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Gimbal-Less MEMS Two-Axis Optical Scanner
Array With High Fill-Factor
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Abstract—In this paper, we report on a MEMS-based two-axis
optical scanner array with a high fill factor ( 96%), large me-
chanical scan angles ( 4 4 and 3 4 ), and high resonant fre-
quencies (20.7 kHz). The devices are fabricated using SUMMiT-V,
a five-layer surface-micromachining process. High fill factor, which
is important for 1 N2 wavelength-selective switches (WSSs), is
achieved by employing crossbar torsion springs underneath the
mirror, eliminating the need for gimbal structures. The proposed
mirror structure can be readily extended to two-dimensional (2–D)
array for adaptive optics applications. In addition to two-axis ro-
tation, piston motion with a stroke of 0.8 m is also achieved.

[1496]

Index Terms—Microelectromechanical devices, micromirror
array, optical components, optical fiber switches, wavelength
division multiplexing (WDM), wavelength-selective switches.

I. INTRODUCTION

M ICROELECTROMECHANICAL systems (MEMS)-
based optical scanners have attracted a great deal of

attention. In telecommunications, they are the key enabling
components for two-dimensional (2-D) [1], [2] and three-di-
mensional (3-D) [3] optical crossconnects (OXC), dynamic gain
equalizers [4], wavelength add–drop multiplexers (WADM)
[5], and wavelength-selective switches (WSS) [6]–[19]. They
offer low optical insertion loss and crosstalk, independence of
polarization and wavelength, as well as optical transparency
for bit rate and data format. In adaptive optics, tip-tilt-piston
micromirror arrays [20] and deformable mirrors [21], [22]
compensate wavefront distortions introduced by the medium
and help achieve sharper images approaching diffraction limit.
MEMS optical scanners are also widely used in display [23],
endoscopic imaging, and confocal microscopy [24], [25].

A two-axis micromirror array is the key enabling element for
1 WSS. Most of the previously reported WSSs employ
one-dimensional (1D) array of fiber collimators, hence referred
to as 1 WSS [6]–[11]. The maximum port count is lim-
ited by optical diffraction. The 1 WSS increases the port
count from to by using a 2-D collimator array. Though
1 WSS has been achieved by cascaded one-axis scanners
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Fig. 1. Schematic of the two-axis analog micromirror with terraced electrodes
and hidden crossbar torsion springs.

[12]–[14], the use of two-axis micromirror array would elimi-
nate the need of 4- optics and greatly simplify the system as
well as improve its performance [15]–[19].

Gimbaled structures have been widely used in two-axis
MEMS scanners [26]. However, the gimbals occupy large
areas and sacrifice the fill factor of the mirrors. Previously, an
electroplated two-axis scanner with a crossbar torsion spring
was reported for 3-D OXC applications [27]. The mirror size
was relatively large (570 ), and the actuation voltage was
high (244 V for 2.65 rotation). The potential for high fill factor
has not been demonstrated. Recently, we have reported the
first high fill-factor array of two-axis scanners for 1 WSS
applications [15]. They are made by a five-layer polysilicon
surface-micromachining process (SUMMiT-V). The small
mirror size (100 to 200 ) meets the requirement of WSS.
Terraced electrodes [28] were employed to reduce the actuation
voltage. In this paper, we present the detailed design, fabri-
cation, and measurement of the two-axis analog micromirror
array. High fill factors (96%) and large mechanical scan angles
( and ) have been achieved. In addition to two-axis
rotation, piston motion can also be attained by biasing all elec-
trodes together. Two-dimensional arrays of such tip-tilt-piston
micromirrors are useful for adaptive optics applications.

II. DEVICE DESIGN AND MODELING

Fig. 1 shows the schematic of the two-axis micromirror.
Crossbar torsion springs underneath the mirror are employed
to achieve high fill factor. Four circular terraced electrodes
are employed to reduce the actuation voltage. The structure in
Fig. 1 can be considered as a multilevel parallel-plate-actuated
scanner and the model derived in [29] can therefore be modi-
fied for analyzing our device by superimposing the effects of
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Fig. 2. Analysis of the terraced-electrode scanner.

