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A Piezoelectric-Driven Three-Dimensional MEMS
VOA Using Attenuation Mechanism With

Combination of Rotational and Translational Effects
Kah How Koh, Chengkuo Lee, Member, IEEE, and Takeshi Kobayashi

Abstract—A gold-coated silicon mirror (5 mm × 5 mm) actu-
ated by piezoelectric Pb(Zr, Ti)O3 (PZT) cantilever beams has
been investigated for variable optical attenuator applications. The
device is micromachined from a SOI substrate with a 5-μm-thick
Si device layer, with multilayers of Pt/Ti/PZT/Pt/Ti deposited as
electrode materials. A large Si mirror plate and 1 × 10 arrayed
PZT cantilevers arranged in parallel are formed after the release
process. The ten cantilevers are designed to be electrically isolated
from one another. A dual-core fiber collimator is aligned perpen-
dicularly to the mirror in a 3-D light attenuation arrangement.
Thus, three modes of attenuation mechanisms were investigated
based on rotational and translational effects. A dynamic attenua-
tion range of 40 dB is achieved at 1 V and 1.8 V for bending and
torsional mode, respectively. [2010-0097]

Index Terms—Microelectromechanical systems (MEMS), mir-
ror, optical microelectromechanical systems, piezoelectric actua-
tor, PZT, variable optical attenuator.

I. INTRODUCTION

O PTICAL microelectromechanical systems (MEMS) tech-
nology has been an enabling tool for numerous cutting-

edge devices for applications such as displays [1], optical
coherence tomography [2], and optical communication [3].
Cornerstones for the success of optical MEMS technology
include actuator technology, optics design, and development
of movable or tunable micromechanical elements, e.g., rigid
reflective mirrors [4], deformable reflective mirrors [5], shut-
ters [6], gratings [7], [8], waveguides [9], and sliding blades
[10]. Combining the surface micromachined polycrystalline
silicon (polySi) mirrors with electrostatic or thermal actuation
mechanism has been the mainstream optical MEMs technology
in the late 90s [11]–[13]. However, the flat polySi mirror is
typically achieved only within mirror size of a few hundreds of
micrometers due to the mirror bending issue caused by residual
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stress. Thus, single crystalline silicon mirrors of 1 mm2 ∼ a few
millimeter square has been developed to fulfill such technology
gap, i.e., demands of large flat mirrors [4], [14]. Deep reactive
ion etching (DRIE) of silicon-on-insulator (SOI) substrate and
CMOS micromachining are major approaches for enabling
large and flat silicon mirrors, while the actuation mechanisms
include electrostatic [4], [14]–[20], magnetic [21]–[24], ther-
mal [25]–[27], and piezoelectric [28]–[30]. Design of optics
and their integration with large mirrors is typically realized
in 3-D configurations, while the pop-up polySi mirrors can
easily align and integrate with binary optics, optical fibers, and
waveguides on top of substrates in 2-D-like approaches, i.e.,
planar configurations [31], [32].

To achieve large mechanical rotation angles, gimbaled mir-
rors using torsion springs are the popular design for integration
with various actuators such as electrostatic, magnetic, and
piezoelectric [4], [17], [19]–[21], [29]–[31]. On the other hand,
thermal bimorph actuator provides large mechanical deflection
angle to mirrors with large mechanical deflection angles [25]–
[27]. The display can be realized by on/off switched micromir-
ror arrays [33], grating arrays [34], and a single raster scanning
mirror at its resonant mode operation [17], [22]. In contrast,
applications in optical communication normally require both
static and dynamic operations of the mirrors, shutters, or grat-
ings. It implies that in addition to good dynamic characteristics,
large static displacement, large static deflection angle, or large
static rotation angle are expected for these optical MEMS
devices for communications. Optical MEMS devices in optical
communication applications are known as tunable lasers [3],
[13], [35], [36], optical switches [13], [32], [37], reconfigurable
add/drop multiplexers [13], [38], [39], and variable optical at-
tenuators (VOAs) [13], [40]. Due to their widespread presence
in optical networks, a large number of VOAs are currently
used in wavelength multiplexing and demultiplexing nodes of
dense wavelength division multiplexer systems to control the
transmission power of optical signals.

