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We present a novel dual-axis complementary metal-oxide—semiconductor (CMOS) microelectromechanical systems (MEMS) angular actuator
driven by Lorentz force. The device has been successfully implemented using the Taiwan Semiconductor Manufacturing Company (TSMC) two-
poly four-metal (2P4M) process. The current routing achieved with three metal layers enables independent driving for each axis. The
measurement results show that the device has resonant frequencies of 1.36 and 2.26 kHz for the two axes.

© 2012 The Japan Society of Applied Physics

1. Introduction

The standard complementary metal-oxide—semiconductor
(CMOS) process has been extensively applied to fabricate
microelectromechanical systems (MEMS) devices. The
applications of the standard CMOS process and special
post-CMOS processes on MEMS have been reported."? The
major advantage of the CMOS process is the monolithic
integration of the IC and MEMS components. Hence, it
is variously applied in the area of MEMS sensors.*™ In
general, the process sequence, film materials and thickness,
and layout rule have been strictly defined by the foundry-
service CMOS process. Moreover, the thin-film residual
stresses resulting from the processes frequently lead to
unwanted deformation of the suspended CMOS MEMS
structures. Thus, the design of MEMS components remains
significantly limited by this standard process.

Electrostatic actuation is a very popular approach for
driving microsystems because of its low power consumption.
However, a high operating voltage is required. Other
methods such as electrothermal and electromagnetic actua-
tion, which can induce greater force and displacement, suffer
from higher power consumption, long response time, and
complicated fabrication, so the applications are re-
stricted.®'” In recent years, Lorentz force actuators have
become one of the attractive options for microsystem
technology owing to their large force and displacement,
fast response time, linear motion and acceptable power
consumption.'®?? Lorentz force excitation was also utilized
in magnetic field detection. By using different electrical
routings combined with structural design, the magnetometer
for in-plane®*>” and out-of-plane’®?® magnetic field
detection can be achieved. Furthermore, three-axis magnet-
ometers for compass application have also been implemen-
ted 303D

The CMOS MEMS actuators are far less available than
their sensor counterpart to date. The CMOS MEMS
actuators can be classified into two major categories: (1)
in-plane and out-of-plane electrostatic comb-drive actua-
tors'™ and (2) out-of-plane multilayer thermal actua-
tors.’>3) Although microactuators driven by a magnetic
field have been extensively reported,**>® they are rarely
seen for CMOS MEMS actuators. It is difficult to drive the
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CMOS MEMS device by means of magnetostatic force since
the aluminum metal film is a paramagnetic material.
Nevertheless, Lorentz force induced by magnetic field could
be employed as the CMOS MEMS actuator. The Lorentz
force MEMS actuator requires a metal layer for current
routing. After applying a magnetic field to such a device,
Lorentz force is induced by the current. The direction and
magnitude of Lorentz force can be easily tuned by the input
current. The application of Lorentz force to drive MEMS
devices has been investigated.>®

In this study, we demonstrate the feasibility of driving the
CMOS MEMS device using the magnetically induced
Lorentz force, and successfully implement a CMOS MEMS
moving stage with dual-axis angular displacements driven
by Lorentz force. The device was fabricated using the
existing foundry service, enabling further monolithic
integration with control ICs.

2. Design Concept

The wire carrying a current of i inside a magnetic field of B
will lead to Lorentz force F, which can be expressed as

F = iLBsin6, €))]

where L is the wire length and 6 is the angle between the
direction of magnetic field and current. Lorentz force F has
been adopted to drive micromachined devices, such as the
scanning mirror illustrated in Fig. 1. Thus, the magnitude
and direction of driving force can be tuned by varying the
current and the routing of wire.

In the present study, this characteristic has been further
employed to drive a dual-axis CMOS scanning stage, as
illustrated in Fig. 2. This stage consists of three major
mechanical components, including torsional springs, a
moving stage, and a supporting frame. The two pairs of
torsional springs are designed to allow the moving stage and
the supporting frame to rotate about two orthogonal axes.
The design of the present stage is based on the two-poly
four-metal (2P4M) processes. In this regard, the aforemen-
tioned mechanical structures are made of the four dielectric
films (approximately 7 um thick). Moreover, three of four
metal (aluminum) layers are exploited to act as the
conducting wires for current routing. The remaining metal
layer is used as the etching mask.

