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Abstract—A rotational Si mirror driven by PZT actuators has
been investigated for variable optical attenuator (VOA) applica-
tions. The PZT actuators deploy 3.1-uum PZT layer. The developed
PZT-driven microelectromechanical systems VOA comprising a
large Si reflection mirror integrated with a dual core fiber col-
limator in 3-D light attenuation arrangement. The curve of the
attenuation versus driving voltage shows rather uniform changing
rate taking the advantage of the linear relation between the opti-
cal angle and the driving voltage. Dynamic range of 40-50 dB is
achieved at 1 and 1.2 dc driving voltages, respectively.

Index Terms—Microelectromechanical systems (MEMS), mir-
ror, optical MEMS, piezoelectric actuator, PZT, variable optical
attenuators (VOASs).

1. INTRODUCTION

ICROELECTROMECHANICAL systems (MEMS)
M technology has been proven as an indispensible technol-
ogy in making wide range products such as inertial sensors, mi-
cromirrors for display and telecommunication, and laboratory-
on-a-chip. One of the key factors contributed to the remarkable
MEMS commercial success is the development of Si-based
micromachining technology and CMOS MEMS [1], because
integration of micromechanical parts and CMOS circuits has
facilitated mass production of MEMS devices from various as-
pects, e.g., high production yield, low fabrication cost, available
foundry service, etc. In particular, flat micromirror driven by
MEMS actuators is the essential component for enabling most
applications of optical MEMS. Using thick device layer released
from a Si-on-insulator (SOI) substrate as the micromirror plate
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is a well-adopted approach. Since the thick and stiff single-
crystal Si layer enables a large freestanding mirror plate without
significant deformation [2]. Besides, the well-established deep
reactive ion etching (DRIE) can easily pattern the mirror plate
and remove the underneath Si of an SOI substrate so as to release
the mirror plate. However, limited material selection in CMOS
MEMS and CMOS-compatible processes restricts the appropri-
ate Si-based actuators to be either electrostatic actuator or elec-
trothermal actuator only [3], [4]. Actuators deploying piezoelec-
tric PZT (PbZr, Ti; _,O3) films are attractive alternatives to Si-
based actuators, because the piezoelectric actuator shows higher
output force and smaller driving voltage due to their higher en-
ergy density than the other actuators [5], [6]. Various MEMS
devices have been demonstrated by using piezoelectric PZT
film actuators. These piezoelectric PZT MEMS devices include
atomic force microscope (AFM) cantilevers [7], [8] and can-
tilever sensors [9], micromirrors [10], [11], ultrasonic proxim-
ity sensors [12], accelerometers [13], RF MEMS switches [14],
energy harvesters [15], [16], etc. In the optical MEMS field,
features of large mirror size, large deflection angle, and smaller
driving voltage are strongly demanded by applications like op-
tical scanning display, 2-D optical switch, and variable optical
attenuator (VOA).

Yasuda et al. have reported a large elliptical Si mirror (1 mm x
2 mm) driven by PZT actuators. This 2-D scanning mirror
showed large optical scanning angles, i.e., so-called 46, where 0
means the mechanical deflection angle, as large as 23° (4.3 kHz
for X-scan) by 52° (90.3 Hz for Y-scan) at low driving voltages
of typical 10-20 V,. with a 5 V4. offset [17]. Recently, Kim
et al. have demonstrated a smaller Si mirror (0.5 mm x 0.5 mm)
aiming at 2-D optical switch application. This PZT-actuated mir-
ror achieved static optical deflection angle, i.e., so-called 26, of
6.1° at 16 V4. [18]. So far, there is no reported data on the PZT-
driven mirror for VOA application to the knowledge of authors.
This paper reports data of the first research attempt of MEMS
VOA using PZT actuators.

