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Scanning Micromirrors Fabricated by an SOI/SOI
Water-Bonding Process

Lixia Zhou, Joseph M. Kahn, Fellow, IEEE, and Kristofer S. J. Pister, Member, IEEE

Abstract—MEMS scanning micromirrors have been proposed
to steer a modulated laser beam in order to establish secure
optical links between rapidly moving platforms. An SOI/SOI
wafer-bonding process has been developed to fabricate scanning
micromirrors using lateral actuation. The process is an extension
of established SOI technology and can be used to fabricate stacked
high-aspect-ratio structures with well-controlled thicknesses.
Fabricated one-axis micromirrors scan up to 21.8° optically under
a dc actuation voltage of 75.0 V, and have a resonant frequency
of 3.6 kHz. Fabricated two-axis micromirrors scan up to 15.9°
optically on the inner axis at 71.8 V and 13.2° on the outer axis
at 71.2 V. The micromirrors are observed to be quite durable and
resistant to shocks. Torsional beams with T-shaped cross sections
are introduced to replace rectangular torsional beams in two-axis
MEMS micromirrors, in order to reduce the cross-coupling be-
tween the two axial rotations. Fabricated bidirectional two-axis
micromirrors scan up to +7° on the outer-axis and from —3° to
7° on the inner-axis under dc actuation. [1524]

Index Terms—Electrostatic actuation, MEMS, micromirror, sil-
icon on insulator technology, wafer bonding.

I. INTRODUCTION

HE convergence of MEMS technology with communica-

tion and digital circuitry makes high-speed, low power,
free-space communication links over distances up to several
km possible. Free-space optical communication offers signif-
icant advantages over radio frequency (RF) communication,
including secure links, wide bandwidth, small terminals, low
power consumption, and freedom from frequency allocation
issues. Thus, optical communication is an attractive option,
provided that a line-of-sight propagation path is available.

One of the key components in two-way free-space optical
communication systems is a compact, reliable, and inexpensive
laser beam steering device that provides a fast scanning capa-
bility for pointing, acquisition, tracking, and data communica-
tion. MEMS phased arrays composed of groups of relatively
small micromirrors have been proposed to scan the laser beam
[1], [2]. They can be actuated through large deflection angles
with substantially reduced response time. But they involve more
complicated actuator design, i.e., requiring not only rotations
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around the two axes, but also vertical movements to compen-
sate the phase differences between mirrors. Also active feed-
back controls over individual mirrors can be very complicated.
Scanning micromirror based on MEMS technology have been
introduced to steer modulated laser beams between moving un-
manned aerial vehicles [3], [4]. Scanning micromirrors have
been developed for a wide range of other applications, such
as optical crossbar switches [5], digital projectors [6], barcode
readers [7], adaptive optics [8], and tunable lasers [9]. However,
laser beam steering for free-space optical communication poses
a somewhat unique set of requirements for micromirrors, such
as large mirror sizes (~ 1 mm in diameter), rotation ability over
two axes, large dc scan angles (£10° optical), fast switching
ability (transition time between positions < 100 us), low power
consumption, and strong shock resistance (hundreds of g).

While surface micromachining generally does not offer con-
siderable scanning range for a large mirror, MEMS micromir-
rors based on silicon-on-insulator (SOI) wafers and deep reac-
tive ion etching (DRIE) technology overcome this problem by
having an etched cavity under the micromirror. These fabrica-
tion technologies also offer attractive features such as excel-
lent mirror flatness and high-aspect-ratio springs, which min-
imizes cross-mode coupling. Many strategies have been devel-
oped around these two technologies in order to make large-size
scanning micromirrors with wide steering angles and fast scan
speed. Conant et al. first presented a vertical comb drive ac-
tuator fabricated on the two layers of a SOI wafer [10]. How-
ever, their process requires an accurate alignment between two
layers in different heights (~ 50 um). Consequently, several
self-alignment fabrication processes were developed to enable
precise alignment between vertically stacked layers [11], [12].
Other solutions to the alignment problem include using a pho-
toresist hinge to rotate [13] or plastically displacing [14] a group
of comb fingers out-of-plane so that two groups of comb fin-
gers remain accurately spaced and form an angular comb drive
actuator.