In this study, we employed the Taiwan Semiconductor
Manufacturing Company (TSMC) 0.35 2P4M CMOS
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Fig. 1. (Color online) Concept of a scanning mirror driven by Lorentz
force.
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Fig. 2. (Color online) Schematic illustration of the dual-axis scanning
stage.
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Fig. 3. (Color online) Schematic illustrations of the current routing for
(a) outer frame driving, (b) inner stage driving, (c) outer frame current
compensation, and (d) current of different directions for force compensation.

process to demonstrate the present device. The wire routing
is designed to drive each axis of the stage independently.
The routing of the first metal layer, illustrated in Fig. 3(a), is
used to drive the outer supporting frame, whereas the routing
of the second metal layer, in Fig. 3(b), is used to drive the
inner moving stage. Owing to the magnetic field and current
routing design, the Lorentz force will form a force couple on
the stage, as illustrated in Fig. 1. Thus, the stage and the
frame will experience pure angular motions by twisting
movements. As indicated in Fig. 3(b), the current routing
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(b

Fig. 4. (Color online) Process flow: (a) TSMC 0.35 um 2P4M process,
(b) ICP back etch to partially trim the substrate to 40 um thickness, (c) RIE
etching of silicon oxide, and (d) structure releasing by XeF, isotropic
etching."

may induce the Lorentz force on the supporting frame while
driving the moving stage. Thus, the outer frame will
experience an unwanted angular motion. As shown in
Fig. 3(c), we employed the third metal layer to act as the
wire routing to compensate for the additional Lorentz force
induced on the supporting frame. In the third metal layer,
the wire is only distributed in the supporting frame. After
applying the second and third layers with currents of the
same magnitude but in the opposite direction, as indicated in
Fig. 3(d), the induced Lorentz forces on the supporting
frame (by the second and third metal layers) will cancel each
other out. The concept of Lorentz force compensation has
been applied on silicon-on-glass (SOG) scanner,>® however,
several metal and dielectric insulation layers are required.
Apparently, this approach is especially appropriate for the
standard multi-metal-layers CMOS process.

3. CMOS Micromachining Post Process

The device after the TSMC 2P4M process is shown in
Fig. 4(a). Figures 4(b)—4(d) show the post-CMOS processes.
As shown in Fig. 4(b), the back of the silicon substrate was
etched by deep reactive ion etching (DRIE) to partially trim
the thickness of the substrate to 40um. After that, the
reactive ion etching (RIE) was employed to remove the SiO,
layer, as illustrated in Fig. 4(c). In this process, the top metal
layer was used as the etching mask. Thus, the planar shape
of the MEMS device was defined. Finally, the front of the
silicon substrate was isotropically etched by XeF,, as shown
in Fig. 4(d). The CMOS structures were released from the
substrate after the 40-pum-thick silicon layer was etched
through by XeF,.

Thus, the MEMS device was fully suspended and a thin-
film spring was achieved as a flexible mechanical structure.
In addition, a 40-um-thick silicon layer was left on the back
of the inner stage to enhance its flatness and stiffness.
Figure 5(a) shows the scanning electron microscope (SEM)
photograph of a typical fabricated device. The moving stage,
supporting frame, and two pairs of torsional springs
orthogonal to each other are clearly observed. The close-
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(Color online) SEM images of (a) the fabricated scanning stage and (b) the close-up view of the back Si layer.
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Fig. 6. (Color online) Measured radius of curvature of inner stage is 0.22 m.

up photograph in Fig. 5(b) shows the improved flatness and
stiffness of the 40-pum-thick silicon layer.

4. Testing and Results

The radius of curvature (ROC) measured using the optical
interferometer was 220 mm as shown in Fig. 6. However,
the structure without the reinforced silicon layer was curved
with a ROC of 4 mm. Thus, the flatness of the mirror has
been improved by about 2 orders of magnitude. As a
comparison, the 2-um-thick poly-Si mirror has a ROC of
<20mm. Figure 7 shows the experimental setup for
characterizing the performance of the CMOS dual stage.
Figure 7(a) is a photograph of the sample holder and
permanent magnets. In this case, a permanent magnet was
placed under the MEMS device to generate a magnetic field
towards the stage. Moreover, two pairs of permanent
magnets surrounding the MEMS device were employed to
redistribute the direction of the magnetic fields. This design
is to ensure that the magnetic fields are distributed as
indicated by the dashed lines in Fig. 3. Thus, according to
eq. (1), the maximum Lorentz force on the device can
be induced. The cross-sectional views of AA’ and CC’ in
Fig. 7(b) show the specimen and the associated input current
and magnetic fields. In summary, there are a total of five
permanent magnets: one under the specimen and four placed
around it. The gauss-meter measurement results in Fig. 7(c)
indicate the distribution of the magnetic field provided by
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the five permanent magnets shown in Fig. 7(a). The
measurements show an 8 x 8 x 3mm® magnetic field. In
this study, a chip of 3.68 x 2.68 x 0.6 mm? can be placed
inside this magnetic field. The origin of the z-axis is the top
surface of the permanent magnet under the MEMS device. In
addition, the distance between the permanent magnet pair is
10 mm.

