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ABSTRACT

The electrostatic comb finger drive has become an integral design for microsensor and microactuator applications. This pa-
per reports on utilizing the levitation effect of comb fingers to design vertical-to-the-substrate actuation for interferometric ap-
plications. For typical polysilicon comb drives with 2 pm gaps between the stationary and moving fingers, as well as between
the microstructures and the substrate, the equilibrium position is nominally 1-2 pm above the stationary comb fingers. This dis-
tance is ideal for many phase shifting interferometric applications. Theoretical calculations of the vertical actuation character-
istics are compared with the experimental results, and a general design guideline is derived from these results. The suspension
flexure stiffnesses, gravity forces, squeeze film damping, and comb finger thicknesses are parameters investigated which affect
the displacement curve of the vertical microactuator. By designing a parallel plate capacitor between the suspended mass and
the substrate, in situ position sensing can be used to control the vertical movement, providing a total feedback-controlled sys-
tem. Fundamentals of various capacitive position sensing techniques are discussed. Experimental verification is carried out by
a Zygo distance measurement interferometer.

1. INTRODUCTION
The laterally driven electrostatic comb drive resonant structure has become an integral component in numerous MEMS de-
vices over the last 8 years L Applications are very broad and include accelerometers>™®, gyroscopes7, impact actuators®, micro-
mechanical filters’, and micromechanical voltmeters'®. Most of these devices utilize the lateral motion of engaging and

disengaging the interdigitated comb fingers. Constant electrostatic force is generated with an applied DC bias voltagel, inde-
pendent of the position of the suspended mass. This same device generates a levitation force on the suspended structure as a

bias voltage is applied, due to the asymmetric distribution of the electrical fields 11 However, this levitation force is often the
source of unwanted out-of-plane motion causing tilting t0 many laterally-driven sensors and actuators 1 One exception is in
the accelerometer designed and fabricated by Yun and Howe?, where the levitation force was designed to provide the feedback
force for a -A sensing loop. Comb finger drives have also been applied towards integrated micro optical systemslz. By com-
bining comb fingers with microfabricated hinges!?, many devices including laser-fiber packaging modules', micro optical
scanners!3, and even raster-scanning displays have been demonstrated!,

Parallel motion of micromirrors can be used for interferometry in phase shifting, modulating Fabry-Perot cavities, or the
construction of extemal-cavity semiconductor-laser modules. For vertical out-of-the-plane actuation in optical applications,

most existing devices are used as tilting mirrors for imaging, displays”, or scanning. Parallel motion micromirrors by Comtois

etal.1® utilize parallel plate capacitive configurations where a suspended micromirror is attracted to a bottom plate via an elec-
trostatic force. The parallel plate configuration has an unstable region where the mirror will collapse against the bottom plate
with infinitesimal amount of electrostatic force, and stand-offs must be designed to avoid shorting out the biased electrodes.

Interferometry is an ideal application for electrostatically-driven microactuators because the required actuation force is low
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and controlled displacements in the nanometer range are possible. Phase shifting interferometry involves the combination of a
test wavefront generated by an unknown optical component, such as a lens or mirror, with a known reference wavefront, allow-

ing for precise measurement of the unknown component’s optical propertieszs. The interference pattern generated by the test
and reference waves is recorded a number of times while the phase of the reference wavefront is shifted by a known amount
between measurements. By using a detector array, such as a CCD camera, and a computer, measurements can be made simul-
taneously at a large number of points covering the interference pattern. Given the properties of the reference wave, these time

sequenced measurements can be used to calculate the properties of the test wave2S, However, to obtain accurate results, it is
necessary that the phase shift be accurately known. For this reason, the phase shifting component must yield an accurate and
repeatable phase shift over the entire range of phases.

Applications of electrostatic vertical microactuators with displacements less than 2 pm are mostly optical. Phase shifting
interferometry is one significant application, and a variety of phase shifting methods exist?®. The most common technique is

the use of a piezoelectric transducer (PZT) to move a reference surface?’. For example, it is by this method that commercial
interferometer manufacturers Wyko and Zygo provide phase shifting for their Fizean interferometers and interference micro-

scopes. Other methods that produce a change of phase at fixed optical frequency include tilting a glass platezs, translating a
diffraction gratingzg, using PZT to strain an optical fiber’?, and using an electro-optic modulator’!, Methods that achieve phase
shifting by changing the optical frequency include using an acousto-optic modulator’2, rotating a half-wave plate33, analyzer“,

or radial gxating”, and chirping the laser frequency%' 37 The frequency shifting methods are dependent upon the difference in
optical path lengths between the reference and test arms, so the fixed frequency methods are generally preferred.

y
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Figure 1.replacing a PZT corner cube phase shifter with a micromirror vertical actuator and a

lens

In this paper, the levitation force is utilized to actively actuate a suspended mass plate in the vertical direction for control-
lable small vertical motions (<2 pum). Other electrostatic vertical motion sensors and actuators typically utilize the parallel plate
capacitor effect. Applications of this device are mostly in optics such as Fabry-Perot interferometry or phase shifting-based in-
terferometry. Equilibrium between the electrostatic force and the folded beam flexure mechanical spring force provides the first
order static equation. The electrostatic force is a function of the bias voltage applied and the position of the actuator. The me-
chanical spring force is a function of the position of the actuator. Combining the two results in a voltage vs. displacement curve
for different mechanical spring constants. This provides a design guide for vertical comb-driven actuators. Also presented in
this paper is the position sensing utilizing a parallel plate capacitive sensing configuration.