By using a polySi micromirror arranged between the coax-
ially aligned input and output fibers [41], this micromirror
functions as a shutter and can move in an out-of-plane direction
with a given bias due to electrostatic force. The attenuation
of this MEMS VOA is determined as a function of the posi-
tion of the micromirror, i.e., the percentage of blocked light.
The DRIE-made silicon shutter has been known as another
shutter type of MEMS VOAs [42]. In addition to the shutter
type MEMS VOAs [41]–[44], there are two more groups of
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MEMS VOAs. They are the planar reflective type [45]–[54]
and the 3-D reflective-type [55]–[58]. In the planar reflective
type MEMS VOA, attenuation is achieved due to the change in
coupling efficiency between the input and output fiber when
the mirror is actuated. For example, H. Cai et al. have im-
plemented an electrostatic actuated elliptical mirror with the
input and output fibers positioned at the two focal centers
of the reflective elliptical mirror [49]. This VOA design has
low polarization dependence loss (PDL) and low wavelength
dependent loss (WDL), and it achieves 44 dB attenuation with a
10.7 V dc.

General speaking, an attenuation scheme based on the mi-
croshutter design offers the benefits of low insertion loss (IL)
and large attenuation range due to the close proximity between
the input and output optical fibers. However, it also results in a
large PDL and a strong back reflection due to the diffraction and
the coaxial assembly, respectively. On the other hand, the planar
reflective mirror type of attenuation mechanism offers low PDL
and low WDL, but suffers from high IL due to a certain amount
of separation needed for fiber assembly.

Combining optics and a reflective mirror to be assembled in
a 3-D configuration is also a key approach in making MEMS
VOA devices. In conjunction with large microoptics such as
dual-core collimators, such a 3-D VOA device can gain ex-
cellent data of return loss, PDL, and WDL under reasonable
driving voltage. K. Isamoto et al. reported an electrostatic
torsional mirror operated at 4.5 V for 40 dB attenuation with
a dynamic response time of 5 ms [55]. Besides using a large
single reflective mirror, an array of small mirrors is used to
replace the single reflective mirror and form a multibit dig-
ital VOA [56], [57]. While Riza and Ghauri deployed com-
mercial digital micromirror device for enabling digital VOA.
W. Sun et al. reported a digital VOA comprising an array of
16 equal-length rectangular micromirrors. The linear attenua-
tion was achieved by switching individual mirrors of the array.
Piezoelectric-actuated 3-D MEMS VOA has been reported for
40 dB attenuation at 1 V dc by using two PZT thin-film
actuators on two sides of a torsional mirror [58].

Moreover, new progress in the actuation mechanism for VOA
has also been reported in recent literature. Variable optical
attenuators based on optofluidic technology have also been
demonstrated in recent years. For example, H. Yu et al. have
developed a transmission-type VOA with an air-controlled
membrane made of polydimethylsiloxane (PDMS) [59]. When
the membrane deforms, it changes the liquid dimension in
the optical transmission path, hence attaining attenuation by
altering the optical absorbing capability of the liquid. In another
PDMS VOA fabricated by M. I. Lapsley et al., attenuation is
achieved by varying the refractive index of the fluid within the
microchannel; hence, the reflectivity of the fluid and PDMS
interface [60]. However, low voltage-driven MEMS VOAs have
only been demonstrated by piezoelectric and electromagnetic
actuation mechanisms [6], [58]. Limited research effort has
been reported in 3-D MEMS VOAs in contrast to the reported
activities in planar MEMS VOAs. Thus, we explore a new 3-D
MEMS VOA driven by a piezoelectric beam actuator integrated
with 1 × 10 PZT cantilever array. The electrical connections
to each of the cantilevers are separated, hence allowing for

Fig. 1. Schematic drawing of PZT MEMS VOA with dual-core collimator
arranged in 3-D configuration such that the light beam focuses on the far edge
center of the mirror plate. Bending mode occurs when all the ten cantilevers are
biased simultaneously at the same voltage. Torsional mode occurs where a set
of five cantilevers bends in one direction while the other set of five cantilevers
bends in the opposite direction.

