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Abstract

The objective of this work was to develop methods
which would allow the electromechanical analysis of a
Microelectromechanical System (MEMS) structure with
the level of complexity of a practical, high-volume man-
ufacturable sensor while avoiding computationally im-
practical models. Two methods were developed. One
was a simple analysis method in which the ideal struc-
ture was assumed. This allowed prediction of the
stability and the effects of structure misalignment on
a surface-micromachined accelerometer. However, the
simple method is limited because the actual structure
has fabrication induced non-idealities, such as warpage,
which can cause the simple method to be significantly in
error. The second method discarded the ideal structure
assumption and analyzed the non-ideal structure via a
self-consistent analysis. This method is based on the cal-
culation of an intermediate look-up table from which the
electrostatic forces are obtained directly from the posi-
tion of the moving mass, greatly reducing computation
time and memory requirements in comparison to a stan-
dard self-consistent electromechanical analysis scheme.
Using this lumped-model self-consistent scheme, we an-
alyzed an Analog Devices, Inc. ADXL50 accelerome-
ter including fabrication non-idealities (warpage, over-
etching, residual stress, etc.). For this structure the
lumped-model self-consistent analysis method reduced

the required number of electrostatic analysis discretiza-

tion panels by a factor of about 100. Computation times
were typically 5—7 hours instead of a predicted time of
more than a month for a standard self-consistent elec-
tromechanical analysis scheme. Further, memory re-
quirements for the standard method would have signif-
icantly exceeded practical limitations. The electrome-
chanical resonant frequency was measured for several
ADXL50 accelerometers and compared to the simulation
results showing good agreement.

1 Introduction

Surface micromachined accelerometers are increasingly
being used as high reliability, low cost replacements
for present electromechanical accelerometers. To im-
prove linearity, these accelerometers are often closed-
loop, force-rebalance devices in which applied voltages
create electrostatic forces to balance the mechanical
forces and the inertial force due to acceleration. Fig. 1
is a schematic diagram of the electromechanical sensor
portion of the prototype, low-g, surface micromachined
accelerometer examined here. The structure of the sensor
consists of 50 fixed and moving finger “unit cells”. The
fixed fingers are attached to the substrate and do not
move. The moving fingers are attached to the moving
mass which is suspended by four folded tethers. Also ex-
amined in this work is the Analog Devices, Inc. ADXL50
accelerometer structure, which is similar except that its
tethers are straight (see Fig. 3) [1].

Each finger cell forms a pair of series capacitors. An
acceleration causes the moving mass and its fingers to
move, creating imbalances in the series capacitor pairs.
During normal operation each set of fixed fingers has a
DC bias voltage of 3.4 and 0.2 volts respectively and the
moving mass has a DC bias voltage of 1.8 volts. In addi-
tion, 0.6 volt (peak-to-peak), 1 MHz, antiphase square
waves are superimposed on the DC bias of the fixed
fingers. This 1 MHz signal is capacitively coupled to
the moving beam in proportion to its distance from its
neutral position. This signal is then demodulated and
amplified to yield the output signal. The output signal
is also used as a feedback signal which alters the mov-
ing beam voltage and thus applies an electrostatic force
which keeps the moving beam centered [2].

The structures in Fig. 1 and Fig. 3 imply 3-D extru-
sions of ideal 2-D layouts. However, when these struc-
tures are fabricated, many non-idealities occur. In the
case of the ADXL50, the most prominent non-ideality is
warpage in the structural poly-silicon layer which is due
to a residual stress gradient across the thickness of the



film. In addition, there are effects due to over-etching,
mask misalignment, and average residual stress.

To predict and analyze these devices’ performance, we
require electromechanical analysis. However, because of
the large aspect ratios and fundamentally 3-D nature of
complex surface micromachined structures, their analy-
sis often requires an excessive number of nodes or pan-
els in a standard electro-mechanical self-consistent anal-
ysis scheme [3]. To overcome this problem, we have
developed two analysis methods. Both methods use
the finite-element mechanical solver ABAQUS [4] and
the fast multipole-accelerated boundary-element electro-
static solver FastCap [5]. The simple analysis method
assumes that the fabrication induced warpage can be ig-
nored and thus all the unit cells in the sensor portion
are identical. However, the fabrication induced warpage
can make the cells significantly different from each other
in which case the simple analysis method can yield un-
satisfactory analysis results. The lumped-model self-
consistent scheme overcomes this difficulty and deals with
each unit cell individually. Using the lumped-model self-
consistent method, we analyzed the electromechanical
resonant frequency of the ADXL50 accelerometer, and
compared the results to experimentally measured data.

