
mechanical rotation angles, gimbaled mirrors using torsion
bars or springs are the popular design for integration with
various actuation mechanisms such as electrostatic [10], [11]
and piezoelectric [12].

Limited research effort has been reported in 3-D MEMS
VOAs in contrast to the reported activities in planar MEMS
VOAs. Thus, in this work, we explore a new 3-D MEMS
VOA driven by a piezoelectric beam actuator integrated with
1 10 Pb Zr Ti O (PZT) cantilever array. A novel torsional
attenuation based on different dc biasing voltage applied to
individual piezoelectric cantilever actuator on a cantilever beam
is demonstrated. This actuation mechanism differs greatly from
those actuation mechanisms of gimbaled mirror in torsional
mode, i.e., the mirror rotation is generated against to the torsion
spring or torsion bar. Although thermal bimorph beam actuator
has been well-characterized in terms of their capability to
generate large deflection, i.e., in bending mode [13], it was
only until recently that a small torsional mirror driven by two
separate thermal actuators has been reported [14]. A torsional
mirror using beam actuator has not been reported so far. Instead
of using a thermal bimorph beam actuator, our unique design
of single beam actuator with integrated 1 10 piezoelectric
cantilevers is the first successful demonstration of large torsion
mirror actuation. In addition, the torsional motion of the mirror
would not induce the displacement of the reflection point as
most bending mirrors do. This makes VOA optical alignment
straightforward and easy.

II. DEVICE DESCRIPTION

A schematic diagram of the PZT 3-D MEMS VOA demon-
strated in this letter is shown in Fig. 1(a). The device is
micromachined from a silicon-on-insulator (SOI) sub-
strate of 5- m-thick Si device layer, with multilayers of
Ti–Pt–LaNiO –PZT–LaNiO –Ti–Pt deposited as electrode
materials. Details of the fabrication process for this device
can be obtained from [15]. A silicon mirror plate (5 mm long

5 mm wide 0.4 mm thick) and a mechanical supporting
silicon beam (3 mm long 5 mm wide 5 m thick) inte-
grated with 1 10 arrayed PZT cantilever actuators (3 mm long

0.24 mm wide 5 m thick for each cantilever) arranged in
parallel are formed after the release process. The ten cantilevers

1041-1135/$26.00 © 2010 IEEE



1356 IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 22, NO. 18, SEPTEMBER 15, 2010

Fig. 1. Schematic drawing showing (a) PZT MEMS VOA with dual-core col-
limator arranged in 3-D configuration such that the light beam focuses on far
edge center of mirror plate. Inset shows torsional mode where a set of five can-
tilevers bends in one direction while the other set of five cantilevers bends in the
opposite direction. (b) configuration corresponding to initial state of minimum
insertion loss. (c) mirror is rotated by an angle � and the laser beam is
displaced by a distance � .

Fig. 2. Closed-up photo showing the packaged PZT MEMS VOA with a gold-
coated mirror surface. The bond pads are connected to the pins of the package
via gold bond wires.

are designed to be electrically isolated from one another, with
individual bonding pads connected to each of the top and
bottom electrodes of the cantilevers (Figs. 1(a) and 2).

The inset in Fig. 1(a) illustrates the device in torsional mode,
where, for example, cantilevers 1–5 are biased in such a way
that they bend down, while cantilevers 6–10 are biased to bend
upward, i.e., the opposite direction. The difference in bending
directions for the two sets of actuators causes the mirror to ro-
tate along the - plane. Fig. 1(b) shows the front profile of the
mirror and the dual-core fiber with collimator, where optimized
light coupling occurs when the cantilevers are initially unbiased.
The measured coupling loss during this initial state is referred
to as insertion loss. Fig. 1(c) shows a simplified diagram of the
reflected laser beam path in the torsional mode operation. The
torsional rotation angle of the mirror , is related to the
displacement of the laser beam from its original position by

(1)

(2)

(3)

where is the displacement of the mirror edges observed
under an optical microscope, is the length of the mirror
plate (5 mm), is the half distance between the input and output
fiber (100 m , and WD is the working distance of the dual
core collimator (1 mm). These equations allow us to derive the

Fig. 3. Measured average displacement of cantilever tips versus dc driving
voltage applied to the top electrodes of all ten cantilevers.

Fig. 4. (a) Schematic diagram illustrating the electrical connections of the top
and bottom electrodes of each cantilever to the dc power supply. (b) Look-up
table showing the individual dc bias driving each cantilever for a dc power
supply voltage.

displacement of the laser beam from its original position using
the experimental under torsional mode.

