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Design, Fabrication, and Characterization of a High
Fill-Factor, Large Scan-Angle, Two-Axis Scanner

Array Driven by a Leverage Mechanism
Jui-che Tsai and Ming C. Wu, Fellow, IEEE

Abstract—We report on the design, fabrication, and characteri-
zation of a high fill-factor, large scan-angle, two-axis scanner array.
The two-axis microelectromechanical-systems (MEMS) mirror is
driven by electrostatic vertical comb-drive actuators through four
motion amplifying levers. The maximum mechanical rotation an-
gles are 6 7 at 75 V for both axes, leading to total optical scan
angle of 26.8 . The resonant frequency is 5.9 kHz before metalliza-
tion. A linear fill factor of 98% is achieved for the one-dimensional
(1-D) micromirror array. This 1D array of two-axis micromirrors
was designed for 1 2 wavelength-selective switches (WSSs).
In addition to two-axis rotation, piston motion with a stroke of
11.7 m is also attained. [1731]

Index Terms—Comb-drive actuator, leverage mechanism, two-
axis micromirror, wavelength-division multiplexing (WDM), wave-
length-selective switch (WSS).

I. INTRODUCTION

MICROELECTROMECHANICAL systems (MEMS)-
based wavelength-selective switches (WSS) have at-

tracted a great deal of attention as they enable management
of optical networks at the wavelength level [1]–[19]. They are
also the building blocks of wavelength-selective crossconnets
(WSXC) [3], [5]. The use of MEMS technologies offers low op-
tical insertion loss and crosstalk, independence of polarization
and wavelength, as well as optical transparency for bit rate and
data format. Generally, MEMS-based WSSs can be divided into
two categories: Free-space optical MEMS systems [1]–[17] and
hybrid planar lightwave circuit (PLC)-MEMS systems [18],
[19]. The free-space WSSs reported to date have a port
count of . The fundamental limitation originates in the
tradeoff between the wavelength channel spacing
and the total number of spatial input/output ports ,
which stems from optical diffraction. It is shown that the ratio
of to is confined by the grating dispersion
strength as well as the effective aperture of the optical system
[11]. A comprehensive discussion of the WSS scaling limit was
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reported in [11]. Several one-axis micromirror arrays, which
are the key components of WSSs, have been reported
[20]–[24]. WSS with larger port count is desir-
able for wavelength-division multiplexing (WDM) networks.
Previously, we have proposed a large port-count free-space
WSS by combining a two-dimensional (2-D) collimator array
with a two-axis beamsteering mechanism for each wavelength
[8]–[17]. We called this architecture the WSS. We
have demonstrated WSSs using two different beam-
steering configurations: one with two cross-scanning one-axis
micromirror arrays in a optical system [8]–[11], and the
other with a two-axis analog micromirror array [12]–[17]. The
latter is more attractive since the optical system is simpler and
the port count is doubled. Our previous two-axis micromirror
array was based on parallel-plate-like actuation mechanism
[12]–[15], which has a limited scan angle ( and ,
respectively, for the two axes). Larger scan angles ( for
both axes) are needed to fully exploit the capacity of the
systems.

A 1 9 WSS has been reported recently using a hybrid PLC-
MEMS approach. Two PLC chips, each with five input/output
ports, are stacked vertically [19]. This architecture is analogous
to the free-space WSS and also requires a two-axis mi-
cromirror array.

Recently, we have proposed a novel two-axis analog mi-
cromirror array with high fill-factor and large scan-angle. This
is achieved by employing a leverage actuation mechanism. The
preliminary results have been reported in [16] and [17]. In this
paper, we describe the detailed design, fabrication, and char-
acterization of such devices. Large mechanical rotation angles
( for both axes at 75 V), high resonant frequency (5.9
kHz before metallization), and high fill-factor (98%) one-di-
mensional (1-D) arrays are achieved experimentally. This is
accomplished by actuating each mirror with four motion-am-
plifying levers powered by vertical comb-drive actuators. The
devices are manufactured through a surface-micromachining
process. Micromirrors with similar lever-like actuations have
been reported before [20], [25]–[27]. However, they are ei-
ther limited to one-axis rotation [20], [25], or fabricated with
bulk-micromachining processing requiring multiple-wafer
etching and bonding [26], [27].

II. DEVICE DESIGN

Gimbaled structures have been widely used in two-axis
MEMS scanners [28]. However, the gimbals occupy a sig-
nificant portion of the total area and sacrifice the fill factor
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Fig. 1. (a) Schematic structure of the two-axis mirror. (b) Operation principle
of the two-axis scanner. (c) Schematic of the two-axis analog micromirror array.

of the mirror array. Our previous two-axis WSS micromirror
arrays employed crossbar torsion springs to eliminate gimbals
and achieve a fill-factor of [12]–[15]. An electroplated
two-axis scanner with a crossbar torsion spring was also previ-
ously reported for 3-D optical crossconnect applications [29].
Both of the aforementioned devices utilize parallel-plate-like
electrostatic actuation for driving the mirrors. Their scan angles
are limited by the pull-in effect.

