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Abstract

In this paper, we study the effect of electrostatic levita-
tion forces on the performance of a MEMS surface mi-
cromachined gyroscope. An error model relating the ef-
fects of the induced levitation deflections to scale factor
and cross axis sensitivity is presented. Simulation and
experimental results on a surface micromachined test
structure are used to identify deflection versus voltage
characteristics. These characteristics are scaled based
off typical gyroscope parameters and the findings are
that levitation forces can cause more than 50% reduc-
tion in scale factor and more than .1% increase in un-
desirable cross-axis sensitivity.
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INTRODUCTION

Levitation force is a phenomenon occurring in electrostat-
ically actuated MEMS devices where a structure meant to
move parallel to the substrate is forced away from the sub-
strate due to electrical fringing fields [1] (Figure 1). In
surface micromachined devices, where thickness of struc-
tures is on the order of 2 um, the out-of-plane stiffness is
typically on the same order as the in-plane stiffness, which
can result in substantial vertical deflections. Surface micro-
machined gyroscopes that measure rotations about the axis
perpendicular to the substrate are designed to vibrate parallel
to the substrate and any orthogonal motion is nondesirable
and effects performance of the device.

To determine the impact of this effect, it is necessary to de-
velop models relating levitation force to gyro performance
and to determine the relationship between design parame-
ters and levitation forces. Toward this goal, we develop an
analytical model which captures the various performance al-
tering effects of levitation forces, including scale factor vari-
ation and cross axis sensitivity. It has been shown in prior
work [2] that it is difficult to distinguish levitation forces
from the effect of electronic parasitics using electronic sens-
ing, and thus difficult to qualitatively characterize the effect
on gyro performance. Because levitation force is dependent
on both geometry and in-plane position of the device, we
have developed deflection models using a levitation tester
where in-plane motion is suppressed, decoupling geometric
and position influence on the electrostatic force. To decouple
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Figure 1. Levitation in surface micromachined gyro-
scopes is due to non-symmetrical fringing fields in the
presence of a ground plane in close proximity to the de-
vice and drive/sense electrodes.

motional effects from electronic sensing parasitics, computer
simulation and experiments based on optical detection are
performed.

GYROSCOPE ERROR MODEL

A typical implementation of a z-axis Coriolis vibratory rate
gyroscope can be approximated as a single mass-spring-
damper system which uses control circuitry to maintain a
constant amplitude of oscillation along a drive direction z,
whereby rotation is measured by the Coriolis force induced
vibration along an orthogonal axis y. While the ideal mo-
tion of the device during operation is in a two dimensional
plane, levitation forces induced by the drive voltages resultin
motion orthogonal to this plane along a z direction. The lev-
itation force is nonlinear and will be comprised of a plurality
of frequency harmonics. However, filtering is typically done
in gyroscopes to eliminate all out of band and out of phase
noise and as such, we need only to consider the effect of lev-
itation force components that exist at the drive frequency of
the device. The equations of motion under the assumption of
constant amplitude in the drive and some level of levitation
induced motion z () is

z(t) =
Jtwny =
z(t) =

where w2 = k/m is the natural frequency squared, ¢/m =

Xp sin (wpt)
wn

Q

i+ —20.i + 20,2 (1)

2p + Zp sin (wyt)
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Figure 2.  (a) The gyroscope sense electronics con-
vert motional current into an output voltage based off (b)
change in capacitance of the oscillating structure.

wr/Q is the damping to mass ratio, {2 is a constant input
angular velocity, X p is the oscillation amplitude in the drive
direction, z; is static levitation due to DC bias applied be-
tween the mass and electrodes, and Zp is the oscillatory z
amplitude deflection component in band with the drive fre-
quency. Based on the proposed mathematical model, the
sense amplitude is solved to be

wo = 22 (2)

Wn
The response from the gyroscope in the sense direction
induces a motional current which is converted to a voltage
and differentially measured (Figure 2a). The magnitude is
proportional to the capacitance values (Figure 2b), calculated
from instantaneous height zo — z, comb overlap zy, and comb
separation yg + y

(QZXD - Q:cZD)

€0Zo (20 — 2)