2. PRINCIPLE OF OPERATION

The principle of the levitation force is described in much detail by Tang et alll, Figure 2a illustrates how the levitation force
is realized. When a voltage is applied to the stationary comb fingers with respect to a grounded moving comb finger, and when
the substrate is also at ground potential, the distribution of electrical field lines are asymmetric around the moving comb finger.
This asymmetric distribution of field lines results in an upward levitation force indicated as the z- direction. If the moving comb



fingers are anchored to the substrate by flexure springs with a spring constant K, then the equilibrium position is determined
by a balance hetween the electrostatic levitation force, the flexure spring force, and the gravity force of the suspended mass
(Fig. 2b).
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3. DESIGN OF VERTICAL ACTUATOR

A schematic of the electrostatic vertical microactvator is shown in Fig.3. The main design objective is to balance the elec-
trostatic force, the mechanical folded beam flexure spring force, and gravity force applied to the suspended mass, m, Design



parameters to determine the electrostatic vertical force include the width of the comb fingers, the thickness of the comb fingers,
the gaps between fingers, the position of the moving comb finger, and the vertical gap between the structures and the substrate.
The mechanical folded beam suspension spring constant K, is determined by the dimensions of the flexures and the number of
folds. Beneath the suspended mass, m, a capacitive pad is designed for vertical position sensing using the parallel plate config-
uration. -

The voltage-deflection response of the mirror was modeled using a combination of finite element analysis and hand calen-
lations, Maxwell 2D, an electrostatic finite element code, was used to calculate the electrostatic forces on one comb finger at
voltages ranging from 2 to 20 V and levitation heights from -2 to 2 um. Figure 4 shows the electric field from one such simu-
Iation. Plots of electrostatic force vs. Ievitation height for different voltagcs was made from these results (see Fig. 5). From Fig.
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balance was used to determine the mirror's leviation height as a function of voltage, Setting the electrostatic force F, equal to
the oravitational force F_ and the susnengion force F. resnlts in the sovemine eaunation
the gravitational force I, and the suspension force &, re g g eq X

F.(d, v) =F; + F(d) (1)

where d is the levitation height. The flexure spring constant and resulting suspension force is calculated by Castigliano’s
theory"zg. Equation 1 leads to discrete data points for levitation heights at different applied voltages. Figure 6 shows the mod-
eling resuits for one mirror design with four different suspension stifinesses.

Figure 4. FEM illustrating electric field lines and equi-potential lines
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Figure 5.Electrostatic force versus levitation height plot. Mirror dimensions: 4 um wide poly-
Si fingers, 2 pm wide gaps between fingers, 2 pum silicon dioxide sacrificial layer, 2 um thick

mirror and levitating fingers, and 3.5 micron thick stationary fingers, with 168 fingers having
180 pm actuation length each.
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Figure 6. Voltage-displacement plots for various flexure spring constants (K in pN/pm).
Same mirror dimensions as in Fig. 5, and the mirror mass is 9.2 pugm.
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4. MICROFABRICATION
Polysilicon surface micromachining and SOI surface micromachining were employed to microfabricate the devices. The
polysilicon process was carried out by MCNC using the MUMPS service. The polysilicon microstructures were freed from the
substrate with a CO, supercritical release?* and the surfaces were passivated with anti-stiction self-assembled monolayerssg.
Stress was evident from two sources: the intrinsic residual stress in the polysilicon films, and thermal residual stress from metal

coa‘tings on the poiysi‘licon suspended mass. The former caused the suspendcd plate to bow downwards whereas the latter gen-
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chining, large anchors were designed so that undercutting of the sacrificial buried oxide undemeath the anchors did not

completely etch away. The SOI structures have the advantage of a smoother surface for a better optical mirror surface as op-
posed to the polysilicon surfaces. Another advantage of the SOI process is the potential of etching the backside of the wafer to
create a transmissive window or the potential to coat both sides of the suspended mass with metal thin films, avoiding residual
stress induced bimetallic curvatures resulting from only coating a single side. Both the polysilicon vertical actuators and the

SOI vertical actnators were successfully tested.
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Figure 8. Circuit used to measure capacitive sensor

5. IN SITU CAPACITIVE POSITION SENSING

A capacitor was built into the micromirror for the purpose of measuring the displacement of the mirror above the substrate,
The bottom plate of the capacitor is formed by a layer of polysilicon which is the same area as the mirror itself. The top plate



of the sense capacitor is the mirror itself. It should be pointed out that the bottom plate is deposited on top of an oxide-nitride
layer which is on top of the silicon substrate. For this reason the bottom plate has substantial (about 60 pF) parasitic capacitance
to ground. The sensor capacitance itself is in the neighborhood of 2 pF.