Fig. 3. (a) Cross section of the two-axis analog micromirror and the corresponding polysilicon layers in SUMMiT-V process, and (b) cross section of the mirror
and the crossbar springs. (The electrodes are not shown in this figure.)

different electrode layers. Referring to Fig. 2, the electrical
torque generated by the applied voltage can be expressed as

where , , and are the applied voltage, scanner rotation
angle, and downward sagging, respectively. The summation
index refers to the level of electrodes, and is the area of the
-th electrode. is the electrical force density. The

electrical downward pulling force is

which contributes to the sagging of the mirror, .
The restoring mechanical torque of the torsion spring is

whereas the upward restoring force due to
spring bending is . and are the torsion
spring constant and bending spring constant, respectively. In
equilibrium, and . Therefore,
for a given voltage, the rotation angle and sagging can be found
by solving the above equations.

Using this analysis, we found that in the case of square elec-
trodes, the terraced structure reduces the actuation voltage by
34%, compared with a standard parallel plate scanner. In the
case of circular electrodes, the voltage is reduced by 25%. The
calculated transfer characteristics of the scanners will be pre-
sented later, together with the experimental results.

III. FABRICATION AND TESTING

The devices are fabricated using the SUMMiT-V surface-mi-
cromachining process provided by Sandia National Laboratory
[30]. It has five polysilicon layers, including one nonreleasable
ground layer (mmpoly0) and four structural layers (mmpoly1
to mmpoly4). Fig. 3(a) shows the cross section of the two-axis
analog micromirror and the corresponding polysilicon layers.
The terraced electrodes are made of the bottom four polysil-
icon layers (mmpoly0 to mmpoly3), whereas the top polysilicon
layer (mmpoly4) is used for the mirror. The chemical-mechan-
ical-planarization (CMP) process before the deposition of the
top two polysilicon layers eliminates the topography underneath
the mirrors. They also provides a large gap spacing (10.75 )
between the mirror and substrate, increasing the maximum rota-
tion angle that can be achieved by the surface-micromachining
process. Fig. 3(b) shows the cross section of the mirror and the
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Fig. 4. SEM of (a) two-axis micromirror with the lower half of the mirror
intentionally removed and (b) 1� 10 array of two-axis micromirrors.

springs (along A-A’ in Fig. 1). For clarity, the terrace electrodes
are not shown in this drawing. The crossbar torsion springs con-
sist of two parts. For our nominal design, the lower spring (rota-
tion about axis) is made of stacked mmpoly1/mmpoly2 layers,
while the upper spring (rotation about axis) is made of mm-
poly3 layer. This unique multilayer design enables us to achieve
large clearance for both rotation axes: 6.5 and 6.25 for
rotation about the lower ( axis) and upper ( axis) springs,
respectively.

Fig. 4(a) shows the scanning electron micrographs (SEM) of
the two-axis micromirror. The lower half of the mirror is re-
moved to reveal the underlying structures. The SEM of the array
is shown in Fig. 4(b). A high fill-factor of 96% is achieved (96

mirror on 100 pitch). The fill factor can be further in-
creased by reducing the gap between mirrors (minimum gap of 1

allowed by the design rules). The array size is 1 10, lim-
ited by the chip size (3 6 ) of the multi-user runs. The
radius of curvature of the mirror is 50 mm before metallization.
After high-reflection coating with metal films (Cr/Au: 5 nm/200
nm), it is reduced to 32 mm due to residue stress.

Fig. 5 shows the dc scanning characteristics. The dots are
measured data while the solid lines are obtained by theoretical
simulation discussed previously. The maximum angles of the
theoretical curves are limited by the pull-in effect. Measured
scan angles of (at 90 V) and (at 91.5 V) are
achieved. The experimental data agree very well with the theo-
retical calculations. The difference in the actuation voltages for
the two axes is due to the unequal spring constants for the lower
and upper springs. The maximum rotation angle about the axis
is slightly smaller in both the experiment and simulation. This is
due to a smaller ratio (to be discussed in Section IV). By
applying the same voltage on the four electrodes simultaneously,
pure piston motion of 0.3 can be achieved at 80 V. The mirror
and the springs are grounded during actuation, whereas the

Fig. 5. DC characteristics of the two-axis micromirror: (a) �4:4 at 90 V
about x axis; (b) �3:4 at 91.5 V about y axis are achieved.

electrodes are biased at the desired voltage. An extended ground
plane and overhanging polysilicon structures are deployed
underneath the mirror to shield the mirror from the bottom insu-
lating dielectric. This minimizes the dielectric charging effect
and improves the mirror stability. We have measured the angular
drift of the mirror under dc bias conditions. The drift is found
to be over 3 hours in open-loop operation.