@ = Y Yy
0 —
(3)
C - €00 (Z() — Z)
, = 400 &
Yo+ ¥y
The output voltage is derived as
_(0(C1—=Cy) . 0(Cy —Cs) .
AV = ( a9 U+ 52 2) RyVpe (4

In gyroscopes, the sense deflection is typically small com-
pared to the gap (y < yo). Under this small deflection
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Figure 3. (a) The effect of levitation on a gyroscope is
approximated through experiments done on a (b) surface
micromachined levitation tester which is compliant only
in the out-of-plane direction

assumption, the output voltage is

degxg (20 — 2
%QRJ"VDC (.Xp —Q.Zp)
0

[AV] = ()
where the (2o — z) term influences scale factor of the gyro-
scope and 2, Zp represents the cross axis sensitivity. Since
the static deflection is typically much larger than the vertical
oscillation, z in the scale factor term is assumed approxi-
mately equal to 2. Thus, for a typical gyroscope imple-
mentation, we would expect a large variation in scale factor
compared to change in cross-axis sensitivity.

LEVITATION TESTER

To decouple the influence of in-plane motion on levitation
forces, we fabricated a test structure (Figure 3b) which mim-
ics the electrode structure of a typical gyroscope [3] (Figure
3a), but has a set of four folded suspension members which
suppress in-plane x and y motion while allowing out-of-plane
z motion. The device was fabricated using the MEMSCAP
MUMPS surface micromachining process. The suspension
and mobile combs are made from polysilicon (POLY 1 mask
layer) with a thickness of two microns. A conductive ground
plane made from .5 micron thick polysilicon (POLYO mask
layer) is spaced two microns from the bottom of the POLY1
layer. The suspension beams have length of 200 microns
and width of two microns. The fixed drive electrodes are 3
microns wide, the mobile electrodes are 4 microns wide, and
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Figure 4. Multi-physics simulation of the levitation
tester. Because of similarity conditions, one quadrant
can be modeled, reducing analysis time.

the spacing between the electrodes is 4 microns. Each mobile
comb has a 48 um engagement length with one fixed comb
on either side of the mobile comb. There are 14 engagements
per quadrant and 4 quadrants on the device.

FINITE ELEMENT MODELING

Simulations to characterize the levitation forces are per-
formed using the Coventor multi-domain finite element soft-
ware package. A reduced order model consisting of a single
quadrant of the device is used to lower computation time
(Figure 4). In the quadrant model, a voltage is applied be-
tween the mobile and fixed structure and the electrostatic
force is calculated at .1um vertical translation steps of the
mobile combs. This process is repeated for voltage values of
50, 70, and 100 V. The reaction forces are scaled by a factor
of four, to account for the contribution of all four quadrants,
and plotted as a function of vertical translation. The transla-
tion is multiplied by the spring constant for the suspension
and also plotted as a function of vertical translation. The
folded beam suspension is a well known type of suspension
with a spring constant k& of

4Ewt?
B (6)

The equilibrium position for a voltage is determined by the in-
tersection of the suspension force and the electrostatic force.

k

EXPERIMENTS

Optical Profilerometer

To verify the simulation results, experiments using optical
detection were performed. The first experiment uses the
PL ;. non-contact profilerometer developed by Sensofar [4]
(Figure 5a). The levitation tester is first completely scanned
to verify parallelism of the mirror with the substrate during
actuation. Any tilt of the entire chip is compensated using al-
gorithms included in the software package. The cross section
of one of the beams is scanned (Figure 5b) and the distance
between the top of the PolyO ground and the top of the Poly1
beam is measured. The device is actuated using a DC power
supply for voltages of 0, 50, 70, and 100 V.
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Vibrometer

The second experiment is performed using a non-contact
laser Doppler vibrometer developed by Polytec PI [5] by
scanning a single point on top of the device (Figure 5¢). As
the vibrometer was designed for frequency response, it was
necessary to actuate the devices with a low frequncy (.1 Hz)
sawtooth signal using maximum voltages of 50, 70, and 100
V respectively and using the integration mode built into the
hardware to integrate the output velocity. Figure 5d shows
the 50V sweep, which will be used to derive the deflection
versus voltage fit in the next section.