Here, we employ leverage mechanism and compact com-
pliant 2-degrees-of-freedom (DOF) joints. This leads to a
gimbal-less mirror structure, which simultaneously achieves
two-axis rotation, independently-controllable piston mo-
tion, and high fill-factor 1-D array. Surface-micromachining
is chosen for the device fabrication and it offers excellent
flexibility for high-fill factor arrays with small mirrors. The
five-layer polysilicon surface-micromachining process of-
fered by Sandia National Laboratories (Sandia Ultra-Planar,
Multilevel MEMS Technology-V, or SUMMiT-V [30]) is
particularly attractive for implementing such micromirrors. In
this section, we describe our 2-axis WSS micromirror design
that is realizable by the SUMMiT-V process.

Fig. 2. (a) Stiff and (b) compliant spring designs for the 2-DOF mirror joint.

Fig. 3. Dependence of the mirror scan angle on the compliance (relative to the
torsion spring constant of the lever fulcrum) of the 2-DOF joints. (a) Stiff joints.
(b) Compliant joints.

A. Concept and Operation Principle

The schematic of the micromirror is shown in Fig. 1(a).
Each mirror is supported by four levers. The other ends of
the levers are attached to electrostatic vertical comb-drive
actuators, which have been commonly used for generating large
force densities in various MEMS structures [22], [31]. Similar
comb-drive designs have also been adopted in our previous
one-axis micromirror arrays [22]. The fulcrum (torsion spring)
of the lever is positioned closer to the actuator (30 on the
actuator side and 100 on the mirror side) to amplify the
vertical displacement at the mirror. The mirror and the lever are
joined by a 2-DOF mirror joint, which translate the differential
vertical displacements into 2-D tilting of the mirror. This trans-
lation is illustrated in Fig. 1(b). The four mirror corners are
pushed up independently by the levers, generating the desired
2-axis tilting through the 2-DOF joints. In addition to 2-axis
tilting, this mechanism also offers piston motion. Complete
two-axis scanning is then achieved by independent control of
the four vertical comb-drive actuators. Fig. 1(c) is a simplified
schematic showing the 1-D array formed with such two-axis
scanners.

Previously, a discrete 2-D platform using a similar eleva-
tion-to-tilting mechanism was reported in [32]. However, the
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Fig. 4. Cross section of the two-axis micromirror along the A-A in Fig. 1(a).

buckling mechanism requires much larger force and also makes
it more difficult to implement high fill-factor arrays.

B. Design of 2-DOF Joints

The design of the 2-DOF mirror joint plays a critical role
in the performance of the two-axis scanner. As shown in the
inset of Fig. 1(a), the 2-DOF mirror joint has a T-shape config-
uration to support rotation in two orthogonal directions. Rel-
ative to the torsion spring of the lever fulcrum, the joint can
either be stiff [Fig. 2(a)] or compliant by using serpentine de-
sign as shown in Fig. 2(b). Our previous study [22] has shown
that a triple-segment meander/serpentine structure possesses a
torsion spring constant approximately three times smaller than
that of a single-segment spring, i.e., -time reduction in
the required voltage to achieve the same rotation angle. For the
work in this paper, compliant joints shown in Fig. 2(b) can pro-
duce larger scan angles, as illustrated in Fig. 3. For a stiff joint
[Fig. 3(a)], when the actuated left lever produces an elevation

at the left side of the mirror, the right side of the mirror is
also lifted up by an amount through mechanical coupling be-
tween the levers. This reduces the mirror scan range as the tilt
angle is proportional to the height difference, - . On the other
hand, compliant joints yield less mechanical coupling (smaller

) as shown in Fig. 3(b). Therefore, larger scan angles can be
achieved with compliant joints.

The four 2-DOF joints are placed symmetrically underneath
the mirror, spaced by 100 . The lever amplifies the vertical
displacement at the 2-DOF joint to 11.7 , leading to a max-
imum tilting angle of for both axes.