III. EXPERIMENTS AND RESULTS

Fig. 2 shows the packaged MEMS mirror which is bonded
onto a dual-in-line package (DIP) and the bond pads on the de-
vice were connected by gold bond wires to the metal pins of the
DIP. To enhance the piezoelectric characteristics, poling treat-
ment was conducted on the PZT thin film actuators at 30 V for
10 min at room temperature. In order to derive the value of trans-
verse piezoelectric constant , the ten cantilevers were biased
simultaneously at the same dc driving voltage while the dis-
placement of the ten cantilever tips were observed under the op-
tical microscope. The measured displacements of ten cantilevers
were averaged. This was repeated for various dc driving voltages
and the results were plotted in Fig. 3. According to the linear
fitting line and the approach discussed in [15], we derived
of the PZT thin films from a set of equations regarding to the
average displacement changes when the voltage was decreased
from 2 to 0 V. The transverse piezoelectric constant is esti-
mated as pmV .

Fig. 4(a) shows the biasing configuration to achieve torsional
mode. A potential divider was implemented to split the dc power
supply into five equal potential at the potential nodes between
each resistors. The potential divider is realized using five equal
resistors of resistance 20 each connected in series. For the
set of cantilevers 1–5, the top electrodes for these cantilevers
are grounded while the bottom electrodes are connected to dif-
ferent potential nodes. For the set of cantilevers 6–10, the top
electrodes are connected to the various potential nodes while the
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Fig. 5. Red curve shows measured attenuation curves versus dc driving voltage
of power supply. Blue curves show the displacements of mirror edge and laser
beam versus dc driving voltage of power supply.

bottom electrodes are grounded. As such, each of the cantilevers
in both bias cases A and B will have a different dc bias value as
evident from the look-up table in Fig. 4(b). This results in largest
and zero cantilever displacement introduced at the mirror edges
and center, respectively. More importantly, the generated dis-
placements for the two sets of cantilevers are towards the oppo-
site direction, resulting in torsional rotation of the mirror. Prior
to deriving the attenuation characteristic, the packaged device is
first mounted on an - - - - stage and the relative position
of the mirror to the collimator is adjusted by moving and tilting
the stage such that minimum insertion loss is reached. The
and adjustment knobs enable the tilting of the stage with re-
spect to the - and -axis, respectively. A 1550-nm light source
is used in this experiment. The measured initial insertion loss in
this setup is typically about 2–3 dB, which is mainly attributed
to the surface roughness and warpage of the mirror. Further op-
timization of the mirror fabrication and microstructures may re-
duce the initial insertion loss to be less than 1 dB.

The red curve in Fig. 5 shows the measured attenuation curve
versus dc voltage of the power supply. A dynamic attenuation
range of 40 dB was achieved at a bias of 1.8 V. In addition,
the attenuation curve follows weakly that of a Gaussian distri-
bution. This is due to the use of a Gaussian laser beam, where
the intensity of the beam is normal distributed from the center
of the beam. The absolute value for the displacements of the
two opposite edges of the mirror were measured, av-
eraged, and repeated for different dc driving voltage of power
supply. The results are shown as the blue middle curve. The
bottom-right blue curve shows laser beam displacement
derived by substituting the obtained mirror edge displacement

into (1)–(3). It is observed that the mirror edge dis-
placement and laser beam displacement of 32 and 38 m were
derived at a dc driving voltage of 1.8 V, respectively, in order to
achieve 40-dB attenuation.

Improvements to the attenuation performance can be made by
adopting the PZT cantilever structure fabricated in [16], where
Isakaron et al. obtained a value of 130 pmV based on
0.1- m-thick PZT thin film. This will possibly reduce the dc
driving voltage for 40-dB attenuation from 1.8 to 1.56 V.

IV. CONCLUSION

In this study, a novel piezoelectric driven 3-D VOA using me-
chanical supporting beam integrated with multiple cantilever ac-
tuators was explored and characterized in a 3-D attenuation con-
figuration. Torsional mirror rotation based on the relative dif-
ference in displacements under dc bias for the ten piezoelectric
cantilever actuators is demonstrated. The transverse piezoelec-
tric constant has been estimated to be 113 pmV . A dy-
namic attenuation range of 40 dB was achieved at 1.8 V, with
an approximate mirror edge and laser beam displacement of 32
and 38 m obtained, respectively.
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