TABLE I
DIMENSIONS OF 3-D MEMS VOA DEVICE

individual biasing conditions. By addressing different bias
voltages to individual PZT cantilever actuators, we achieved
the translational mode (deflection mode) and rotational mode
simultaneously. The attenuation efficiency of these two modes
is investigated, while mixed mode is reported as well.

II. DESIGN AND MODELING

A schematic diagram of the PZT 3-D MEMS VOA demon-
strated in this paper is shown in Fig. 1. The dimensions of
the device are summarized in Table I. Ten patterned PZT thin-
film cantilevers are arranged in parallel along one of the sides
of the Si mirror; in other words, the longitudinal direction
of cantilevers. The electrical connections to each cantilever
are separated from one another, with individual bonding pads
connected to each of the top and bottom electrodes of the
cantilevers. The novelty of our design lies in the capability
of mirror movement with six degrees of freedom to enable
the 3-D attenuation scheme. Bending mode is elicited when
all the cantilevers are biased simultaneously at the same dc
voltage. As a result of the displacement introduced by the bent
cantilevers under bias, the mirror undergoes translational and
rotational movement along the x-axis (Fig. 2). Torsional mode
is induced when, for example, cantilevers 1–5 are biased in such
a way that they bend up, while cantilevers 6–10 are biased in an
opposite way and bent in the opposite direction, i.e., bending
downward. The difference in bending directions for the two sets
of actuators causes the mirror to rotate along the y-axis (Fig. 3).
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Fig. 2. Schematic diagrams showing the attenuation mechanism for bending mode: (a) configuration refers to the initial state of minimum insertion loss. All
of the light beams from the input fiber are coupled back into the output fiber when the cantilevers are not biased, i.e., the mirror surface remains normal to light
beam; (b) a portion of the light beam from input fiber is deviated from the optimized reflection light path when the cantilevers are biased, i.e., the mirror undergoes
rotational and translational motion; (c) mirror is rotated by an angle θB,mirror and the laser beam is displaced by a distance δB,laser.

Fig. 3. Schematic diagrams showing the attenuation mechanism for torsional mode: (a) All of the light beam from the input fiber are coupled back into the output
fiber when the cantilevers are not biased. It is the initial state of minimum insertion loss; (b) configuration refers to the attenuation state when a portion of the light
beam from the input fiber is not coupled back to the output fiber because cantilevers 1–5 and cantilevers 6–10 are oppositely biased, i.e., the mirror undergoes
rotational motion; (c) mirror is rotated by an angle θT,mirror and the laser beam is displaced by a distance δT,laser.

To understand the attenuation mechanism better, schematic
diagrams in Figs. 2 and 3 are used to show the two modes of
attenuation operation, i.e., bending and torsional mode.

Fig. 2 shows the side profile of the mirror and the dual-
core collimator under bending mode. In Fig. 2(a), when the
cantilevers are not biased, the normal of the mirror surface is
perfectly aligned with the light beam, coupling all the light from
the input fiber to the output fiber. When the mirror translates and
rotates due to a dc driving voltage simultaneously applied to the
ten cantilevers as shown in Fig. 2(b), a portion of the light beam
no longer couples into the output fiber, resulting in attenuation.
In Fig. 2(c), both rotational and translational displacements are
observed when the actuators are biased. In addition, Fig. 2(c)
also allows us to build an analytical model, relating the dis-
placement of the ten cantilevers to the displacement of the laser
beam from its original position. The rotation angle of the mirror
plate θB,mirror is related to the displacement of the laser beam
from its original position δB,mirror by

θB,mirror =
2δcantilever

Lcantilever
(1)

B = Lmirror − cos(θB,mirror) ∗ Rdot size (2)

δB,laser = [D−B sin(θB,mirror)]∗tan(2θB,mirror) (3)

where Lcantilever is the length of the cantilever (3 mm),
δcantilever is the displacement of the cantilever tip, Lmirror

is the length of the mirror plate (5 mm), Rdot size is the
radius of the circular laser beam spot (350 μm), and D is the
working distance of the dual-core collimator (1 mm). With
the aforementioned (1)–(3), we are able to calculate the theo-
retical displacement of the laser beam from its original position

using the experimental data collected for the displacement
of the dc-biased cantilever tip measured under the optical
microscope.

