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Abstract:

A novel MEMS accelerometer with grid strip capacitors is developed. The mechanical and electrical noise

can be reduced greatly for the novel structure design. ANSOFT-Maxwell software was used to analyze the fringing
electric field of the grid strip structure and its effects on the designed accelerometer. The effects of the width, thick-
ness and overlapping width of the grid strip on the sensing capacitance are analyzed by using the ANSOFT-Maxwell
software. The results show that the parameters have little effect on the characteristics of the presented accelerometer.
The designed accelerometer was fabricated based on deep RIE and silicon—glass bonding processes. The preliminary
tested sensitivities are 0.53 pF/g and 0.49 pF/g in the x and y axis directions, respectively. A resonator with grid strip
structure was also fabricated whose tested quality factor is 514 in air, which proves that the grid strip structure can

reduce mechanical noise.
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1. Introduction

High resolution accelerometers are widely used in assistant
navigation, robots, earthquake detection etc. Comb capacitors
fabricated by bulk silicon micro processing are the structure
mostly used in high resolution accelerometers('l. The deep RIE
process, which is an important process in bulk silicon micro
processing, may cause non-parallel plates in the comb capaci-
tor, which affect the resolution and linear work range of the ac-
celerometer!? 3], Grid strip structures based on a bulk silicon
process were proposed in Refs. [4, 5], which work on slide-
film damping so that the accelerometer has a higher resolution
in air pressure. Compared with the traditional comb structure,
the grid strip structure can eliminate the effect of non-parallel
comb capacitors caused by the deep RIE process. It can also
sustain a higher detecting voltage while avoiding the pull-in
effect and lead to higher resolution.

The detecting theory of the grid strip capacitor is based
on the change of overlapping area, which has a high linear
work range compared with the comb structure. Since the ca-
pacitor plates of the grid strips do not entirely overlap, there is
a fringing electric field aside from the overlapping area, which
affects the detecting capacitance of the accelerometer. There-
fore, it is important to analyze the fringing electric field in the
design of MEMS capacitive devices with grid strip structure.
A modified capacitance calculation formula was proposed in
Ref. [6], which contains fringing electric field analyses. But the
formula cannot be used in the grid structure because it cannot
precisely predict the capacitance of the grid strip structure. Ac-
cording to the situations above, a method of using an electric-
magnetic field analyzing software, ANSOFT-Maxwell, is pro-
posed, which can precisely calculate the capacitance of the grid
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strip structure. Analyzing the results shows that the parallel
plate approximation and modified formula cannot calculate ca-
pacitance precisely; that the fringing electric field has an effect
on the capacitance of the grid strip structure and that the capac-
itance changes nonlinearly with the change of overlap width.

2. Theoretical analyses
2.1. Noise analyses

There are two major noise sources for capacitive MEMS
accelerometers: mechanical noise and electrical noise. The me-
chanical noise is caused by the damping movement of air
molecules around the physical structure of the accelerometer.
According to Gabrielson, the equivalent acceleration of me-
chanical noise can be expressed by[’]:

- 4kBTa)n
am = ‘/ W, (1

where kg, T, w, are the Boltzmann constant, absolute tem-
perature and natural frequency of the accelerometer, respec-
tively, m is the seismic mass, and Q is the quality factor of
the sensor. Compared with squeezed-film damping, slide-film
damping usually leads to a smaller damping ratio and a higher
Q factor, so it can decrease the mechanical noise of the ac-
celerometer.

Another major noise source is the interface circuit. Mod-
ulation and demodulation is a common detecting method for
capacitive accelerometers. In this method, high frequency car-
rier waves with opposite phase are applied on accelerometer
capacitors to modulate the acceleration signal, and then the sig-
nal is amplified and demodulated. In this situation the electri-
cal noise is determined mainly by the noise in the frond-end
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Fig. 1. Schematic figure of grid strip structure.

preamplifier. The electrical noise can be expressed by the fol-
lowing equation!®l:

2
de= || g, 2
C+C+ GV

where « is the constant related to the sizes of the sensor, C is
the sensing capacitance of the sensor, C,, is the parasitical ca-
pacitance, V; is the voltage of the testing signal, and v, is the
voltage of the input noise. Equation (2) shows that the elec-
tronic noise can be reduced by increasing the sensing capaci-
tance or amplitude of the electronic testing signal in the capac-
itive accelerometer design.