Although vertical/angular comb drive actuators provide high
force density, they cannot be easily used to realize two-axis
scanning micromirrors with comparable steering performance
on both rotation axes. Kwon et al. used a backside island to pro-
vide electrical isolation and mechanical coupling for a two-axis
scanning micromirror [15], but this device has a much lower res-
onance frequency in the outer axial rotation than that of the inner
axial rotation. Milanovic et al. used mechanical rotation trans-
formers to realize a two-axis scanning micromirror with high
resonant frequencies [16], but obtained a limited steering range.

Scanning micromirrors realized by an off-axis lateral force
overcome the alignment issue in vertical comb drive actuators,
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Fig. 1. Torsional movement of scanning micromirrors is realized by an off-axis
lateral force generated by a lateral comb drive actuator.

and offer additional advantages, including small momentum of
inertia, high actuation force, and thus large scanning angle and
fast response. In this paper, we describe an SOI/SOI wafer-
bonding process that can realize scanning micromirrors actu-
ated by lateral comb drive actuators.

II. DESIGN AND FABRICATION OF SCANNING MICROMIRRORS
USING LATERAL ACTUATION

Our group developed the method of fabricating scanning mi-
cromirrors that utilize a lateral comb drive actuator [17]. As
shown in Fig. 1, the bi-directional force generated by a lateral
comb drive actuator is transferred as an off-axis torque over two
torsional beams by two transfer arms.

A. Design of Scanning Micromirrors Using Lateral Actuation

An obvious benefit of this scheme is the separation of the
micromirror and the actuator, which provides enhanced design
flexibility. A large actuator can be designed to extend to both
in-plane directions and all comb fingers always add equal
amounts of moment of inertia to the device. The dc scanning
range of a lateral actuated micromirror can be very large, since
it is limited only by the maximum stress that the material of
the device can sustain while the range of a micromirror with a
vertical/angular actuator is limited by the height-to-length ratio
of the comb drive finger, which is often compromised by having
long fingers to provide enough torque. The lateral actuation
design also offers more shock resistance as compared to a ver-
tical comb drive actuator. The lateral movement of the device is
inhibited both by the torsional beams and actuator suspension
beams, in contrast to single torsional beam suspension when
using a vertical comb drive actuator. The required feedback
signal for controlling a micromirror can be implemented by
including a group of sensing fingers directly on the electrostatic
comb drive actuator [18].

B. SOI/SOI Wafer-Bonding Process

This multilevel design was formerly fabricated on an SOI
wafer using a combination of timed DRIE etching and DRIE
etching with etch stops. However, timed etching does not

produce structures uniform across the wafer and therefore
needs careful monitoring. A new approach, SOI/SOI wafer
fusion bonding, is introduced to attain multilevel structures
with well-controlled thicknesses.

In the proposed new process a patterned third layer is aligned
and bonded onto a patterned SOI wafer, producing 3-D devices
or stacked high-aspect ratio structures. The third layer comes
from the device layer of another SOI wafer [19]-[21], with a
choice of thickness as small as 2 ;m and a thickness uniformity
of 0.5 pm, whereas structures fabricated by the timed etching
counterpart can have a thickness variation of 5 pm across a
wafer. The sacrificial handle wafer of the bonded SOI wafer
can be disposed of by either plasma blank etching or mechan-
ical grinding. When the handle wafer is etched or ground to
the desired thickness, a subsequent polishing step can provide
another layer to the stack. Then more layers can be added by
wafer fusion bonding, constructing multi-layer structures. A po-
tential drawback of this layer stacking strategy is that bonding
can become difficult as stresses in the stacked layers induce bow
and warpage over the wafer. Besides stacking several levels of
high-aspect-ratio structures, silicon fusion bonding introduces
little or no thermal stress because of the well-matched thermal
expansion between the bonded layers and the fabricated mono-
lithic single crystal structures are completely compatible with
subsequent high-temperature process steps, such as oxidation
and diffusion.

Besides allowing tighter control over the thicknesses of the
critical layers, potential advantages of fabricating scanning
micromirrors using this new bonding process include higher
yield, obtaining a functional two-axis scanning micromirror,
and achievement of increased scan angles at lower actuation
voltages.

C. Minimizing Bow of SOI Wafers

It has been experimentally observed that in order to achieve
secure silicon-silicon bonding, the roughness of wafer surface
has to be less than 1 nm and the bow of a 4-inch wafer is no
greater than 5 pm [22]. Our experiments show that two wafers
with a bow as large as 25 pm can be bonded reliably. However,
an SOI wafer from our vendor, BCO Technologies, has a typical
bow of 75 um, preventing an adequate bonding between SOI
wafers. Strategies are needed to flatten wafers and increase the
yield of bonding.