The first MEMS-based VOAs have been demonstrated by
two groups from Lucent Technology in 1998. Ford and Walker
developed a MEMS VOA using a surface-micromachined SiN
suspended membrane with A/4 optical thickness above a Si sub-
strate with a fixed 31/4 spacing. Voltage applied to electrodes on
top of the membrane creates an electrostatic force and pulls the
membrane closer to the substrate such that the intensity of re-
flective light is controlled accordingly. Dynamic range of 25 dB
attenuation is achieved under 50 V4. load [19]. Barber et al. de-
veloped a MEMS VOA using a surface-micromachined poly-Si
microshutter arranged between ends of two fibers and aligned
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along the same axis. This shutter is driven by an electrostatic
parallel actuator. The attenuation is determined by percentage
of light signals blocked by this shutter regarding to various
vertical positions, which are controlled by the actuator. This
surface-micromachined in-line-type MEMS VOA can achieve
attenuation of dynamic range as high as 50 dB under 25 V
dc load [20]. Later in 1999, a DRIE-derived shutter type of
MEMS VOA from the device layer of an SOI substrate with
fiber alignment trenches made the testing, alignment, and as-
sembly of MEMS VOA easier [21]. At a dc voltage of 31 V, a
maximum attenuation of slightly over 50 dB was obtained. This
work, done by Prof. de Rooji’s group, really opens a window
for new research attempts in MEMS VOAs. Since then, var-
ious electrostatic actuation mechanisms have been developed
for VOA applications based on surface-micromachined struc-
tures [22]-[25] and DRIE-derived structures [26]—[35]. Except
to the early work done by Ford and Walker, all these aforemen-
tioned research efforts are referring to the so-called planar light
attenuation scheme, i.e., the light path is parallel to the substrate
surface. Besides, the driving voltage of these electrostatic-driven
VOAs is in the range of 5-30 V4.. With the aim of reducing
driving voltage, various Si-based thermal actuators have been
developed for VOA applications [36]-[39]. Driving dc voltage
as low as 3 V has been reported by using an array of thermal-
actuator-driven surface-micromachined pop-up mirror [40]. Re-
cently, a large vertical Si mirror (500 pm x 1200 pm) driven by
a metal-coil-type electromagnetic actuator has been reported to
achieve 40 dB dynamic range under 0.5 V. load [41].

Briefly speaking, the driving voltage and electrical power
consumption are solely dominated by the actuator design in
VOA application. More importantly, the stability and repeata-
bility of VOA characteristics are strongly related to design and
fabrication quality of actuators and microstructures of VOAs.
Maintaining the mirror flatness and reducing the mirror surface
roughness are major efforts in optimization of VOA microstruc-
tures, in which these factors affect the optical characteristics di-
rectly for reflective-type attenuation mechanisms used in VOA
applications. In this paper, we report the development work of
a novel MEMS VOA driven by PZT actuators.

II. DESIGN AND FABRICATION

VOA is commonly adopted as a key component to groom
power levels across the wavelength-division multiplexing
(WDM) spectrum to minimize crosstalk and maintain the de-
sired SNR ratio. The MEMS VOAs deploy the free-space light
attenuation technology, and demonstrate their prevalence advan-
tages over other solutions in terms of device features of wave-
length independence, protocol and bit rate independence, etc.
Thus, MEMS VOAs can reduce incoming light intensity in an
analog control manner regardless the difference of wavelength
and protocol. As we highlighted in Section I, achieving lower
driving voltage and electrical power consumption is the main re-
search attempt in the development of MEMS actuator for VOAs,
while we need to consider the stability and repeatability of VOA
characteristics in general. An electrostatically driven titling mir-
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Fig. 1. (a) Schematic drawing of MEMS VOA. The mirror rotates against
the torsion spring due to static displacements introduced by the PZT actuator
beams. (b) Optical microscope photograph of a MEMS VOA driven by two
piezoelectric PZT actuators.

ror by Toshiyoshi’s group has shown 0.3° rotational angle and
40-dB attenuation at 4.5 V4. for VOA applications [42].

A new PZT-driven MEMS VOA is proposed in this paper,
as shown in Fig. 1(a), while Fig. 1(b) shows the microfabri-
cated device assembled on a metal case package. A relatively
large rectangular mirror (2 mm x 8 mm) is connected to two
piezoelectric PZT actuators, i.e., actuators A and B, via bending
springs. The size of PZT actuator is 1 mm x 10.6 mm. Torsion
springs are arranged along the central line of mirror and connect
mirror with peripheral Si substrate. The width of torsional and
bending springs, i.e., the width of hinge, is 50 ym. The struc-
tural details of this device are reported by Kobayashi er al. [43].
When the actuators A and B are under reverse dc driving voltage,
we can enlarge the static mirror deflection angle by having two
piezoelectric actuators bended in opposite directions, as shown
in Fig. 1(a).