Fig. 6 shows the frequency responses of the two-axis scanner
for both and axes. The resonant frequencies before metalliza-
tion are 20.7 kHz and 24.3 kHz, respectively. They are reduced
to 13.9 kHz and 16.5 kHz due to the additional metal weight after
metallization.The performance of the 1 WSSusing the two-
axis micromirror array was characterized using our existing WSS
test setup. To match the optical system, the mirrors used here have
a similar design but a pitch of 200 and a fill factor of 98%.
Their mechanical resonant frequency is 1.4 kHz after metalliza-
tion. The switching time of the WSS depends on the scanner reso-
nant frequency and the distance between fiber collimators. It is
characterized by monitoring the optical power transition of the
1 WSS during switching. The switching time is less than 2
ms, as shown in Fig. 7. The detailed design and performance of
the 1 WSS will be reported later. The 100- -pitch mirror
array can be used if we modify the optical system, for example,
using a resolution lens with a smaller -number.
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Fig. 6. Frequency responses of the two-axis MEMS mirror for both x and
y axes. The resonant frequencies before metallization are 20.7 and 24.3 kHz,
respectively.

Fig. 7. Temporal response when the optical power is switched to one of the
output ports in a 1�N WSS.

IV. DISCUSSION

A. Spring Designs

The design of the torsion springs plays a critical role in the
performance of our terraced-electrode micromirrors. Due to the
small gap spacing (2 ) between the top electrodes and the
mirror, the force density around the mirror center is very signif-
icant. This exerts a large downward pulling force on the mirror,
leading to a piston motion. Depending on the applications, the
piston motion may or may not be desirable. In adaptive op-
tics, tip-tilt-piston motion is necessary to correct the phase front
distortion [20]. On the other hand, for beamsteering applica-
tions such as 1 WSS, the piston motion reduces the scan
angles through the reduction of mirror-electrode gaps. By de-
signing the springs properly, we can either enhance or suppress
the up-and-down piston motion.

The torsion spring has a torsion spring constant , accompa-
nied by an up-and-down bending constant . The piston mo-
tion can be suppressed by increasing the ratio . can be
expressed as

Fig. 8. DC characteristics of the two-axis micromirror with an alternative
spring design: (a) �2:58 at 27 V about x axis; (b) �1:14 at 35 V about y
axis are achieved.

while is

where , , and are the width, thickness, and length of the
springs, respectively. The subscript is either (denoting the
lower spring) or (denoting the upper springs). and

are the shear modulus and Young’s modulus of polysil-
icon, respectively. In our design, the spring width is fixed at the
minimum line width, 1 , limited by SUMMiT design rules.
Therefore, the thickness of the spring always has a dimension
no smaller than the width. It can be seen that has a quasilinear
dependence of the thickness while has a quasicubic depen-
dence. This means that reducing the spring thickness leads to a
reduction of the ratio, or larger sagging (piston motion)
during actuation.

B. Comparison

In addition to our nominal design, we have employed an
alternative spring design for the terraced-electrode scanners. It
uses only mmpoly1 (instead of mmpoly1/mmpoly2 stack) as
the lower spring. This reduces the lower spring thickness by
2.5 times. The experimental and simulated results are shown
in Fig. 8. Lower actuation voltage is required; however, the
maximum angle is also reduced due to increased sagging.
The measured scan angles are (at 27 V) and
(at 35 V). The theoretical curves match with the measured
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data. The discrepancy of the maximum angle between the
experiment and simulation is under investigation. Pure piston
motion of 0.8 has been achieved at 30 V by applying the
same voltage on the four electrodes simultaneously. Compared
with our nominal design, this variant has a larger piston motion
but a smaller scan angle. It is more suitable for the application
in adaptive optics.

V. CONCLUSION

We have demonstrated a two-axis analog micromirror array
with a high fill-factor (96%) and large mechanical scan angles
( and ). The high fill-factor is achieved by the use
of hidden springs. Terraced electrodes are employed to reduce
the actuation voltage (by 25 to 34%). The mechanical reso-
nant frequency is 20.7 kHz. Switching time of has
also been achieved in a prototype wavelength-selective switch
(WSS) using double sized mirrors (200 ) with a lower res-
onant frequency (1.4 kHz). In the design with more compliant
springs, a large piston motion of 0.8 is achieved, which is
suitable for adaptive optics applications.
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