Similar analysis was done to investigate the attenuation
mechanism under torsional mode. Fig. 3 shows the front pro-
file of the mirror and the dual-core fibers with collimator. In
Fig. 3(a), perfect coupling occurs when the cantilevers are
initially unbiased. In Fig. 3(b), cantilevers 1–5 and 6–10 are
oppositely biased, hence introducing opposite displacements
for the two sets of cantilevers. As a result, the mirror undergoes
torsional rotation, reflecting a portion of the light beam away
from its original position. Fig. 3(c) shows a simplified diagram
of the laser beams reflected by a rotated mirror. The torsional
rotation angle of the mirror θT,mirror is related to the displace-
ment of the laser beam from its original position by

θT,mirror = tan−1

(
2δT,mirror

Lmirror

)
(4)

θ = tan−1

(
A

D

)
(5)

δT,laser = D ∗ tan(θ + 2θT) − A (6)

where δT,mirror is the displacement of the mirror edges ob-
served under optical microscope, Lmirror is the length of the
mirror plate (5 mm), A is the half-distance between the input
and output fiber (100 μm), and WD is the working distance
of the dual-core collimator (1 mm). These (4)–(6) allow us
to derive the displacement of the laser beam from its original
position using the experimental δT,mirror under torsional mode.

To evaluate the quality of the fabricated piezoelectric can-
tilevers, a model is necessary to compute the piezoelectric
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Fig. 4. Microfabrication process flow for making PZT cantilever actuators and
mirror.

constant d31 of the PZT thin film. The following are used to
find value of d31[61]:

δcantilever =
3AB

K
L2V d31 (7)

A =SsiSPZT(SPZTtSi + SSitPZT) (8)

B =
tSi(tSi + tPZT )

sPZT tSi + sSitPZT
(9)

K = (Ssi)2(tPZT)4 + 4SsiSPZTtSi(tPZT)3

+ 6SsiSPZT(tSi)2(tPZT)2

+ 4SSiSPZT(tSi)3(tPZT) + (SPZT)2(tSi)4 (10)

where δcantilever is the displacement of the cantilever tip ob-
served under an optical microscope, L is the length of the
cantilever (3 mm); V is the applied voltage; Ssi and SPZT are
the compliances of the strutural Si layer (6.0 × 10−12 Pa−1)
and PZT thin film (1.43 × 10−11 Pa−1), respectively; and tSi

and tPZT are the respective thicknesses of the strutural silicon
(5 μm) and PZT film (3 μm). From (7), it can be interpreted
that the value of d31 can be derived from the gradient of a
δcantilever − V plot.

III. DEVICE MICROFABRICATION

Fig. 4 shows the microfabrication process flow of the
MEMS VOA investigated in this paper. A SOI substrate with
5 μm thick Si device layer and 1 μm thick buried oxide
(BOX) layer were used as the starting material as shown in
Fig. 4(a). A thermal oxide layer of 0.37 μm was first created
from the Si device layer before the multilayer electrode of
LaNiO3(0.2 μm)/Pt(0.2 μm)/Ti(0.05 μm) were deposited by
RF (for LaNiO3) and dc magnetron sputtering (for Pt/Ti). A
3.1 μm, the PZT thin film was then deposited using sol-gel tech-
nique, which is similar to our previous efforts [62], [63]. The
LaNiO3 buffer layer, which the PZT thin film was prepared on,
allows for a (100)-orientated columnar structure to be formed in

Fig. 5. Close-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.

the PZT film [64]. This (100) crystallographic orientation helps
maximize the dielectric constant and electrical properties of
the PZT film [65]. The deposited films were then pyrolyzed at
200 ◦C–470 ◦C for five minutes and crystallized by rapid ther-
mal annealing at 700 ◦C for two minutes. Pt bottom electrode is
used for its high stability in the processing temperature range.
Finally, Pt/LaNiO3 layers were sputtered on top of the PZT film
to form the top electrode.