The choice of the circuit to measure the capacitor had two objectives. The first objective was to mitigate the problems of
parasitic capacitance. The second objective was to work at low enough drive levels as to not cause the sense capacitor to become
an actuator because of its large area. A circuit that used voltages above 1 volt was originally used but had a tendency to cause
electrostatic attraction of the top plate which defeated the purpose of the comb drivers. The circuit shown in Figure 8 uses a low
voltage (10 to 100 mV), 455 Khz test signal to measure the sense capacitor. It should be pointed out that high frequency A.C.
signals, beyond the mechanical response frequency, act like D.C. signals and still can cause problems. Because of the low am-
plitude, the electrostatic effects were minimized. In addition parasitics were not a problem because both ends of the capacitor
are run at a fairly low impedance with respect to ground. Therefore, the parasitics are shunted by the low impedances.

The detection end of the circuit functions like a lock-in amplifier. Amplifiers with a gain of about 4000 are filtered with 4
kHz bandpass filters to minimize noise. The signal is synchronously detected and further low-pass filtered to remove additional
clock noise. The voltage out of the detector is given by:

Vour=Vin * Ay * RURL+1/G * @ * Crriirrror)) @

Where V,, is the drive voltage of the sine wave, A, is the voltage gain of the amplifiers, Ry is the load resistor (1 K€Q), j is
the imaginary number V-1, @ is the drive frequency in radians/second, and Crnimror i8 the unknown mirror capacitance. The out-
put voltage V,, has a linear relationship to C i, and an inverse relationship to the separation between top and bottom plates.
A plot of the capacitive sensor is shown in Figure 9. The mirror was being driven by a square wave to measure the microme-
chanical response time. The longer time (400 msec) is the time when the drive waveform returns to zero and the springs pull
the mirror back and the shorter time (50 msec) is the response time to the application of the levitation voltage. The time limita-
tion is from the trapped air underneath the mirror.
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Figure 9.Capacitance sensor measurement of the mirror when driven with a square wave. Squeeze film damping
slows the mirror’s response upon release.

2



polarization micro-mirror

beam splitter lens \ I

LASER >
| /E <
detector T @
retroreflector quarter-wave

Figure 10. The distance measuring interferometer consists of a laser head, beam splitter, retrorefiector (the
reference arm), and quarter-wave plate plus micro-mirror assembly (the test arm).

6. TESTING SETUP OF VERTICAL MICROMIRROR ACTUATOR

The motion of the micro-mirror was measured using a Zygo ZMI-1000 digital heterodyne distance measuring interferometer
(DMI). A diagram of the experimental setup is shown in Fig. 10. The micro-mirror was positioned at the focal point of the lens
by a small XYZ translation stage mounted to the lens housing. The entire package was then positioned using a large XYZ trans-
lation stage to achieve the proper spacing and orientation of the beams input to and output from the package.

The DMI was configured for single pass operation, yielding a resolution of 2.47 nm on the mirror motion. A Labview pro-
gram allowed taking up to 20,000 samples a rates up to 100 kHz. For most of the measurements, 1000 samples were taken at
100 Hz.
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Figure 11.vertical displacement versus drive voltage

7. TESTING RESULTS

Optical testing of the vertical actuator was carried out on a 1 mm x 1 mm 9.2 ugm polysilicon device, with a spring constant
of 0.15 uN/um, and 84 comb fingers 2 pm thick and 4 um wide. Figure 11 shows the vertical displacement versus the drive




voltage. The maximum displacement approaches 1.2 um corresponding to the theoretical plot as indicated in Fig. 6. For dynam-
ic responses, a square (step) input voltage illustrates the damping and time constant of the microstructure (Fig.12). Since the
levitation of the suspended mass reduces the optical path distance, it is represented by a drop in amplitude. As observed in Fig.
12, the time constant for the electrostatic levitation is approximately 50 msec, and the time constant for the restoring drop is
approximately 400 msec, matching the capacitive sensing results in Fig.9. The difference in time constants is due to the squeeze

film damping effect®® required to displace the trapped air in the small gap between the suspended mass and the substrate. To
reduce this damping effect, an optimization must be carried out, with the gap and the size of the suspended mass as the optimi-
zation variables.
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Figure 12.dynamic response of square wave input voltage
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8. CONCLUSION

This paper explores the application of electrostatic levitation forces in comb finger drives for vertical small-displacement
(1-2 pm) microactuators. The layout of this microactuator is simple and standard polysilicon or SOI surface micromachining
processes can be utilized. On-chip in sifu capacitive position sensing provides a feedback loop to control the vertical displace-
ment down to accuracies better than 5 nm resolutions. Interferometry for measuring the displacement with different input volt-
ages was set up. These initial tests of the vertical microactuator demonstrated the match between theoretical predictions and
experimental verifications. For future designs, it is desired to reduce the squeeze film damping effect to increase the speed of
response by reducing the area of the suspended mass. The device presented in this paper can become an integral component in
phase shifting interferometry.
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