After applying the AC current to drive the device, the
stage was under harmonic excitation. We tuned the driving
frequency of the AC current, so as to find the frequency
response of the dual stage. The dynamic response of the dual
stage was measured using a commercial laser doppler
vibrometer (LDV). Figure 8(a) shows the measured fre-
quency response of the outer frame, and its resonant
frequency is 1.36kHz. Figure 8(b) shows the measured
frequency response of the inner stage, and its resonant
frequency is 2.26 kHz. Limited by the input current in the
presented design (SmA), the device has a small angular
displacement of 0.24° at its resonant frequency. The
dynamic responses in Fig. 8(b) indicate that the outer frame
was also significantly excited while driving the inner stage.
This was due to the fact that the routing of the inner stage
had to pass through the outer frame, as illustrated in
Fig. 3(c). We employed a compensation-current design on
the outer frame to prevent it from excitation during the
driving of the inner stage. The routings for compensation
current and driving current were at metal 3 and metal 2
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Fig. 7. (Color online) (a) Photograph and related schematic illustration of

the test setup (b) the specimen and the associated input current and magnetic
fields, and (c) the measured magnetic field distribution (kG).

layers, respectively. Since the compensation and driving
currents had the same magnitude but were in the opposite
direction, the net Lorentz force on the outer frame became
zero. The measurement results in Fig. 8(c) demonstrate that
the dynamic response of the outer frame was successfully
suppressed by the compensation current. The photographs in
Fig. 9 further show the potential application of the presented
moving stage driven by Lorentz force. As shown in
Fig. 9(a), a polymer microlens is integrated with the stage
by the dispensing process.””*® The laser beam can be
modulated by the moving stage after passing through the
microlens, as shown in Fig. 9(b).

5. Conclusions

We presented a novel CMOS MEMS scanning stage driven
by Lorentz force. The feasibility of the scanning stage was
demonstrated by the TSMC 2P4M process. The current
routing achieved by adopting three metal layers enabled
independent driving for each axis. The measurement results
showed that the dual-axis stage was successfully driven by
the present approach with resonant frequencies of 1.36 and
2.26kHz for the two axes. We demonstrated the CMOS-
MEMS Lorentz force actuator to drive the scanning mirror.
The device has a small rotation angle (smaller than 0.95°)
and displacement. In addition, we successfully applied the
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Fig. 9. (Color online) Photograph of the optical stage (a) with polymer
lens, and (b) the laser beam passing through the polymer lens.

concept of current compensation to cancel out the unwanted
Lorentz force during operation and showed that the multi-
metal-layers CMOS process is more suitable for the present
device. Thus, this could be a potential actuation mechanism
for CMOS MEMS devices. Note the process nonuniformity
resulting from the back DRIE silicon trimming and front
XeF; silicon etching may have the following two effects on
the actuator: (1) the thickness and shape of the 40-mm-thick
silicon could be nonuniform and hence the mass and
stiffness of the stage could also be nonuniform and (2) the
boundary of the spring could be nonuniform after under-
cutting XeF,, and thus the spring stiffness of the actuator
could be nonuniform. The proper control of the DRIE
etching rate by the professional foundry can reduce the
problem induced by the back DRIE. In addition, the
adoption of front DRIE in the process before XeF, silicon

© 2012 The Japan Society of Applied Physics
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Fig. 10. (Color online) Revised process flow to reduce the problem of 19)
silicon undercutting by XeF,. 20)
21)
22)
etching, as illustrated in Fig. 10, is suggested. In this way, 3
the XeF; silicon etching time and the boundary undercutting
of the spring can be reduced. 24)
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