The bow of an SOI wafer is mainly induced by the mismatch
of thermal expansion coefficient between silicon and oxide,
causing excess mechanical stresses in the SOI wafer after
annealing at elevated temperatures and subsequent cooling.
At high annealing temperatures, there is no internal stress
between the silicon and oxide layers due to the reflow ability
of the oxide layer. As temperature drops, oxide contracts but
silicon shrinks more. Therefore, the thermal mismatch between
silicon and oxide builds up internal stress and cause the wafer
to bend. A simple model to calculate the bending caused by
the thermal stress is presented in [23], considering the force
balance, moment balance, and interface strain continuity for
any two adjacent layers. According to this simple model, there
are several ways to reduce the bow in an SOI wafer.
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1) Reduce the thickness of the buried oxide layer. This
idea is not practical because a certain thickness of
oxide layer (preferably 2 pm) is required in order to
keep the parasitic capacitance of the bonding pads and
inter-connection wires small for the feedback control
of mirror positions. However, a step of timed-etching
the exposed oxide to a thinner thickness can be added
between the DRIE etching of the device layer and
the bonding of the two wafers in order to reduce the
wafer stress. 10:1 HF should be used for this purpose
because compared to 49% HEF, its etching speed is
slow enough to strictly control the remaining oxide to
be thick enough for acting as the etching stop for the
later DRIE etching. In this way, a thinner oxide film
is left in the exposed area to reduce the stress while a
2-pm-thick oxide layer is remained under the bonding
pads and interconnection wires to maintain the low
parasitic capacitance.

2) Increase the thickness of the handle wafer. This is not
a good solution, either, since a thicker wafer presents
more difficulty in accommodating the bending and
makes the bonding harder to achieve.

3) Retain an oxide layer on the backside of the handle
wafer. The sandwiched structures are able to balance
the stress and obtain a flatter surface. One thing to
be noted is that any nonuniformity in the stress dis-
tribution might introduce warpage to the multilayered
wafer. But the device layer of the SOI wafer is etched
by repeating the same pattern and the thickness of the
added oxide layer is uniform across the wafer. As a
result, the local residual stress is expected to be min-
imal, and should not produce significant warpage of
the wafer.

The stress-flatness model is used to find the proper oxide
thickness in order to obtain the flattest wafer. For instance, the
bow of the SOI wafer (with a 50-um-thick device layer, a 2-pum
-thick buried oxide layer, and a 350 pm-thick handle layer) is
optimized when a 1.5-pym-thick oxide layer is added on the
backside of the wafer, according to the stress-flatness model. In
experiment, an unprocessed SOI wafer with the above thickness
parameters was found to have a bow of 76.3 pm initially. After
thermally growing a 1.5-pm-thick oxide layer on both sides of
the SOI wafer and removing the front side oxide layer, the bow
of the SOI wafer became 17.8 pm, which is small enough to
allow a successful bonding with other SOI wafers.

D. Strategies to Enhance Bonding

Surface cleanness is another significant condition for suc-
cessful wafer fusion bonding. The initial hydrogen bonding that
pre-bonds two wafers are weak and operates over a short range,
only when the two wafers are very close together. Therefore,
having wafers flat and free with particles are critical prior to
bonding.

Several steps were practiced to ensure a strong adhesion force
between the two patterned SOI wafers. First, the design of the
layout allocated about 50% of the wafer surface as contact area
to guarantee adequate force. Second, wafers were handled care-
fully in the clean room. For example, a vacuum pen was used
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Fig. 2. Process flow for fabricating scanning micromirrors using the SOI/SOI
wafer-bonding process.

to grab a wafer on its backside whenever applicable, as parti-
cles or scratches that can destroy a bond might be introduced to
the bonding surface of the wafer if using metal tweezers. Third,
a layer of thermal oxide was grown on the wafers as the first
step of the process and was stripped off just before cleaning and
bonding occurred. This thermal oxide layer provides protection
throughout the wafer handling and is a common practice to be
added in the bonding process by researchers. Fourth, as sug-
gested in the previous section, an oxide layer was retained on
the backside of the SOI wafers to balance the stress introduced
by the buried oxide layer in an SOI wafer. These sandwiched
layers produce flatter wafers, making bonding easier. Lastly, a
series of chemical cleaning steps were carried out during which
a layer of hydrous thin oxide grew on the wafer surface. The hy-
drous oxide is highly reactive and wafers with this hydrophilic
surface are ready to bond at room temperature.