As shown in Fig. 2(a), an SOI substrate of 5-um-thick Si de-
vice layer and 1-pm-thick buried oxide (BOX) layer were used
as the starting materials. A thermal oxide layer of 0.37 ym was
created from Si device layer surface. A multilayer electrode
of LaNiO3(0.2 pm)/Pt(0.2 pm)/Ti(0.05 pm) was prepared by
RF (for LaNiOs) and dc (for Pt/Ti) magnetron sputtering, re-
spectively. Then, a 3.1-pum-thick PZT thin film was formed by
sol-gel deposition, as reported in our previous study [43]-[45].
The PZT thin film prepared on LaNiO3 buffer layers exhibits
columnar structure, as shown in Fig. 3. It has been reported
as (100)-oriented film [46]. This kind of (1 00)-oriented tex-
tured film exhibits higher dielectric constant than the randomly
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Fig. 2. Microfabrication process flow for making PZT actuators and mirror.
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Fig. 3. SEM micrograph of cross-sectional view of PZT actuator thin film on
an SOI substrate.

oriented film and the (1 1 1)-oriented film [46]. The deposited
films were pyrolyzed at 200 °C—470 °C for 5 min, and then,
crystallized by rapid thermal annealing at 700 °C for 2 min. The
poling condition is 30 V for 10 min at room temperature. The
Pt bottom electrode is used because it is a stable metal in this
temperature range.

Finally, top electrode of Pt/LaNiO3 was sputtered on top of
the PZT layer. In Fig. 2(b), the top Pt thin film was etched by
Ar ion etching and the top LaNiOs thin film was subsequently
etched by diluted HCL. Then, the PZT thin film was etched by
the mixture solution of HF, HNOs, and HCI. Finally, the bottom
LaNiO; /Pt/Ti electrode layers were subsequently etched again,
while the thermal oxide layer was etched by CHF3 RIE to open
the area of mirror and springs in Fig. 2(c). The mirror, springs,
and frame of actuators were patterned from Si device layer of the
SOI substrate by DRIE, as shown in Fig. 2(d). Then, a 0.07-pm-
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Fig.4. (a) Schematic drawing of measurement setup of mirror deflection angle
when mirror is driven under dc or ac actuation voltage. (b) Schematic drawing
of measurement setup of MEMS VOA characteristics, where the movable stage
is capable of moving in X—Y-Z directions and of tilting along X-Y (6z) and X-Z
(6y) planes as well.

thick Pt film was deposited on the mirror as the reflective surface
by a liftoff step, as shown in Fig. 2(e). The liftoff method is cho-
sen to avoid the difficulty to find good etching stop materials for
Ptin the Arion etching process. We used Pt as the mirror coating
layer because we planned to conduct the postprocess annealing
for PZT layer initially. Only the Pt is very stable even in the an-
nealing step with temperature as high as 700 °C. Using DRIE,
the backside Si portion and BOX were etched from substrate
backside to release the mirror, springs, and actuators, as shown
in Fig. 2(f), while we used SFs and CHF; as the etching feed gas
for Si and Si0Os etching, respectively. To enhance the piezoelec-
tric characteristics, we have conducted the poling treatment of
PZT thin-film actuators at 30 V for 10 min at room temperature.
Fig. 3 shows the SEM photograph of the cross-sectional view
of electrodes and PZT actuator layer on top of an SOI substrate.
The layer thickness is determined accordingly. Then, we mea-
sured the vertical displacement of PZT actuator edge when the
PZT actuator was under various dc driving voltages. Based on
the approaches discussed in [43]-[45], we derived d3; of the
present PZT thin films from a set of equations regarding to the
displacement changes when the voltage was decreased from 20
to 0 V. The transverse piezoelectric constant ds; is estimated as
—110 pm/V. -

III. CHARACTERIZATION OF PZT MEMS VOA

The schematic drawing of measurement setup of mirror de-
flection angle versus driving voltage is shown in Fig. 4(a). The
incident light from left side is reflected by mirror and propagates
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toward the screen on right side with optical deflection angle of
26, in which 6 means the mechanical deflection angle. When the
actuators are driven in ac mode, a mechanical deflection angle
=+ 6 is introduced to the mirror. The resultant reflection light
will be deviated from the original light path with angle of 4 26.
The light spot on the screen will be shifted with a distance L. We
can derive the value of 6 from the measured L and the known
distance H, i.e., the distance from the mirror to the screen.

