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ABSTRACT

This paper reports the first design and its simulation
and experimental results of a CMOS z-axis microactuator
that utilizes the vertical electrostatic forces existing
between multi-conductor comb fingers. The measured
maximum displacement of the z-axis microactuator is
3.5 µm, and resonant frequency 6.17 kHz, which are in
good agreement with the field simulation and the
behavioral simulation results using the NODAS library [1].
The advantages of the z-axis actuator include compatibility
with standard CMOS processes and easy implementation of
3-axis microstages, integrated position sensing components
and motion control circuits. 

Keywords: vertical actuation, NODAS library, behavioral
simulation, comb drive, CMOS micromachining process

INTRODUCTION

Interdigitated comb drives have been widely used for
electrostatic actuation [2], capacitive acceleration or posi-
tion sensing [3] and frequency tuning [4]. They have
become an integral part of many MEMS devices such as
accelerometers [3], gyroscopes [5], and microscanners [6].
Most of these devices utilize the lateral capacitance change
between comb fingers. Z-axis accelerometer servo-
mechanisms and x-y axis vibratory gyroscopes require z-
axis (out-of-plane) sensing. Parallel-plate capacitors are
commonly used in polysilicon MEMS for this purpose.
However, in CMOS MEMS where no underlying electrode
is available, an alternate means of sensing out-of-plane
motion is needed. Furthermore, 3-axis microstages, and re-
ference mirrors of interferometers must have z-axis actua-
tion. It was found that vertical levitation exists in laterally
driven comb-drive actuators [2]. This levitation effect can
be used to make vertical comb-drive actuators [7]. 

In this paper, we describe a new method to realize z-
axis comb-drive actuation in a maskless post-CMOS
micromachining process [8] which utilizes metal layers
from the initial standard CMOS processing as etching
masks. The cross-sectional view of the final step of the
process-flow is illustrated in Figure 1. There are three
important features: (1) compatibility with conventional
CMOS processes, (2) small parasitic capacitance to the

substrate and elimination of vertical levitation because of
the large gap between microstructures and the substrate,
and (3) multi-conductor structures with up to three isolated
metal layers make it possible to construct more than 20
different capacitor configurations across a single comb
finger air gap. One of the configurations for vertical
actuation will be discussed in the next section. A CMOS z-
axis accelerometer has been previously made by using
similar capacitor configurations [9]. In Figure 1, beam-2 is
thinner than beam-1, which is realized by choosing metal1
and metal3 as the etching masks, respectively. Therefore,
suspensions can be designed more flexible either along a
lateral axis or along the vertical axis. 

A 3-axis microstage is designed and fabricated in the
Hewlett-Packard 3-metal 0.5 µm CMOS process followed
by post-CMOS micromachining. The lateral-axis actuators
behave the same way as a polysilicon comb drive [3], and
this paper will focus on the z-axis actuation. The
operational principle of the z-axis comb-finger actuation is
briefly introduced first, followed by electrostatic field
analysis using the Maxwell 2D simulator [11]. Then the
dynamic response is simulated using the NODAS
library [1]. Finally, the simulation results are compared
with the experimental results. The static and dynamic
behaviors of the z-motion are characterized using an
interferometeric technique.

Z-AXIS COMB-FINGER ACTUATION

The top view of the fabricated 3-axis microstage is
shown in Figure 2. The central proof mass can be driven in
all three directions. There is one separate set of comb fing-
ers for each direction. The y- and z-axis comb drives are
suspended by a set of springs that are flexible in both y and
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Figure 1: Schematic cross-section of the last step
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z directions. The device curls out of plane about 8 µm at the
edges due to residual stress and thermal coefficient mis-
match in the multi-layer structures. However, the stationary
fingers (stators) and movable fingers (rotors) align very
well locally through use of a curl match frame [3]. 

The cross-sections of the comb fingers are shown in
Figure 3. The comb fingers consist of three metal layers and
are suspended about 25 µm above the substrate, which
leaves plenty of room for z-motion. As shown in Fig. 3(a),
if the metal layers on the stators and rotors are electrically
connected, respectively, the CMOS comb drive functions
just like a lateral-axis polysilicon comb drive. On the other
hand, if all three metal layers in the rotors are electrically
connected while the metal-1 and metal-3 in the stators are
separately connected, two sidewall capacitors, C1 and C2,
are formed, as shown in Fig. 3(b). If a voltage is applied
across C1 or C2, the rotor will move and the device
operates as a z-axis actuator. 