E. Detailed Process Flow

As shown in Fig. 2, the process started with two SOI wafers,
one with a 50-pm-thick device layer (we refer to it as the 50
pm SOI wafer) and the other with a 2 pum thick device layer
(we refer to it as the 2 pm SOI wafer). First, the device layers of
the two SOI wafers were patterned individually. After growing a
thermal oxide layer with a thickness of 3000 A, the device layer
of the 2 ym SOI wafer was patterned with DRIE etching. For the
50-pm SOI wafer, a 1.5-pm-thick oxide layer was grown. The
front side oxide is used as a mask during the later DRIE etching
while the backside oxide balances the stress in the SOI wafer
to achieve a flatter bonding surface. Then a timed DRIE etching
step was employed to obtain a layer including nonthickness-crit-
ical structures only, such as the pushing/pulling arms for scan-
ning micromirrors. This was done by patterning the front side
oxide layer first, depositing a layer of photoresist, patterning
the deposited photoresist, DRIE etching to a depth of 30 um,
peeling off the photoresist, and DRIE etching until the exposed
silicon structures were 6 pm high. Keeping an oxide layer on top
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Fig. 3. Two-axis scanning micromirror fabricated by the SOI/SOI
wafer-bonding process. The central mirror is suspended by two inner
rectangular torsional beams and therefore rests over a rigid surrounding frame
that is supported by two outer rectangular torsional beams.

of the device layer during the DRIE etching is critical for pro-
tecting the bonding surface since it is experimentally observed
that the silicon surface exposed to DRIE etching does not bond.
Also note that two alignment marks were patterned on the back-
side oxide layer of the 50 pm SOI wafer before the first DRIE
etching. They are bonding alignment marks as well as the lithog-
raphy alignment marks for the substrate patterning.

The next step was pre-bonding the two patterned SOI wafers
with alignment and then annealing the bonded wafer pair in a
furnace. After stripping off the oxide layer on the front side of
the wafers in 10:1 HF, both patterned SOI wafers were cleaned
in piranha, modified RCA1, RCA2 with deionized water rinsing
in between. Then the two cleaned SOI wafers were aligned and
pre-bonded by a Karl Suss BA6 bond aligner, followed by nine
hours of annealing at 1150 °C in a furnace. An inspection using
an IR microscope showed a fully bonded wafer pair.

DRIE etching was then used to dispose of the top handle
wafer partially and pattern the substrate layer of the bonded
wafer. With a protective layer of the top handle wafer left, the
bonded wafer pair was diced into several dies. The individual
dies or group of dies were DRIE etched to fully dispose of the
top handle wafer afterwards. The dies were then cleaned in Pi-
ranha and released in 5:1 buffered HF. It is extremely impor-
tant to clean first and release later as the HF dip before pho-
toresist cleaning leaves polymer residues on the chip, which are
extremely difficult to get rid of and often causes the electrical
actuation of the micromirror to become nonfunctional. Finally
the released individual chip was wire-bonded and packaged.

III. PERFORMANCE OF SCANNING MICROMIRRORS

A fabricated two-axis scanning micromirror is shown in
Fig. 3. The micromirror is 800 pm in length and 2 pm in thick-
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Fig. 4. DC actuation of a one-axis pulling scanning micromirror.

ness, with 50 pm-height ribs below to stiffen the mirror. It is
suspended by two 2-pm-thick, 50-pm-wide, and 200-pm-long
inner torsional beams and rests over a rigid surrounding frame
made up by the two bonded layers. The whole frame is then
supported by two outer torsional beams that have similar
dimensions as the inner torsional beams.