III. DEVICE FABRICATION

The cross section of the two-axis micromirror along the -
direction in Fig. 1(a) is shown in Fig. 4. The devices are fabri-
cated using the SUMMiT-V process [30]. It has five polysilicon
layers, including one nonreleasable ground layer (mmpoly0)
and four structural layers (mmpoly1 to mmpoly4). The corre-
sponding polysilicon layers for each structure (fixed fingers,
movable fingers, levers, etc.) are labeled in Fig. 4. The mm-
poly0 layer (0.3- thick) is designated for either the inter-
connecting lines or the ground planes, which shield the moving
structures from the bottom dielectric. The shielding prevents any
possible drift caused by the dielectric charge-up effect. The tor-
sion springs of the lever fulcrums and 2-DOF joints are made of
mmpoly1, which has a thickness of 1 . The fixed fingers of
the vertical comb-drive actuators are fabricated with the lam-
inated mmploy1/mmpoly2 layer (total thickness ),
whereas the movable fingers are made of mmpoly3 (2.25-

Fig. 5. SEM micrographs of the two-axis micromirrors. (a) Micromirror array.
(b) Mirror partly cut to reveal the underlying levers and 2-DOF joints.

thick). The lever structure is formed by stacking mmpoly1, mm-
poly2, mmpoly3, and mmpoly4 to enhance the mechanical stiff-
ness. However, underneath the mirror areas only mmpoly1 and
mmpoly2 are used to ensure sufficient clearance (6.25- ) be-
tween the lever and the mirror. The top polysilicon layer, mm-
poly4 (2.25- thick), is used for the mirror. The chemical-me-
chanical-planarization (CMP) process before the deposition of
the top two polysilicon layers eliminates the topography un-
derneath the mirrors. They also provides a large gap spacing
(10.75- ) between the mirror and substrate.

Scanning electron micrographs (SEMs) of the two-axis mi-
cromirrors are shown in Fig. 5. Fig. 5(a) is part of the mirror
array, while Fig. 5(b) shows the 2-DOF joints underneath the
mirror. Serpentine spring A [see Fig. 5(b)] consists of nine seg-
ments, each of which has a length of 4.5 , a width of 1 ,
and a thickness 1 . The parameters, such as the dimensions
and the number of segments, of serpentine spring B are identical
with those of serpentine spring A, except that the length of each
segment is 9 . The joint is 15 times more compliant than the
torsion spring of the lever fulcrum, yielding mechanical
coupling among the levers of the same mirror. The size of the
mirror is 196 196 , on a pitch of 200 . This yields a
fill factor of 98%. The array size is 1 10, limited by the chip
area provided by the SUMMiT-V multiuser service (chip area

).

IV. DEVICE CHARACTERIZATION

The dc characteristics of the mirror are shown in Fig. 6. They
are measured using a WYKO Model: RST500, a noncontact
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Fig. 6. DC characteristics of the two-axis mirror.

Fig. 7. Mechanical frequency response of the two-axis mirror.

white light interferometric surface profiler. The maximum me-
chanical scan angle is for both axes, achieved at 75 V
bias. This provides a total optical scan angle of 26.8 . At these
angles, the maximum vertical displacement at the 2-DOF joints
is 11.7 . The scan angle in the diagonal direction is slightly
smaller due to a longer length of the mirror base (
times) in the diagonal direction. For diagonal scanning, different
voltages are applied on separate electrodes. The diagonal scan-
ning curve in Fig. 6 is plotted against the highest voltage applied
to the electrodes. The inset on the right is a 3-D image taken by
WYKO when the mirror is diagonally tilted by 4.7 . The me-
chanical resonant frequency of the mirror is measured by a scan-
ning laser Doppler vibrometer (manufactured by Polytec, Inc.,
Tustin, CA). It is 5.9 kHz for rotation about both axes (Fig. 7).
The measurement was performed before metal coating on the
mirror. With 200-nm of Au and 5-nm of Cr, the resonant fre-
quency is estimated to be 4.5 kHz.

A prototype WSS which supports 32 output ports is
built with the 1 10 array of two-axis scanners. The switching
speed is characterized when the optical signal is being switched
away from the input port. A step voltage of 38 V is applied to a
pair of electrodes to scan the mirror perpendicularly to the array
direction. The voltage provides a corresponding rotation angle

Fig. 8. Dynamic switching response of a 1� 32 WSS built with the 1-D array
of two-axis scanners driven by leverage mechanism.

of 1.2 . The switching time is measured to be less than 0.5 ms
(Fig. 8). The detailed design and performance of the
WSS have been reported elsewhere [33].

V. CONCLUSION

We have demonstrated a novel surface-micromachined two-
axis analog micromirror array driven by four vertical comb-
drive actuators through motion-amplifying levers. Such a 1-D
array of two-axis scanners is the key enabling component for

WSSs. The maximum mechanical scan angle is
at 75 V for rotation about both axes. The resonant frequency
is 5.9 kHz. A linear fill factor of 98% is achieved for the 1-D
micromirror array. Switching time of has also been
demonstrated in a prototype (1 32) WSS. The mi-
cromirror is also capable of piston motion when all vertical
comb-drive actuators are biased in unison. The maximum dis-
placement is 11.7 .
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