In order to numerically evaluate the capacitance and
expected displacement, a finite element analysis tool, the

Maxwell 2D field simulator [11], is employed. The cal-
culated C1 and C2 in Fig. 3(b) and their gradients versus z-
displacements are shown in Figure 4. Note that the
maximum displacement range is defined by the intersec-
tions of the two gradient curves with the zero-gradient line
in Figure 4 which occur at -1.4 µm and 2.6 µm, respec-
tively. The electrostatic force Fe is equal to 

where N is the number of comb fingers, L the engaged
length of comb fingers, and V the applied voltage. The
relationship between displacements and required voltages
can be obtained by numerically solving the force balance
equation, i.e., Fe = Fspring = kz, where k is the spring
constant and z is the z-displacement. The result is plotted in
Figure 5 for a series of spring constants. Z-displacement
tends to saturate at -1.4 µm and 2.6 µm when the voltage
increases.
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Figure 2: SEM photo of the z-axis actuator (also
showing the x- and y- axis actuators).
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Figure 3: Cross-sections and wiring configurations of
CMOS lateral and vertical comb-drives.
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Figure 4: Capacitance and capacitance gradient
vs. z-displacement where N=56, L=30 µm.

Figure 5: Displacement vs. required voltage.
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NODAS SIMULATION

The frequency responses of the device in all three axes
are simulated using the NODAS cell library [1]. NODAS
(Nodal Design of Actuators and Sensors) is a hierarchical
cell library for behavioral modeling and nodal simulation of
MEMS. It consists of symbols and models of elements
commonly found in suspended MEMS designs, such as
anchors, beams and plates. Figure 6 shows the NODAS
schematic of the microactuator. The outer curl-matching

frame is rigid enough so that its effect on resonant
frequencies of the device is small and is neglected. The
inner frame is represented as a series of rigid plates as
indicated in Figure 6. The comb drives are simplified to be
a series of plates to include the mass of comb fingers, and
the device is actuated by an arbitrary external force source
of 1 µN instead of electrostatic force. The center plate and
x,y/z springs are identified in the schematic. NODAS
models for the Hewlett-Packard 0.5 µm CMOS process are
used. Mechanical properties of various composite elements
are extracted from test structures [10].

The simulation results of resonant frequencies in all 3
axes are listed in Table 1 and compared to the experimental
results. The error is within 7%. The simulation and

measured results of frequency response in z-axis are plotted
in Figure 7, showing excellent agreement across the entire
frequency range. The experimental measurements are
addressed in the next section. 

EXPERIMENTAL RESULTS

The frequency response and z-displacement of the z-
axis actuator were measured using a Linnik type
Michelson-interferometer system as shown in Figure 8. The
microscope objectives image the microstructure and a flat
reference mirror simultaneously onto the CCD camera.
These two interfering optical fields result in a fringe pattern
that allows the evaluation of the topography and real-time
displacement measurement. Note that the fringe pattern can
be alternatively projected onto a photodiode with a small
active area by switching flip mirror 2. The telescope
guarantees the uniform illumination of the chosen field of
view. To obtain a high intensity fringe pattern, a He:Ne
laser (λ = 633 nm) is used to obtain high intensity fringe
patterns in the dynamic measurements, while a red LED
(λ = 610±10 nm) is employed to avoid speckled images in
the static measurements. LEDs also have the advantage of
rapid pulsing capability.
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Figure 8: Setup of the Linnik interferometer.Figure 7: Frequency response in z-axis.
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Table 1: Resonant frequencies in x,y,z directions

Simulation
(kHz)

Measured 
(kHz)

Error

x 22.8 23.8 4.2%

y 4.75 5.08 6.5%

z 5.93 6.17 3.9%
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Figure 6: Schematic of the microactuator in NODAS.
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The relationship among the intensity of the image,
microstructure topography and z-displacement is given by

where I is the intensity in the interference pattern, Idc the
background intensity, I0 the amplitude of the intensity
modulation in the fringe pattern, λ the wavelength, V the
applied voltage, ϕ(x,y) the location-dependent phase
change due to the deviation of the microstructure profile
from the reference plane, and ϕ0 an arbitrary phase. First Idc

and I0 are derived from the interference patterns with the

assumption that there is no lateral motion. Then the z-
displacement is calculated using Eq. (2). Both the measured
and predicted z-displacements versus the applied voltage
are plotted in Figure 9. In the field simulation, a 0.1 µm
undercut and a 0.5 µm vertical mismatch between rotors
and stators were considered. The experimental data fit the
theoretical prediction well.

The principle of the z-motion frequency-response
measurement is illustrated in Figure 10. The intensity is
approximately proportional to the z-displacement when the
z-displacement is < λ/10 and the operating point is near to
Idc. The operating point can be adjusted by shifting the
reference mirror with the piezo actuator. We use a network
analyzer to measure the complex transfer function of the z-
actuator (Fig. 7). Since the microstructure is not perfectly
flat, the motions in x- and y-directions can also be detected.
The measured resonant frequencies in all three directions
are listed in Table 1 which shows the NODAS simulation
results match the measured values within 7%.

CONCLUSIONS

Vertical comb-finger actuation for CMOS MEMS is
realized, simulated and tested. For static motion, the
Maxwell 2D field simulator is used and the simulation fits
the experimental results well. For frequency response,
behavioral simulation using the 3-D NODAS library
matches the experimental results within 7%. The modeling
and simulation is shown to be accurate even for relatively
complex multi-conductor microstructures. Moreover, the
demonstrated vertical actuation mechanism has potential
applications in 3-axis microstage, interferometric systems,
lateral-axis vibratory gyroscopes and disk drive heads.
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