Fig. 4(b) shows the experimental setup of optical characteri-
zation for VOAs. A dual-core fiber with a collimator is placed
in the front of the mirror and mounted on the movable x—y—z
stages. The input light is launched via one core of the dual-core
fiber through collimator to center of the mirror of device. The
reflected light is received by the same collimator to power meter
via the other core of the dual-core fiber. The collimated beam
width is characterized as 750 ym =+ 25 pm. The large illumi-
nated area reduced the sensitivity of reflection with respect to
slightly bending of the mirror. The whole measurement setup
is established on top of an antivibration optical table to prevent
ambient vibration. We used a tunable laser, which is equipped
with a polarization state controller as the light source. The tun-
ing range of light wavelength extended from 1520 to 1620 nm
with 1 nm resolution. For the initial insertion loss measurement,
we need to make sure that the relative positions of collimator
and mirror are adjusted to reach the optimized coupling loss,
i.e., the minimum coupling loss. In order to do so, we supplied
the red laser via collimator and shine to the junction of torsion
spring and mirror first. Subsequently, we adjusted the x—y—z
stages so as to make the laser spot focused at the mirror center.
After we confirmed this coarse alignment step, the 1550-nm
laser was fed into the input fiber. The laser light collimated
through the collimator and was reflected by the mirror, and
then, the reflected light is coupled into the output fiber, which
is connected with a laser power meter. In the step of fine align-
ment, we adjusted the position of collimator by moving and
tilting the x—y—2—6y—0z stages such that we reached minimum
insertion loss, i.e., the initial insertion loss. The fy and 0z stages
enable the tilting with respect to y- and z-axis, respectively. The
measured insertion loss is typically about 2 dB in this setup.
This initial insertion loss is about 1 dB higher than commercial
products. It is mainly attributed to the surface roughness and
warpage of the mirror. Further optimization of the mirror struc-
ture and fabrication process may reduce this insertion loss to be
less than 1 dB.

Fig. 5 shows the measured optical deflection angle (20) with
respect to ac voltage frequency varying from 50 to 500 Hz, while
2-V peak-to-peak ac voltage (V},;,) was applied to both actuators
A and B. We made the bottom electrode and top electrode of
actuator A as the ground electrode and driving electrode, re-
spectively. The arrangement is set to be opposite for actuator B.
The generated displacements of these two actuators are toward
opposite directions such that the deflection angle will be en-
larged as the drawing shown in Fig. 1(a). The measured optical
deflection angles are 7° and 3.2° corresponding to two resonant
peaks at 183 and 372 Hz shown in Fig. 5. Second, Fig. 6 shows
the optical deflection angle versus dc driving voltage up to 20V,
while the driving voltage was applied to both actuators A and
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Fig. 6. Measured optical deflection angle versus dc driving voltage.

B under the opposite electrode arrangement. A linear actuation
characteristic curve is obtained up to 17 V with slope of 0.3°/V.
The observed saturation behavior above 17 V may represent the
highest displacement, which can be achieved by the actuators
of present configuration.

In the operation of PZT MEMS VOA, we simply apply var-
ious dc driving voltages to one or two of the actuators. Then,
the reflected light is deviated from the optimized light path
corresponding to minimum insertion loss. The insertion loss in-
creases with the driving voltage, i.e., the coupled reflected light
intensity toward output fiber is reduced. Based on the VOA
characterization setup, as shown in Fig. 4(b), the measured at-
tenuation curves versus dc driving voltage applied to individual
actuator are shown in Fig. 7. It shows that 2 V. driving volt-
age on actuators A and B resulted in 40 and 50 dB attenuation,
respectively. Although the mirror and actuators are arranged in
symmetric layout, the laser is very difficult to be aligned at the
center of the mirror. This is the main reason that causes the
discrepancy of these two measured curves for two actuators.
Besides, the dimension of two actuators may not be totally the
same due to the lithography inaccuracy and fabrication process
variation. Thus, the two PZT actuators may not perform 100%
the same displacement even under the same dc driving voltage.
The mirror deflection trace may be slightly twisted from the
perfect rotational trace. However, any twist of mirror toward
directions other than simple rotation will still lead to attenua-
tion of coupled intensity of reflected light to output port. As a
result, the discrepancy of these two measured curves in Fig. 7 is
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Fig. 7. Measured attenuation curves versus dc driving voltage separately ap-
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Fig. 8. Attenuation curve when the driving voltage is applied to actuators A
and B at the same time.

partially attributed to the dc-driven displacement difference of
two actuators.