In Fig. 4(b), the top Pt thin film was etched by Ar ion
while the LaNiO3 film was subsequently etched by dilute HCl
solution. The underlying PZT thin film was etched by a mixture
solution of HF, HNO3, and HCl. The bottom LaNiO3/Pt/Ti
electrode layers were then etched again by the same respec-
tive etchants. In Fig. 4(c), a 0.8 μm thick insulating oxide
layer was deposited by RF-magnetron sputtering. Contact holes
were formed by reactive ion etching (RIE) with CHF3 gas. In
Fig. 4(d), 1 μm thick Pt metal lines with Ti adhesion layer were
deposited by RF-magnetron sputtering and later etched by Ar
ion. In Fig. 4(e), the thermal oxide, structural Si and BOX layer
were etched by RIE using CHF3(SiO2) and SF6(Si) to define
the pattern of the cantilevers and mirror. Finally, in Fig. 4(f),
the Si substrate and BOX were etched from the backside using
DRIE in order to release the cantilevers and mirror. The etchant
gases used for Si and SiO2 in this case are SF6 and CHF3,
respectively. A thick Si substrate is left beneath the mirror to
maintain the rigidity and flatness of the mirror. A thin film of
gold was sputtered on the mirror surface using a shadow mask.
This is to ensure that the 1 550 nm light gets reflected by the
gold-coated mirror.

After the fabrication process, the device is bonded onto a
dual inline package (DIP) and the bond pads were connected
by gold bond wires to the metal pins of the DIP, as shown in
Fig. 5. Fig. 6 shows the optical microscope photos taken on
the various structures of the device. Fig. 6(a) shows the top
and bottom electrodes for each of the PZT cantilevers while
Fig. 6(b) shows the individual bond pad physically connected
to an electrode, i.e., the ten cantilevers are electrically isolated
from one another. In Fig. 6(c) and (d), photos on the gold-coated
mirror and the parallel arranged PZT cantilevers are shown,
respectively.

To enhance the piezoelectric characteristics, poling treatment
was conducted on the PZT thin-film actuators at 30 V for
10 minutes at room temperature. In order to derive the value of
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Fig. 6. Optical microscope photos of the (a) top and bottom electrodes of
each cantilever; (b) bond pad each individually connected to an electrode of a
cantilever; (c) PZT cantilevers arranged in parallel; and (d) gold-coated mirror
surface.

Fig. 7. Measured average displacement of cantilever tips versus dc driving
voltage applied to the top electrodes of all ten cantilevers.

transverse piezoelectric constant, d31, the ten cantilevers were
biased simultaneously at the same dc driving voltage while the
displacement of the ten cantilever tips were observed under
the optical microscope. The measured displacements of ten
cantilevers were averaged. This was repeated for various dc
driving voltages and the results were plotted and shown in
Fig. 7. A linear fit for the experimental data was also plotted,
and as discussed in the previous section, the value of d31 can be
derived from the gradient of the linear fit plotted. The transverse
piezoelectric constant d31 is estimated as 136 ± 4 pmV−1.

IV. EXPERIMENTAL SETUP

The schematic drawing of the measurement setup for MEMS
VOA characterization is shown in Fig. 8. A dual-core fiber with
a collimator was placed at a position about 1 mm (working
distance) away from the mirror surface, while the device was
mounted on a multiaxis x-y-z movable stage. The input light
from the 1550 nm light source was launched via one core of the
dual-core fiber through the collimator to the edge of the mirror
furthest away from the cantilever array, where the translational
and rotational motion induced by the biased cantilevers were
the biggest. This will allow for maximum attenuation at the
lowest possible dc driving voltage. The reflected light was

Fig. 8. Schematic drawing of the measurement setup for 3-D MEMS VOA
characterization carried out on an anti-vibration optical bench. The stage is
capable of moving in X-Y-Z directions and tilting along X– Y (θz) and
Y – Z(θx) planes as well.

collected by the same collimator to the power meter via the
output core of the dual-core fiber. The power of the 1550 nm
laser source used in the experiment is 2 mW. The collimated
beam diameter had been characterized to be 700 μm ± 25 μm.
The whole setup was established on an anti-vibration optical
table to prevent ambient vibration.