The total noise of capacitive accelerometers can be ex-

pressed by:
atotal = \/53 + ‘751 (3)

From Eq. (3), a conclusion can be drawn that the de-
signed accelerometer has a low mechanical noise since it works
on slide-film damping and the electric noise can be reduced
through the use of large testing signals and sensing capacitance.

2.2. Working principles

The sensing capacitor of the designed accelerometer is
composed of grid strips, including beam-supported proof mass
and aluminum electrodes deposited on glass substrate. One sili-
con grid strip electrode has a counterpart of two aluminum elec-
trodes, forming a differential capacitor structure. A schematic
picture is shown in Fig. 1.

The designed accelerometer detects an inertial signal
through capacitance changes based on capacitor area change:
acceleration causes displacement of proof mass, which leads to
area change of sensing capacitors and then capacitance change.
When the proof mass has a displacement of Ax in the x-
direction, the capacitance change AC can be calculated by:

geonl(w + Ax) 3 egonl(w — Ax)
d d

AC =C,—C, =

seonl

X 2Ax, @)

where ¢ is permittivity, n is the number of silicon grid strip

electrodes, while /, w and d are overlap length, overlap width

and gap between proof mass and substrate, respectively.
When the inertial force and elastic force are in balance:

F =ma=kxAx = Ax =ma/k, %)

where k, a and m are the elastic constant, acceleration, and
mass of the proof mass respectively. So the relation between
capacitance change and acceleration can be expressed by:
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Fig. 2. Accelerometer structure. (a) Silicon proof mass and supporting
beam. (b) Aluminum electrodes.

seonl m
d k

AC = a. (6)

When the structure of the accelerometer is fixed, all the
parameters in front of @ in Eq. (6) are constant, and the relation
between capacitance change and acceleration approximates to
be linear.

2.3. Structure of the designed accelerometer

The designed accelerometer consists of proof mass, sup-
porting beam, glass substrate, aluminum electrodes etc, as
shown in Fig. 2. Damping combs are added in order to adjust
the damping of the MEMS accelerometer.
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Fig. 3. First and second vibrating modes.

3. Performance of the accelerometer

To verify the structural design of the accelerometer, several
analyses including modal analyses, strength analysis and trans-
verse sensitivity analyses were performed by using the FEM
software ANSYS.

3.1. Mode analyses

The analytical results are shown in Fig. 3: vibration modes
of the first and second modal are translational movement in
the y- and x-directions with frequencies of 957 and 955 re-
spectively. When 1 g acceleration is applied in the x- and y-
directions respectively, the displacements are both 0.273 pm,
so the accelerometer has the same sensitivity in the x- and y-
axes.

3.2. Strength analysis

The strength performance of the accelerometer was ana-
lyzed to verify if the accelerometer can sustain a large shock.
Overloading heaves are designed in both x- and y-directions
to protect the accelerometer from damage from large shocks.
However, a similar structure cannot be added in the z-axis,
leaving the accelerometer unprotected in the z-axis, so the anti-
collision performance of the accelerometer depends on the per-
formance in the z-axis. In the analysis, an acceleration of 1000g
is applied on the z-axis; the result is shown in Fig. 4. The max-
imum stress in Fig. 4 is 321 MPa, less than the fracture stress
of silicon material i.e. 1.3 GPa[9], which indicates that the ac-
celerometer can sustain a shock acceleration of 1000 g.
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Fig. 4. Strength analysis result.

Table 1. Analytical results of transverse sensitivity.

Acceleration Ax (pm) Ay (um)
ax=1g ay=1g 0.2734 0.2734
ay =2g ay=1g 0.5467 0.2735
a;=1g ay=1g 0.0001 0.2724
az; =12g ay=1g 0.0002 0.2723

3.3. Transverse sensitivity

The transverse sensitivity of the x-axis describes the influ-
ence of y- and z-axis acceleration on the x-axis; in this condi-
tion, the x-axis output can be expressed by:

Aoutx = Sxxlx + Syxay + Szxaz, (7)

where Syx, Syx, Szx are x-axis sensitivities induced by x-, y-
and z-axis accelerations respectively and ay, ay, a, are accel-
erations on x-, y- and z-axes. The analytical results in Table
1 show that S, » ~ S;x ~ S, ~ 0, which indicates that the
transverse sensitivity of the accelerometer is 0.