For both axes, there are two pushing arms connecting the
torsional beams and the lateral actuator. The inner pushing arms
are 6 pm in thickness, 15 pm in width, and 400 pm in length
while the outer pushing arms are 6 pm in thickness, 11 pm in
width, and 830 pm in length. The 6-pm-thick, 10-pm-wide,
and 310-pm-long decoupling beam connecting the inner
pushing arms and the inner comb drive actuator shields the
actuator from rotating around the outer axis. It can be seen
that the edges of 6-um-thick beams have small silicon spikes.
They are frequently seen on the structures formed by the timed
DRIE etching due to the micromasking [24]. However, these
grass-like defects should not affect the mechanical function of
the structures since they are small in size and quantities. Fig. 3
shows only part of the two lateral comb drive actuators with
tapered fingers and two of the four crab leg flexures suspending
the actuator. The tapered comb fingers are designed to achieve
a certain dc scanning angle at a lower actuation voltage than the
one of using parallel comb fingers. As the comb fingers move
in, the effective gap distance between the two groups of tapered
comb fingers decreases in contrast to the constant gap distance
when using parallel comb fingers. Therefore the electrostatic
actuation force increases as it inversely depends on the gap
distance.

A. DC and AC Actuation of Fabricated One-Axis
Scanning Micromirrors

The dc response of scanning micromirrors is captured by de-
tecting the shifts of the laser beam reflected by scanning mi-
cromirrors. Fig. 4 shows the angle displacement of a one-axis
pulling-mode scanning micromirror under dc actuation. A scan-
ning angle of 21.8° is achieved at 75.0 V with the comb drive
actuator pulling in afterwards as a result of the combined effect
of the side instability and rotation instability. In order to attain
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a larger dc actuation range, a more stable design of the suspen-
sion beams for the comb drive actuator is required, both in terms
of the side stiffness and rotating stiffness. The deviation from a
linear relationship between the displaced angle and the actua-
tion voltage is mainly due to the tapered comb fingers in the
comb drive actuator. As the comb fingers are pulled closer, the
gap distance between them decreases and the electrostatic force
increases, inducing a larger rotation angle to the micromirror.
A simple parallel-plate model of tapered comb finger actuator
shows that the electrostatic force has a similar nonlinear curve
as comb fingers are pulled closer. The gap between comb fingers
was measured through SEM picture. The theoretical calculation
of the displaced angle due to the tapered comb finger actuator
is also shown in Fig. 4 and the error between theoretical curve
and experimental displacement is within 1%.

Compared to the previous results reported in [25], the max-
imum dc scanning angle of the one-axis scanning micromirror
is increased from 11.0° to 21.8°. This enhanced performance
is obtained, in part, by changing the electrical connection of
the device substrate from floating to ground. Leaving the sub-
strate floating causes an uncertainty in the charge leakage and
induces instability to the charge distribution on the comb drive
actuator. This induces the micromirror vibrating when the ac-
tuation voltage is high. Grounding the substrate eliminates the
instability of the charge distribution and the micromirror is able
to work under a larger actuation voltage.

The experimental data agrees with the ANSYS analysis re-
sult. The lateral comb drive actuator is calculated to generate a
pulling force of 0.97 mN at 75.0 V. The force is applied to a
one-axis micromirror of similar dimensions in ANSYS and the
simulation shows that the micromirror scans the laser beam up to
18.4° optically. Compared to 21.8° in experiments, the simula-
tion result agrees with the experimental observation to be within
15%. The difference between them may arise from uncertainty
in the thickness of the pushing arm, which is somewhat difficult
to measure after the substrate is etched away. Typical thickness
variation of the pushing arm is +20%. According to the analyt-
ical modeling of the mirror with the same design parameters,
this translates into £30% variation in the scanning angle of the
MirTor.

A modal analysis of the one-axis pulling mirror is carried out
and calculates the first four modes of the micromirror, whose
mode shapes and frequencies are shown in Fig. 5. Since the
simulation only takes the mirror plate, the torsional beams, and
the pulling arms into account and leaves the comb drive actuator
and its suspension beams out, the mode shapes are modeled
accurately while their frequencies are not modeled accurately,
especially for the modes that involve large displacements of
the comb drive actuator. The mode in the left, top corner of the
figure corresponds to out-of-plane lateral movement of the mi-
cromirror. The mode in the right, top corner corresponds to the
rotation of the micromirror. The mode in the left, bottom corner
corresponds to left-right twisting motion of the micromirror.
Finally, the mode in the right, bottom corner corresponds to
dynamic deformation of the mirror plate. Since the out-of-plane
lateral and torsion modes of the micromirror involve large
displacements of the comb drive actuator in the y direction,
their frequencies cannot be predicted accurately by simulation
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Fig.5. Four lowest resonant mode of a one-axis pulling micromirror. Mode 1:
out-of-plane lateral mode; Mode 2: rotation mode; Mode 3: left-right twisting
mode; Mode 4: mirror plate deformation mode.
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Measured on the spot where the rotation and the lateral out-of-plane mode are
co-phased when actuated at low frequencies. (b) Measured on the opposite
side of the mirror, where the rotation and the lateral out-of-plane modes are
out-of-phase.