For the initial insertion loss measurement, the relative po-
sitions of the collimator and mirror were adjusted such that
coupling loss is optimized or minimized. In order to do so, laser
light of 632.8 nm was first used as the laser source. The red
laser beam was shone through the collimator onto the far edge
of the mirror plate. Subsequently, the x-y-z stage is adjusted to
centralize the red laser spot at the far edge of the mirror. The
1550 nm laser source was then fed into the input fiber after the
coarse alignment step had been confirmed. In the step of fine
alignment, the position of the mirror relative to the collimator
are adjusted by moving and tilting the x − y − z − θy − θz
stages such that minimum insertion loss is reached, i.e., initial
insertion loss. The θy and θz adjustment knobs enable the
tilting of the stage with respect to the y- and z-axis, respectively.
The measured initial insertion loss in this setup is typically
about 2 ∼ 3 dB. This value is about 1 ∼ 2 dB higher than
commercially available VOA products. It is mainly attributable
to the surface roughness and warpage of the mirror. Further
optimization of the mirror fabrication and microstructures may
reduce the initial insertion loss to be less than 1 dB.

V. RESULTS AND DISCUSSION

A. Bending Mode

In the operation of the PZT MEMS VOA, various dc driving
voltages are applied to the ten cantilevers to actuate the mirror
during the process. As a result, the reflected light deviates from
the optimized light path corresponding to minimum insertion
loss. The coupled reflected light intensity toward the output
fiber is reduced, resulting in increased insertion loss with in-
creasing driving voltage. Based on the VOA measurement setup
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Fig. 9. Experimental data for bending mode. (a) Measured attenuation curve versus dc driving voltage applied simultaneously to the top electrodes of the
ten cantilevers while the bottom electrodes are grounded. (b) Red curve shows measured average displacement of cantilever tip δcantilever versus dc driving
voltage applied simultaneously to the top electrodes of ten cantilevers. Blue curve shows the displacement of laser beam δB,laser versus dc driving voltage. The
displacement of laser beam δB,laser is calculated using (1)–(3) and the values of δcantilever obtained from the red curve.

in Fig. 8, the measured attenuation curve versus dc driving volt-
age applied simultaneously to ten cantilevers for bending mode
is shown in Fig. 9(a). As discussed earlier, bending mode is
elicited when all the top electrodes of the cantilevers are biased
simultaneously at the same driving voltage while all the bottom
electrodes are grounded. From Fig. 9(a), a dynamic attenuation
range of 40 dB was achieved when 1 V dc driving voltage
was applied to the ten cantilevers. A 40 dB dynamic range is
sufficient with regard to most of the commercial applications.
As such, it means that the PZT MEMS VOA developed in this
study will only require a dc operating voltage of 1 V.

The 40 dB attenuation achieved by 1 V dc bias in this
study performed similarly to our previous data in [58], where
a gimbaled PZT mirror was deployed. In addition to the piezo-
electric actuated VOA mentioned above, S. H. Hung et al.
have demonstrated a VOA consisting of an electromagnetically
driven vertical mirror, achieving 35 dB attenuation at 0.4 V
dc bias [6]. Fig. 9(b) was also obtained by biasing the top
electrodes for all the ten cantilevers at the same voltage while
the bottom electrodes were grounded. The displacement of the
cantilever tips (indicated in Fig. 1), δcantilever, were observed
under the optical microscope, averaged, and repeated for var-
ious dc driving voltage. The data obtained were plotted and
shown in the red curve of Fig. 9(b). An average cantilever tip
displacement of 32 μm was obtained when the ten cantilevers
are dc biased at 1 V. This displacement, in accordance to (1),
is equivalent to a mechanical rotation angle δB,mirror of 1.2◦.
Thermal bimorph actuator has been known as a solution for
large displacement under low driving voltage. This is exempli-
fied by A. Jain, who achieved 1◦ mechanical deflection angle of
a mirror when 1 V dc was applied to the thermal beam actuator
[26]. On the other hand, a piezoelectric cantilever actuator has
already demonstrated to be a prevailing solution in ac operation,
e.g., oscillators and self-excited cantilever sensors for atomic
force microscopes in cyclic contact mode [66]. According to
our experimental data, it shows that a piezoelectric cantilever
actuator can perform as well as a thermal bimorph actuator in
applications based on dc operation.