4. Fringing electric field analyses

The analyses on detecting principles in section 2.2 are
based on a parallel plate approximation with the assumption
that the length and width of the capacitor plates are much
larger than plate distance. However, in this paper, the designed
grid strip structure cannot fulfill this assumption, and addition-
ally, the designed grid strip structure has non-entirely over-
lapping plates, so the fringe effect of the grid strip structure
should be considered. An electric-magnetic analyzing soft-
ware, ANSOFT-Maxwell, which uses the FEM method, is used
in this paper to analyze the fringe effect of the grid strip capac-
itance.

4.1. Capacitance change with the change of overlap width

The analyzing model includes a 35 x 200 m? silicon elec-
trode and 30 x 200 um? aluminum electrode, and the electric
field region shows 100% extension in the x-, y- and z-axes
about the electrode size. The capacitance with overlap width
from 0 to 23.5 um is analyzed; the analytical and computa-
tional results of the parallel plate approximation and modified
parallel approximation are shown in Fig. 5(a), which indicates
that there are large errors in the results derived from the parallel
plate approximation, according to the analytical results.
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Fig. 5. Capacitance in different overlap widths. (a) Comparison
of analyzed and computed capacitance. (b) Differential capacitance
changes.

The differential capacitance change was also analyzed
through a model of a 35 x 200 um? silicon electrode and a pair
of 30 x 200 #m? aluminum electrodes with a default overlap
width of 15 um. The results in Fig. 5(b) shows that the capaci-
tance sensitivity of the designed accelerometer decreases non-
linearly with the increase of proof mass displacement; that the
capacitance decrease rate is less than 0.3% within 5 um dis-
placement, which indicates that the accelerometer sensitivity
changes linearly within 5 um displacement, and that the de-
signed accelerometer works linearly within 5 um proof mass
displacement.

4.2. Capacitance in different grid strip widths and thick-
nesses

According to Eq. (6), when the capacitor area of the ac-
celerometer is fixed, sensitivity increases as the number of grid
strips increases. Meanwhile the corresponding fringing effect
changes too. Grid strips with a length of 200 um were an-
alyzed to verify the capacitance difference in different grid
strip widths; w; and w, are the aluminum grid strip width and
silicon electrode width respectively. The results in Fig. 6(a)
show that capacitance increases with the increase of grid strip
width under the same overlap width, and that the increase rate
changes from 1.25% to 0.18% while w; changes from 15 to 30
pm.

Non-ideal effects of the DRIE process may cause thick-
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Fig. 6. Analyzed capacitance. (a) Capacitance change of different grid
strip widths. (b) Capacitance of different silicon thicknesses.

ness change of the designed structure. Since the capacitance
changes with thickness change of the capacitor plates, analyses
of the capacitance at different electrode thicknesses are impor-
tant. A 200 x 35 um? silicon strip and a 200 x 30 um? alu-
minum electrode are employed to analyze capacitance changes
with silicon electrode thickness. The designed thickness of sil-
icon strip is 80 um, so capacitors with a silicon strip thick-
ness from 70 to 90 um are analyzed to verify the influence of
thickness change on capacitance. The results in Fig. 6(b) show
that capacitance increases with the increase of silicon thick-
ness. When the thickness changes 10 um from 80 pum the in-
crease and decrease rates are 0.1% and 0.2%, indicating that for
the designed capacitor structure the thickness change caused by
non-ideal effects of the DRIE process can be neglected.

5. Accelerometer fabrication and primary test

To verify the design, the accelerometer was fabricated by
using a bulk silicon process. The proof mass and substrate
materials are N-type (100) double-sided polished silicon and
Pyrex glass respectively. The fabricating process includes deep
RIE, silicon—glass bonding, lithography, sputtering etc. The
major processes are shown in Fig. 7.

When the accelerometer is being fabricated by the DRIE
process, a micro loading effect occurs, causing an undercut in
the root of the supporting beam and affecting the integrity of
the supporting beam. To cope with this situation, a structure to
cancel the micro loading effect is designed, as shown in Fig.
2(b)'%1. Aluminum is splashed on a specified area of the glass
substrate under the supporting beam and connected to the sil-
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Fig. 7. Major fabrication process flow. (a) Silicon wafer with thermal
Si0; is etched to form a suspending cavity. (b) Aluminum is splashed
and patterned on Pyrex 7740 glass substrate. (c) Silicon—glass bonding
and silicon thinning. (d) Deep RIE to release the proof mass.

icon proof mass. When the last layer of silicon is etched, the
ions will hit the aluminum layers instead of the glass substrate,
and the charge delivered by the ions will be released to the sil-
icon proof mass, so the electrostatic bend force will disappear
to free the supporting beam from the micro loading effect.