Fig. 8 shows the attenuation curve measured when both actu-
ators are driven under the same dc driving voltage. Only 1 V.
can achieve 42 dB dynamic range of attenuation, while 50 dB is
obtained at 1.2 V.. The optical deflection angle is measured as
0.18° at 1 V4., as shown in Fig. 6. Referring to most of the com-
mercial applications, 40 dB dynamic range is enough. It means
PZT MEMS VOA developed in this study only requires opera-
tion voltage of 1 V.. Compared to 3-D MEMS VOA of similar
attenuation configuration reported in [42], this 3-D MEMS VOA
based on using the electrostatic parallel-plate actuator achieved
40 dB dynamic range under 5 V. driving voltage in which it
is corresponding to mirror angle of 0.3°. In Fig. 8, the curve
of the attenuation versus driving voltage shows rather uniform
changing rate taking the advantage of the linear relation between
the optical angle and the driving voltage. On the other hand, we
applied various driving voltages combination to both actuators
and derived an attenuation characteristic topography, as shown
in Fig. 9, which shows that we can have one more degree of
freedom in attenuation control. More specifically speaking, the
deviation of attenuation-driving voltage characteristics among
various PZT MEMS VOA devices due to the fabrication process
and assembly step could be compensated by changing different
driving voltages combination to two actuators.

As shown in Fig. 10, the measured wavelength-dependent
loss (WDL) within 1520-1620 nm for driving voltage at 0, 0.3
(10 dB attenuation), 0.5 (20 dB attenuation), and 0.7 V (30 dB
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attenuation) is less than 0.425, 0.925, 2.418, and 4.179 dB, re-
spectively. Second, the polarization-dependant loss (PDL) was
measured as less than 0.099, 0.252, 0.271, and 0.249 dB at O, 10,
20 and 30 dB attenuation states, respectively. Both WDL and
PDL data are measured when the same dc driving voltage was
applied to both actuators. The WDL data measured at 20 and
30 dB attenuation states are relatively higher than the reported
data [21]-[42]. It may be attributed to the surface roughness
issue. For example, the micrometer-scale roughness caused by
the facet of grains of PZT thin film will lead to difference in re-
flected light intensity regarding to light of various wavelengths.
Additionally, most of the reported PDL is about 0.2-0.3 dB at
20-dB attenuation state [21]—[42]. Thus, the derived PDL in this
study shows the same level of PDL as previous works reported.

On the other hand, the fatigue issue of PZT thin-film actuator
has been investigated by Kobayashi et al. [48]. It reported that
a 1.1-pm-thick PZT thin-film actuator operated at 1 kHz and
10 V with superimposed 5 V. The dc-actuated displacement is
only reduced for 10% after 108 operation cycles. In this study,
the 50-dB attenuation of VOA only demands for 1.2 V, which
is calculated as electric field of 0.39 V/um, while the electric
field used in [48] is calculated as 9.1 V,,,/pm and 4.5 V/pum. It
implies that the operation condition of PZT actuators in VOA
application only utilizes small portion of actuation capability
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of actuators. In other words, there is large room left for PZT
actuator operation without reaching the materials limitation.

IV. CONCLUSION

In this study, we first explore the feasibility study of 3-D
attenuation mechanism using PZT actuators. Only 1 Vg, is re-
quired to achieve 40 dB dynamic range. Since the actuator beam
structure contains 3.1-um PZT layer, electrodes, and 4.8-um
Si layer. Further reduction of driving voltage can be achieved
by reducing the Si mechanical layer thickness. However, the
tradeoff is the difficulty in maintaining flatness of the reflec-
tion mirror. The measured transverse piezoelectric constant ds;
of fabricated 3.1-um PZT layer is —110 pm/V. It implies that
there is not much room for further improvement of piezoelec-
tric characteristics. However, piezoelectric PZT layer could be
the sensor material as well. Kobayashi ef al. [47] have demon-
strated a PZT-driven micromirror scanner integrated with PZT
displacement sensors. It points out a research direction that PZT
MEMS VOAs could include piezoelectric deformation sensor
on top of the attenuation mechanism. Thus, we can use the de-
tected signals from displacement sensor as the feedback control
reference. An instrument-level piezoelectric MEMS VOAs with
electronic feedback control circuits could be developed in this
manner.
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