The blue curve in Fig. 9(b) shows the displacement of
laser beam δB,laser from its original position corresponding to
minimum initial insertion loss. Values for the laser beam dis-
placements are derived from the values obtained for cantilever
tip displacements at various dc biases and substituting them into
(1)–(3). From the blue curve in Fig. 9(b), it is observed that
the displacement of the laser beam, δB,laser, was approximately
35 μm at a dc driving voltage of 1 V, i.e., a 35 μm laser beam
displacement will result in an attenuation of 40 dB for the light
beam.

B. Torsional Mode

Fig. 10(a) and (b) shows the two possible biasing configura-
tions to induce torsional mode. A potential divider was imple-
mented to split the dc power supply into four equal potential
at the potential nodes between each resistors. The potential
divider is realized using four equal resistors with a resistance
20 Ω, each connected in series. In Fig. 10(a), for cantilevers 1–
5, the top electrodes for these cantilevers are connected to
different potential nodes, while the bottom electrodes are
grounded. The reverse setup is made for cantilevers 6–10, i.e.,
the top electrodes are grounded, while the bottom electrodes
are connected to various potential nodes. In Fig. 10(b), for
cantilevers 1–5, the top electrodes for these cantilevers are
grounded, while the bottom electrodes are connected to dif-
ferent potential nodes. For cantilevers 6–10, the top electrodes
are connected to the various potential nodes while the 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 evidence from the look-up table in Fig. 10(c). This results
in largest and zero cantilever displacement introduced at the
mirror edges and center, respectively. More importantly, the
generated displacements for the two sets of cantilevers are
toward the opposite direction, resulting in the torsional rotation
of the mirror.

Fig. 11 shows the experimental data obtained for torsional
mode. Fig. 11(a) shows the measured attenuation curve versus
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Fig. 10. Schematic drawing illustrating the electrical connections of the top and bottom electrodes of each cantilever to the dc power supply in (a) bias case A
and (b) bias case B. (c) A look-up table showing the individual dc bias driving each cantilever under bias case A and B for a given dc power supply voltage.

Fig. 11. Experimental data for torsional mode. (a) Measured attenuation curves versus the dc driving voltage of the power supply for both bias cases A and B.
(b) Red curve shows measured average displacement of mirror edges, δT,mirror, versus the dc driving voltage of power supply. Blue curve shows the displacement
of te laser beam, δT,laser, versus the dc driving voltage of the power supply. Both curves were obtained using bias case A. The displacement of the laser beam,
δT,laser, is calculated using (4)–(6) and the values of δT,mirror obtained from the red curve.

the dc voltage of the power supply. Both bias cases A and B
were investigated. The attenuation of 40 dB was achieved at
a bias of 1.9 V and 1.7 V for cases A and B, respectively.
Although the mirror and cantilevers were arranged in symmet-
ric layout, there was still much difficulty in aligning the laser
beam to be along the far edge center of the mirror. This mainly
accounted for the discrepancy of these two measured curves
for different bias cases. In addition, the dimensions of the ten
cantilevers may not be exactly the same due to lithography
inaccuracy and deviation in fabrication process. Thus, the can-
tilevers under the same dc driving voltage in both bias cases
may not perform the same displacement, partially contributing
to the discrepancy between the two curves in Fig. 11.