The fabricated accelerometer is shown in Fig. 8. Figure
8(b) shows that the integrity of the U-type beam is well main-
tained under the protection of the anti-micro loading structure;
the damping comb in Fig. 8(c) is not only used to modify the
damping feature of the accelerometer but also to protect the ac-
celerometer from large shocks: when a large shock is applied
on the x- or y-axis, the moving comb in the damping combs
connects to the stator comb to avoid supporting beam damage.

The fabricated accelerometer and its static test equipment
is shown in Fig. 9(a). The primary test shows that the sensi-
tivity in the x- and y-directions is 0.53 pF/g and 0.49 pF/g re-
spectively. The difference between the two axes may caused
by over-etching in the DRIE process or the fact that the chip
cannot be fully vertical with the static test equipment. Figures
9(b) and 9(c) shows the quality factor test of a single resonator
with grid strip structure. The tested quality factor is 514, which
proves that the grid strip structure has low damping. When
the grid strip is used in the accelerometer design, the damping
comb in Fig. 9(c) can be added to adjust the overall bandwidth
and frequency response.

6. Conclusion

A capacitive MEMS biaxial accelerometer with grid strip
structure is presented, which consists of grid strip sensing ca-
pacitors, supporting beams, connecting beams and aluminum
electrodes etc. The accelerometer works on slide-film damp-
ing, which effectively reduces air damping and improves reso-
lution. Damping combs are designed to adjust the overall band-
width and frequency response.

FEM software, ANSYS, was employed to verify the cor-
rectness of the design. An anti-collision structure is designed
in the x- and y-axes to avoid damage from large shocks; a
strength analysis in the z-direction is performed which proves
that the accelerometer can sustain a 1000 g shock in the z-axis;
the transverse sensitivity is proved to be 0.

Electric-magnetic analyzing software, ANSOFT-Maxwell,
was used to analyze the fringing electric field of the grid strip
structure and its effects on the designed accelerometer. Ana-

#8000

Fig. 8. SEM figures of the designed accelerometer. (a) Overall struc-
ture of the accelerometer. (b) U-type supporting beam. (c) Damping
comb.

lytical results show that a large error occurs when using the
parallel plate approximation to calculate the capacitance of
the grid strip structure; the capacitance sensitivity of the de-
signed accelerometer decreases nonlinearly with the increase
of proof mass displacement, and since the change rate is less
than 0.3% within 5 um displacement, it can be regarded as
linear change; the capacitance increases with the increase of
grid strip width under the same overlap width, but the growth
rate decreases from 1.25% to 0.18%; the capacitance increases
with the growth of grid strip thickness but when the thickness
is above 70 um the growth rate is very slow, which indicates
that the thickness change caused by the non-ideal effect of the
DRIE process can be neglected for the designed structure.

The designed accelerometer was fabricated based on deep
RIE and silicon—glass bonding processes. A preliminary test
was conducted which shows that the accelerometer has sensi-
tivities of 0.53 pF/g and 0.49 pF/g on the x and y axes respec-

054006-5



J. Semicond. 2010, 31(5)

Dong Linxi et al.

Voltage]
Meter

(a) (b)

CH1 B/R_Iin MAG 81.684 mU
. 289 _kHz|

cpl
4674
1.26887. kH

10_au/ REF -10 al

oo

.
o b

CH2 B/R__phase 98 o/ REF @ = 169.23 ©
289 kHz|
SRl

‘Am_m

POUER © abs e

T oI 10 1Z F—59.63 sec
(C) ENTER 1.25 KHz SPAN 109 Hz

Fig. 9. Primary test of the accelerometer and Q-factor test of the grid strip resonator. (a) Sealed accelerometer chip and its static test. (b) Grid

strip resonator. (c) The tested quality factor.

tively. A resonator with grid strip structure was fabricated and
its quality factor is 514 in standard pressure, which proves that
the grid strip structure can reduce the mechanical noise.
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