without including the actuator, while the frequencies of the
twisting and dynamic deformation modes can be accurately
predicted by simulation, given accurate device dimensions.
The ac response of the one-axis micromirror is characterized
using a laser Doppler vibrometer (LDV) as the micromirror is
actuated by an ac voltage source with a large dc bias. Two groups
of data were taken when the laser beam from the LDV was po-
sitioned individually on the two opposite edges of the mirror,
each about 400 pm from the axis of rotation. The location of
the detected points is chosen so that the signal corresponding
to the rotation mode of the micromirror is strongest. The am-
plitude and phase of the mirror movement in the out-of-plane
direction are displayed in Fig. 6. Fig. 6(a) is measured on the
spot where the rotation and the lateral out-of-plane mode are
cophased under low frequency actuation while Fig. 6(b) is taken
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Fig. 7. DC actuation of a two-axis scanning micromirror.

on the opposite side of the mirror, where the rotation and the lat-
eral out-of-plane modes are out of phase. The phase difference
between two groups of data is 180° at most frequencies since the
rotation mode dominates the movement of the mirror, except at
the resonant frequencies of the out-of-plane lateral mode and
left-right twisting mode. According to their phase differences,
we were able to distinguish the rotational mode from the other
modes. The result shows that the one-axis device has a rotational
resonant frequency of 3.6 kHz with a quality factor of 12. The
second mode at 4.1 kHz corresponds to the lateral out-of-plane
motion of torsional beams while the additional mode at 6.8 kHz
is related to the left-right twisting mode of the micromirror.
Compared to the FEM simulation results of 2.67 kHz (lateral
out-of-plane mode), 6.04 kHz (rotational mode), and 8.41 kHz
(left-right twisting mode), the differences arise from the fact that
the model does not take into account the comb drive array and its
suspension beams. Furthermore, there is uncertainty in several
of the dimensions used in the simulation, such as the thickness
of the transfer arms.

B. DC and AC Actuation of Fabricated Two-Axis
Scanning Micromirrors

The two-axis micromirror scans up to 15.9° optically on the
inner axis and 13.2° on the outer axis under a static actuation, as
shown in Fig. 7. The comb drive actuators pull in beyond these
angles, as happened in the case of one-axis scanning micromir-
rors, resulting from the combined effects of the side instability
and the rotation instability. Achieving a larger dc scanning range
would require redesign of the suspension beams of the comb
drive actuators to obtain higher stability under large displace-
ments. There is slight cross-axis coupling between the inner and
outer rotation of the two-axis micromirror. When driving the
inner-axis actuator, the mirror rotates not only around the inner
axis, but also the outer axis. This problem is addressed later in
the paper.

The resonant frequency of the rotation mode over the inner
axis for this two-axis micromirror is 2.2 kHz while the one over
the outer axis is 1.3 kHz. Compared to the simulated frequencies

of 2.5 kHz for the inner axis and 1.2 kHz for the outer axis, they
agree within 15%.

C. Reliability and Robustness of Micromirrors

Micromirrors fabricated by the SOI/SOI wafer-bonding
process are expected to be exceedingly reliable because of
their monolithic single crystal silicon design. Single crystal
silicon is intrinsically resistant to fatigue and the all-suspension
design eliminates the frictional wear associated with contacting
surfaces. Moreover, the bond formed by surface chemical-acti-
vated pre-bonding and high temperature annealing offers a high
strength to hold two layers together.

However, a defective bonding interface may set off the propa-
gation of a fatigue crack and thus the device may fail because of
delamination or fracture. Also the initiation of a fatigue crack
frequently occurs at the point of highest strain in the device.
Therefore, the transfer arm, formed by a timed DRIE etch, may
break at its linkage to the mirror plate since that point experi-
ences the maximum stress within a whole device.