In Fig. 11(b), the device is biased using case A. The absolute
value for the displacements of the two opposite edges of the
mirror, δT,mirror, were measured, averaged, repeated for the
different dc driving voltages of the power supply, and plotted
as the upper-left (red) curve. The bottom-right (blue) curve for
laser beam displacement, δT,Laser, was derived by substituting
the mirror edge displacement, δT,mirror, obtained under the
optical microscope into (4)–(6). From the bottom-right curve
in Fig. 11(b), it can be observed that at a dc driving voltage
of 1.9 V for the power supply, an approximate laser beam

displacement of 33 μm from its original position was retrieved.
It means that a 33 μm laser beam displacement is needed
for 40 dB attenuation of light beam in torsional mode. This
value retrieved for torsional mode (33 μm) is very close to that
derived for bending mode (35 μm).

C. Mixed Mode

In mixed mode operation, two dc voltages are used separately
to bias cantilevers 1–5 and 6–10. Both bending and torsional
mode phenomena are observed when the dc biases on both
sets of cantilevers are not equivalent. As shown in Fig. 12,
various driving voltage combinations were applied to the two
sets of cantilevers and an attenuation characteristic topography
is derived. When a dc driving voltage of 1.2 V was applied to
actuators 1–5, the attenuation changes from 41 dB to 47 dB as
the dc voltage applied to actuators 6–10 increased from 0 V to
2 V. For the reverse case, i.e., a dc driving voltage of 1.2 V was
applied to actuators 6–10, the attenuation changes from 27 dB
to 50 dB as the dc voltage applied to actuators 1–5 increased
from 0 V to 2 V. This difference in attenuation characteristic
between the two sets of cantilevers can be attributed to lithog-
raphy inaccuracy and deviation in fabrication process.
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Fig. 12. Measured attenuation value as a function of dc bias applied to
cantilevers 1–5 and 6–10.

As such, with mixed mode operation, an additional degree
of freedom in attenuation control can be attained. More specifi-
cally, any deviation of attenuation-dc bias characteristic among
various PZT MEMS VOA devices due to the fabrication process
and assembly steps could be compensated by changing different
driving voltages combination to the two sets of cantilevers.

VI. CONCLUSION

In this study, a novel piezoelectric-driven 3-D VOA using a
mechanical supporting beam integrated with multiple cantilever
actuators was explored and characterized in a 3-D attenuation
configuration with a dual-core collimator. Three modes of at-
tenuation operation have been investigated: bending, torsional,
and mixed. Torsional attenuation based on the difference in the
dc biasing voltage applied to piezoelectric cantilever actuators
on a cantilever beam has first been demonstrated. This actuation
mechanism differs greatly from those actuation mechanisms of
gimbaled mirror in torsional mode, i.e., the mirror rotation is
generated against the torsion spring or torsion bar. Although
a thermal bimorph beam actuator has been well-characterized
in terms of their capability to generate large deflection, i.e.,
in bending mode, no design in torsional mirror using beam
actuator has been reported. Instead of using a thermal bimorph
beam actuator, our unique design of piezoelectric cantilever
beam actuator is the first desmonstration of large torsion mirror
using a beam actuator.

The bending mode operation has been concluded to be more
effective in light attenuation compared to the torsional mode
operation. This is exemplified by the fact that the bending mode
requires a dc driving voltage of only 1 V to achieve 40 dB
dynamic range during the bending mode, whereas 1.8 V is
needed for the same amount of attenuation during torsional
mode. The low operating voltage of 1 V allows for possible
integration with other systems utilizing CMOS electronics.
Further reduction of driving voltage is possible by reducing the
thickness of the Si mechanical layer underneath the PZT can-
tilever actuators. However, the tradeoff will be the increase in
deformation of the mirror surface. In addition, further reduction
of the mirror size should be explored in the future as a smaller
mirror size will decrease the response time of the device. The

measured transverse piezoelectric constant d31 for the 3.1 μm
PZT layer is 136 pmV−1, which implies that there is not
much room for improvement of piezoelectric characteristics.
A possible research direction for our device is the integra-
tion of PZT displacement sensors with the PZT attenuation
mechanism. Such integration has already been successfully
demonstrated by Kobayashi, where PZT driven micromirror
scanner was integrated with a PZT displacement sensor [67].
Such an integration will allow the detected signals received
from the displacement sensor to be used as feedback control
reference. An instrument-level piezoelectric MEMS VOA with
electronic feedback control circuits can hence be developed.
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