2 Simple Analysis Method

The simple analysis scheme assumes an ideal, flat struc-
ture. Each of the unit cells are identical, so one cell
can be analyzed and the results multiplied by the total
number of cells to get the structural response. In spite
of this limitation, several useful results can be obtained.
The computations are performed as follows. First, ex-
tract the dependence of the 3-D capacitance matrix on
the displacement for a unit cell and evaluate the elec-
trostatic force Fg versus the displacement for the total
structure using the relation:

N & .
Fp = ;ggga,jv@j (1)

where N is the cell number, C; ; is a capacitance matrix
element, and V; ; is the potential difference between con-
ductor i and j. Second, by defining Fis as the mechanical
force, M as the moving beam mass, and a as the applied
acceleration, from

Fa(z) + Fe(z,V) = Ma 2)

given the applied voltage, we can calculate the displace-
ment, x, versus the acceleration, a. Also, setting the
displacement, z, we can obtain the relationship between
the applied feedback voltage and the acceleration.

This simple method allowed a comparison of the slope
of the tether force versus displacement to the slope of the
electrostatic force versus displacement. This is a critical
comparison since the slope of the tether force must be
larger than that of the electrostatic force to assure sta-
bility.
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Figure 1: Schematic diagram of the low-g accelerom-
eter sensor displaced by an applied acceleration
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Figure 2: Forces versus displacement for 0.01 pm
mask misalignment.

The simple analysis method also allowed examination
of the effect of small structural misalignments due to fab-
rication, etc. Fig. 2 plots the curves of electrostatic force
and tether spring force versus the displacement from the
center position for the low-g structure (Fig. 1) with a
0.01 pm moving mass misalignment along the accelera-
tion axis. From the intersection of the two curves (the
equilibrium position), we find that a 0.01 pm misalign-
ment will induce a voltage offset equivalent to a 4g ac-
celeration offset. Thus, due to the electrostatic forces
caused by the DC bias voltages, the actual equilibrium
position is 40% further from the center than the misalign-
ment would indicate. Such analyses are extremely impor-
tant for reducing costly prototype failures due to elec-
tromechanically enhanced non-idealities such as struc-
ture misalignment.

3 Lumped-model Self-consistent
Analysis Method

The simple analysis method assumes that all the unit
cells in the sensor structure are identical. However, due
to the fabrication induced warpage, each unit cell has a



Tether

| /’

Center Line

. Denotes Anchor

Figure 3: Schematic diagram of the ADXL50 mov-
ing mass.

different force contribution to the displacement of the to-
tal moving structure. Since the fingers are stiff relative
to the tether, we can apply the cell electrostatic force
vector at the intersection center of the moving finger and
the moving mass. On the basis of this idea, we devel-
oped the lumped-model self-consistent analysis method
as follows. First, we model the fabrication induced resid-
ual stress gradient and its associated warpage. This al-
lows us to obtain the system’s static shape. The residual
stress gradient which causes the warpage was modeled as
a thermal gradient of 26.5 deg. with a thermal expansion
coefficient of 2.0 x 1076(deg.™!). These thermal parame-
ters were obtained by matching the maximum simulated
tip deflection of a fixed finger and the maximum simu-
lated height of the center of the moving mass to average
measured values for many hundreds of ADXL50 struc-
tures. Fig. 4 plots the simulated warpage of a typical
cantilever finger of length 135 pm. Fig. 5 plots the sim-
ulated warpage along the center line of the ADXL50 ac-
celerometer’s moving mass (see Fig. 3). Note that other
fabrication induced effects such as over-etching and mis-
alignment are taken into account in the definition of the
initial model geometry.

The second step requires calculating the cell electro-
static energy by using FastCap to compute the capaci-
tance matrix in the relation

1
E= §{.V‘_djC,.,jv,-,jz. (3)

Fig. 6 shows the FastCap mesh for a finger cell. Since
these accelerometer structures are designed to be much
stiffer in the non-sensitive in-plane axis (y axis), we as-
sume that the moving mass can move in the acceleration
sensitive axis (x axis) and the out-of-plane, or levitation
axis (z axis). The electrostatic energy is thus differenti-
ated with respect to the x and z displacements to build
a table of cell electrostatic force versus finger position
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Figure 4: Simulated warpage of a fixed finger can-
tilever.
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Figure 5: Simulated warpage of the moving mass
along the cross section.

values. Fig. 7 shows the electrostatic energy distribution
which was differentiated to build the force versus position
table. Next, for each finger’s position, the x and z axis
electrostatic force components from the lumped-model
table are attached to the moving mass structural model.
Finally, we self-consistently analyze the structural model
with the applied finger forces using ABAQUS. The fi-
nal two steps are repeated until the displacement stops
changing.