RESULTS

There is good agreement between the simulation and the
experimental results (Table 1). We derived the relationship
between the actual gyroscope (Figure 3a) and the levitation
tester (Figure 3b). The gyroscope uses approximately eight
times the number of combs for drive and sense. The gyro-
scope has an out of plane stiffness of .3 N/m whereas the
tester has an out-of-plane stiffness of 1.5 N/m. A fit to the
data in Figure 5d gives the relationship

40057 — 60062 + 8005; = V2 (7)

where subscript ¢ denotes tester related parameter and g de-
notes gyro related parameter. Eq. 7 yields only one real
solution for the tester deflection d;. Using F; = k;0; and
Fy = NF}, we can transform this equation into a more gen-
eral equation that can be applied to a device with similar
electrode geometry, but with IV times the number of elec-
trodes and a different out-of-plane stiffness

Eo o \° koo \2 k
V2= ay (Ng59> + as (Ngég> + as (ﬁ%) (8)

where a; = 118.5, as = -266.7, and a3 = 533.33. Here, N
is a scale number of combs compared to the tester and k, is
the out-of-plane stiffness of the gyroscope. For the consid-
ered gyroscope design, the static vertical deflection is 1.28
pm for a typical bias voltage of 5 V. This is comparable to
results presented in [1], where resonators of one eighth of
the gyroscope size were shown to have deflections of up to 2
pm with 25 V bias. From Eq. 5, the resulting loss in scale
factor is estimated to be 64%!

For the small dynamic oscillation about the static equi-
librium, we use a transfer function of linearized parame-
ters. The driving voltage is typically of the form V2
(Vbe + Vae)?, where the AC frequency is the in-plane nat-
ural frequency w, of the device. The only surviving in
frequency band component of the electrostatic force is pro-
portional to 2Vp V. Thus, the linearized transfer function
can be presented as

A(S (S) ¢VDC (9)
AVAC (S) 82 + %S + UJ?

where w, is the out-of-plane natural frequency and ¢ is an
unknown constant function. Linearization of Eq. 8 about
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Figure 5.

(a) Device is first tested using an optical profilerometer by scanning a (b) cross section of of the device’s

beams under varying voltages. (c¢) The second experiment is under a vibrometer which scans the device at a single
point. (d) The device is swept under a low frequency voltage signal, giving the deflection versus voltage profile.

Table 1. Comparison of deflection values

Voltage | Simulation | Confocal Mic. | Vibrometer
50V 1.7 pm 1.6 ym 2.0 ym
0V 2.2 ym 2.0 pm 2.4 um
100 V 2.7 pm 2.3 pum 2.7 pm

the equilibrium deflection and voltage results in Ao = .52
AVc. Substituting this into Eq. 9 with s = 0, correspond-
ing to a low frequency response, gives the value for ¢. The
gyroscope has an out-of-plane frequency of w, = 4000 Hz,
an in-plane drive frequency of w,, = 20000 Hz, out-of-plane
@ factor in vacuum of 1000, and uses an AC drive voltage
of amplitude .25V. Solving for oscillation magnitude gives
a value of .005 pm, a negligibly small amount in this case.
Since this gyroscope operates with nonlinear parallel plates
and is limited to a drive oscillation amplitude of .67 pm,
the cross axis sensitivity is .7% of the main axis sensitiv-
ity. This small value of cross axis sensitivity is due to the
large frequency split between operational and out-of-plane
frequencies. For example, for a device with a 15000 Hz out-
of-plane frequency, the cross axis sensitivity would increase
to 25%.

CONCLUSIONS

We have derived a model which relates the effects of levita-
tion forces to scale factor variation and cross axis sensitivity.
Through simulation and experimental verification of a levita-
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tion tester, it was shown that levitation forces can have a sig-
nificant effect on the performance of surface micromachined
gyroscopes. The results of the simulation and experiments
were applied to a typical example of a surface microma-
chined gyroscope which show levitation forces causing a
64% change in scale factor and introduce a .7% cross axis
sensitivity. Compensation strategies [1] are necessary to
reduce these effects in order to achieve high grade inertial
Sensors.
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