A test was carried out to assess the long-term reliability of
micromirrors. A one-axis scanning micromirror was actuated
for 34 days at 6.4 kHz, a frequency around its rotational reso-
nant frequency, with scanning amplitude of 17.8° optically. The
scanning micromirrors turn out to be quite durable. The change
over its resonant frequency for 18.9 billion cycles is less than
1.2% and the change over the amplitude is within 2.2%. The
device is still functional after operated for 18.9 billion cycles.
The small and irregular change over the resonant frequency and
amplitude indicates that no obvious fatigue is developed through
the long-term operation of the micromirror.

The multi suspension beams with high stiffness enable the
lateral-actuated micromirror to be quite resistant to shock. The
acceleration of the mirror is resisted both by the torsional beams
and actuator suspension beams in contrast to the single tor-
sional beams as in the case of micromirrors with vertical/an-
gular comb drive actuators. The high-stiffness spring design of
the lateral-actuated micromirror also helps preventing the frac-
ture or stiction of the structures under large shock loads.

A nonoperational shock test was carried out to assess the ro-
bustness of the micromirror. A 1 cm X 1 cm chip, which has one
functional two-axis micromirror and two functional one-axis
micromirrors, is glued onto a ceramic package using a very thin
layer of silver epoxy. The package is then securely clamped on
the table of a linear shake machine. We assume that this at-
tachment mechanism does not significantly alter the shape or
intensity of the shock pulse experienced by the devices. The
micromirror chip was subjected to four shocks each along the
directions of the x-, y-, and z-axes. Each shock, whose pulse
shape was recorded by an accelerometer on the shake table, has
a peak acceleration of 500 g and pulse duration of 1 ms. The
devices were examined with an optical microscope as well as
electrically actuated after the shock test. All three devices, in-
cluding a two-axis micromirror, a pulling one-axis micromirror
and a push one-axis micromirror, are still functional after the
shock test.
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IV. MEMS SCANNING MICROMIRRORS WITH T-BAR
TORSIONAL BEAMS

A. Torsional Beams With T-Shaped Cross Section

The previous gimbaled two-axis micromirror exhibits a cross-
coupling between the two axial rotations. When a voltage is ap-
plied over the outer-axis comb drive actuator, the resulting rota-
tion is purely around the outer axis. However, when driving the
inner-axis actuator, the mirror rotates not only around the inner
axis, but also the outer axis. As the voltage is increased and the
mirror rotates more around the inner axis, the rotation over the
outer axis increases, too.

The reason for the cross-coupling lies in the thin torsional
beams of the outer gimbal with rectangular cross sections. When
a lateral force pushes against the inner-axis torsional beams, the
inner transfer arm bends and generates an upward force on the
frame and therefore on the outer-axis torsional beams. Conse-
quently, those two outer-axis beams bend upwards, since the
2 pm-thick torsional beams are not only susceptible to rota-
tional motion, but also compliant to out-of-plane lateral mo-
tion. The two transfer arms attached to the outer-axis torsional
beams follow the bending and produce a rotational torque onto
the outer torsional beams. As a result, the mirror rotates around
the outer axis.

The solution for the cross-axis coupling in the two-axis
micromirror is using torsional beams that are compliant to
rotational movement but robust to both in- and out-of-plane
lateral movements. Torsional springs using open, thin-walled
cross sections, such as T-shaped cross sections, provide such an
optimal combination of spring stiffnesses [26]. Compared with
a rectangular-shaped torsional beam, spring constants of T-bar
torsional beams are strengthened in both lateral directions
by several hundred times (depending on the dimensions of
the structure) whereas the torsional stiffness is only doubled.
Thus, micromirrors with T-bar torsional beams not only keep
high transmission efficiency, but also have less cross-coupling
between the two axial rotations.

The use of T-bar torsional beams is compatible with our cur-
rent process. The web structure of the T-bar is fabricated on the
2 pm bonding layer while the flange part is made on the under-
lying 50 pm layer.

B. ANSYS FEM Simulation

FEM simulation confirms this analysis, as shown in Fig. 8.
Fig. 8(a) shows that for a scanner with rectangular torsional
beams, the torsional beams of the outer axis bend upwards and
the mirror tilts around both the inner and outer axis as a pushing
force, F,, is exerted on the inner-axis transfer arm. On the con-
trary, in Fig. 8(b), the two-axis scanner with T-bar torsional
beams shows no tilt over its outer axis and thus no cross-cou-
pling effect between its inner and outer axes.