Using strict mathematical theory [6], we have shown
that the lumped-model self-consistent analysis scheme
will converge if

OFp OFg
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where d is the moving finger displacement. Physically,
Qg—;ﬂ is the change in electrostatic force due to the mov-
ing finger displacement, and is therefore proportional to
V2, %%g is the amount which a structure moves due
to a change in applied force, and is inversely propor-
tional to the stiffness of the structural material. There-
fore, the lumped-model self-consistent scheme converges
if either the tether is stiff enough or the applied voltage
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Figure 7: Electrostatic energy distribution.

is small enough. In other words, the lumped-model self-
consistent analysis scheme converges for a stable struc-
ture. Fortunately, for the surface micro-machined ac-
celerometer, the tether structure is designed to be stiff
enough in comparison to the applied voltage (< 5v) to as-
sure stability. However, for an unstable structure, there
is no stable balance state (aside from contact between
the fixed and moving fingers) and the lumped-model self-
consistent analysis scheme diverges. Fig. 8 demonstrates
that making the structure more stiff by increasing the
residual tensile stress of the ADXL50 structure’s tether
leads to faster convergence.

4 Resonant Frequency Measure-
ment and Analysis

One of the most useful parameters for an accelerometer
is its fundamental resonant frequency. It gives a prac-
tical upper bound on the system bandwidth and in the
case of surface micromachined structures is indicative of
the mechanical compliance and thus the accelerometer’s
sensitivity. However, because the applied bias voltages

create electrostatic forces which act in opposition to the
spring forces and thus “soften” the mechanical compli-
ance, the actual resonant frequency is lower than the pure
mechanical resonant frequency. Knowledge of the differ-
ence between the electromechanical and pure mechanical
resonant frequencies is of great significance in the design
process.

The resonant frequency of several open-loop ADXL50
accelerometers were measured as a function of the ap-
plied DC bias voltages on the structure. In order to make
the most accurate measurement of the electromechanical
resonant frequency, we used a special open-loop version
of the ADXL50 accelerometer. In essence, this device
only contains the mechanical structures and an output
buffer amplifier. The signals applied to the fixed fin-
gers and moving mass were applied via external sources
and were equivalent to the normal operating voltages de-
scribed earlier, except for the follow differences. First,
the DC bias voltages are not fixed, but rather are the
varied parameters in the measurement. Second, in or-
der to measure the resonant frequency, a small (100mV
peak) AC sinusoidal signal is superimposed on the DC
bias of the moving mass to excite a sinusoidal motion.
This AC signal is swept through the frequency range of
interest by a Hewlett-Packard Model 3589A Spectrum
Analyzer. Using the output signal, the analyzer plots the
frequency response of the system. The peak frequency is
then chosen as the resonant frequency for the given set of
DC bias voltages. Because the applied AC sweep signal
causes electrostatic forces which could effect the reso-
nant frequency, a second measurement method was used
to confirm the initial measurements. In this method, the
accelerometer was evacuated and the random Brownian
noise spectrum was observed. The peak of this spectrum
is the resonant frequency. Both methods yielded essen-
tially identical resonant frequency values.

Figure 9 shows the resonant frequency data versus the
DC bias voltage difference on the fixed fingers. The DC
bias voltage on the horizontal axis of Fig. 9 was applied to
the right-hand fixed finger of each finger cell (see Fig. 1).
The left-hand fixed finger was grounded. The DC po-
tential of the moving mass and its fingers (as well as the
ground-plane under the structure) was centered between
these values (ie, one-half the horizontal-axis potential).
The change in resonant frequency with applied DC bias
voltage in Fig. 9 is caused by the reduction in the effective
spring constant due to the electrostatic forces.

Considering the actual fabricated structure, including
over-etching, warpage, and the residual stress in the teth-
ers, the electromechanical resonant frequency was cal-
culated for the ADXL50 structure (Fig. 3) using the
lumped-model self-consistent analysis algorithm. In this
calculation, the thickness of the structural poly-silicon is
2 um, the Young’s Modulus is 1.61 x 10!! Pa, the Pois-
son ratio is 0.226, the material density is 2.3 x 103 Kg/m3
yielding a total moving mass of 1.65 x 10~10 Kg, the av-
erage over-etching is 0.15 pm, and the average residual
stress in the tethers is 54 MPa. The warpage was mod-
eled as previously described. Fig. 9 shows good agree-



ment between the simulated resonant frequency versus
DC bias and the measured values described above. Note
that the value used for the tether average residual stress,
54 MPa, was essentially used as a fitting parameter.
However, the average residual stress for dozens of wafer
lots was measured (by a wafer curvature measurement)
to be 58 MPa with a standard deviation of 4 MPa. Con-
sidering that we have used average values for the Young’s
Modulus and the over-etching, as opposed to actual val-
ues, this level of variation can be considered small.

Conclusions

Using a simple analysis technique, the stability and
the effects of structure misalignment on a surface-
micromachined accelerometer were predicted, saving con-
siderable time and expense for prototype fabrication.
The lumped-model self-consistent analysis method al-
lowed quick and computationally practical simulations
of complex surface-micromachined structures with typi-
cal fabrication non-idealities, such as structure warpage.
The method was demonstrated here by the accurate pre-
diction of a surface micromachined accelerometer’s res-
onant frequency, which is a critical parameter for the
system design.
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