C. DC and AC Actuation of Micromirrors With T-Bar
Torsional Beams

A fabricated two-axis scanning mirror with T-shaped cross-
section torsional beams is shown in Fig. 9. The image is taken in
an optical microscope using a spatial high-pass filter to show the
edges clearly. As visible light is partially transmitted through a
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Fig. 8. (a) ANSYS simulation shows cross-coupling for two-axis scanner with
rectangular shaped cross section torsional beams. (b) ANSYS simulation shows
no cross-coupling for two-axis scanner with T-shaped cross section torsional
beams.

2-pm silicon layer, we can see the underlying 50-pm structures.
The mirror is 800 pm in diameter and 2 pm in thickness, with
50-pm-height ribs below to stiffen the mirror. The T-bar tor-
sional beams consist of two parts, the 80 pym-wide web struc-
ture in the 2-pm-thick bonding layer and the 3-pum-wide flange
part in the 50-um-thick layer.

As stated in Fig. 10, the bidirectional two-axis micromirror
works up to +7° for the outer-axis and from —3° to 7° for the
inner-axis under dc actuation. The scanner pulls in afterwards
due to the same lateral and rotational instabilities in the comb
drive array. The limited scanning range over the inner axis is due
to a small defect on its pulling comb drive array. As predicted,
there is no observed cross-coupling between two axial rotations
when a two-axis micromirror rotates around its inner axis up to
15°, actuated manually with a probe.

The measured frequency response of a one-axis mirror with
T-bar torsional beams using a laser Doppler vibrometer shows
a torsional resonance frequency at 6.4 kHz, higher than that of
a one-axis mirror with rectangular torsional beams (3.6 kHz).
The second mode at 25.3 kHz is far away from the first mode,
as the analytical simulation predicts.

V. CONCLUSIONS AND DISCUSSION

An SOI/SOI wafer-bonding process has been developed to
fabricate scanning mirrors actuated by lateral comb drive actua-
tors. It transfers the device layer of an SOI wafer as thin as 2 pm
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Fig. 10. DC actuation of a bidirectional two-axis scanner with T-shaped
cross-section torsional beams.

onto another one and can be used to fabricate stacked high-as-
pect-ratio structures with well-controlled thicknesses. Strate-
gies, such as retaining an oxide layer on the back of the SOI
wafer to decrease the bow of the wafer and decreasing the thick-
ness of the buried oxide layer to minimize the thermal stress, are
employed to increase the yield of the process.

The fabricated one-axis micromirror with rectangular cross-
section torsional beams has the capability of scanning 21.8°
under a dc actuation voltage of 75.0 V. It agrees with the ANSYS
FEM result within 15%. The frequency response of the one-axis
micromirror shows that the mirror has a rotational mode at 3.6
kHz, an out-of-plane lateral mode at 4.1 kHz, and a left-right
twisting mode at 6.8 kHz. The fabricated two-axis micromirror
scans up to 15.9° optically under a dc actuation voltage of 71.8
V around the inner axis and 13.2° at 71.2 V around the outer
axis. The resonant frequency of the rotation mode over the inner
axis for this two-axis micromirror is 2.2 kHz while the one over
the outer axis is 1.3 kHz.

Torsional beams with T-shaped cross sections have been in-
troduced to replace rectangular torsional beams in the two-axis
MEMS micromirror, in order to reduce the cross-coupling be-
tween the two axial rotations. T-bar torsional beams have a high

lateral stiffness in both in- and out-of-plane directions while
keeping a low torsional compliance. Also the use of T-bar tor-
sional beams is compatible with the SOI/SOI wafer-bonding
process used to fabricate micromirrors.

Fabricated micromirrors were observed to be quite durable,
with no obvious frequency and scanning angle shifts after run-
ning at 6.4 kHz with scanning amplitude of around 17.8° for
18.9 billion cycles. There micromirrors were tested on a shake
table, subjected to shocks with a peak acceleration of 500 g and
pulse duration of 1 ms along the directions of all three axes. All
three devices were functional after the shock tests.

Most micromirror failures are caused by pull-in of the comb
drive actuators, because of their lateral and rotational instabil-
ities under large static displacements. An ideal suspension is
compliant in the direction of desired displacement and stiff in
the orthogonal directions and rotations. Various strategies can be
used to increase the range of dc deflections, such as increasing
the width of the suspension flexure, maximizing the gap spacing
of the comb drive actuator if possible, and employing pre-bent
suspension beams [28] in devices that operate unidirectionally.
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