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Abstract: In a MEMS capacitive accelerometer, there is an offset due to mechanical and electrical
factors, and the offset would deteriorate the performance of the accelerometer. Reducing the offset
from mechanism would benefit the improvement in performance. Yet, the compositions of the offset
are complex and mix together, so it is difficult to decompose the offset to provide guidance for the
reduction. In this work, a decomposition method of offset in a MEMS capacitive accelerometer
was proposed. The compositions of the offset were first analyzed quantitatively, and methods of
measuring key parameters were developed. Based on our proposed decomposition method, the
experiment of offset decomposition with a closed-loop MEMS capacitive accelerometer was carried
out. The results showed that the offset successfully decomposed, and the major source was from the
fabricated gap mismatch in the MEMS sensor. This work provides a new way for analyzing the offset
in a MEMS capacitive accelerometer, and it is helpful for purposefully taking steps to reduce the
offset and improve accelerometer performance.

Keywords: MEMS capacitive accelerometer; offset; decomposition; parameters

1. Introduction

With the progress of MEMS technology, the MEMS device is widely used in fields of
consumer electronics, industry, and military for its small volume and low cost. The MEMS
devices based on capacitance detection usually have the advantages of high accuracy and
good stability, and the capacitive accelerometer is a typical representative application,
which can be applied in inertial navigation and control systems [1,2]. Offset is a key issue
for MEMS capacitive accelerometers, and it is the main factor blocking MEMS capacitive
accelerometers from reaching higher performances [3].

Currently, the offset of MEMS capacitive accelerometers has been researched consider-
ably, and the research has mainly involved the calibration and resource of the offset. The
calibration of offset is just a mathematical operation [4-6]. For example, if the offset is
+0.5 g and the scale factor is 0.5 V/g, then the mathematical calibration method involves
subtracting 0.25 V from the output. Because the reduction isn’t from mechanism, the
performance of the offset, such as drift, cannot been improved. On the other hand, there
have been many studies related to the source of the offset, such as material properties [7],
gap mismatch [8], residual stress [9], and sensing circuit [10], but these papers have not
analyzed the offset quantitatively. Moreover, some researchers have proposed methods
of reducing the offset from a mechanism, such as optimizing the adhesive process [11,12],
introducing a binary-weighted micro-capacitor [13], compensating based on the resonance
frequency [14], improving the control system [15], and interface circuit technology [16-18].
However, these methods are partial and not purposeful. At present, the method can only

Micromachines 2021, 12, 1000. https:/ /doi.org/10.3390/mi12081000

https://www.mdpi.com/journal /micromachines


https://www.mdpi.com/journal/micromachines
https://www.mdpi.com
https://doi.org/10.3390/mi12081000
https://doi.org/10.3390/mi12081000
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/mi12081000
https://www.mdpi.com/journal/micromachines
https://www.mdpi.com/article/10.3390/mi12081000?type=check_update&version=2

Micromachines 2021, 12, 1000

20f13

be arbitrarily selected to reduce the offset. For example, the method of reducing residual
stress is selected to reduce the offset of a MEMS accelerometer, but its offset may mainly
come from the mismatch of parasitic capacitance. Subsequently, the offset probably cannot
be reduced, and the researchers think that the adopted method of reducing residual stress
may not be good enough and may go in the wrong direction. Therefore, an appropriate
method should be selected to reduce the offset for improving performance, which requires
the decomposition of the offset quantitatively. Yet, the offset of the MEMS accelerometer
originates from various factors, and it is difficult to separate the composition of the offset
from each other. This leads to there being little systematic research on the decomposition of
the offset. Maspero et al. analyzed the composition of the offset in a MEMS accelerometer,
but this work took the MEMS sensor as a whole and could not distinguish between the
device and the unavoidable parasitic term [19].

This paper proposed an offset decomposition method in a closed-loop MEMS capaci-
tive accelerometer. Based on our developed methods of measuring key parameters of the
MEMS accelerometer, the compositions of the offset were analyzed and decomposed. This
decomposition method can help researchers distinguish the sources of offset quantitatively.
Based on the decomposition result, the major source can be identified, and the correspond-
ing improvement can be purposefully raised to reduce the offset. Once the offset is reduced
from the mechanism level, the performance of the MEMS accelerometer can be improved.
Therefore, our proposed method is of great significance for researchers to improve the
performance of the MEMS capacitive accelerometer.

2. Decomposition of Offset
2.1. Composition of Offset

For the closed-loop MEMS capacitive accelerometer, a sketch map of the servo system
based on an electrostatic force balance is shown in Figure 1. The system contains a MEMS
sensor, interface circuit, and closed-loop controller.

anchor
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Figure 1. Sketch map of servo system in MEMS accelerometer.

In the closed-loop system of the MEMS capacitance accelerometer, there is a force
balance for the proof mass [20], and the offset is determined by this balance. In refer-
ence [20], the equation of force balance did not take into account the effect of residual
stress. Thus, when the residual stress is considered, the equation of the force balance can
be expressed as:

Fo+kx+ma+F =0 1)

where k is the stiffness of the spring, x is the bent value of the spring, m is the inertial mass
of the proof mass, 4 is the input acceleration, F; is the residual stress on the inertial mass
along the sensitive direction, and the equation of electrostatic force F, is as follows:
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where &, and ¢ are the relative and absolute dielectric constant, respectively, A is the
overlapped area of capacitance, V; is the modulated voltage, V,,; is the output voltage and
equal to the feedback voltage Vg, V; is the pre-load voltage, d is the gap between electrodes,
and Kj is the scale factor and is equal to m x d2/(2 x & x g X A x V).

Equation (2) is substituted into Equation (1), and the formula of force balance can be

transformed to: v ‘ E
out % Is
K —mxx+a+m 3)

On the other hand, there is a capacitance balance in the closed-loop system of the
MEMS capacitance accelerometer, which means that the voltage of detecting capacitance
must be equal to 0. Therefore, the equation of capacitance balance is as follows:

(Cr—Cp) x Key =0 (4)

where Ct and Cj, are the capacitances of the top electrodes and bottom electrodes, respec-
tively, and K¢y is the conversion parameter from capacitance to voltage.

The capacitances Ct and Cj, contain the effective capacitance and parasitic capacitance.
According to Equation (4), the mismatch of effective capacitance and parasitic capacitance
can all result in the bending of the spring. Thus, the bent value x of the spring is determined
by this capacitance balance, and the bent value of the spring can be expressed as:

X=X+ Xxp 5)

where ¥, is the gap mismatch due to the fabricating error and x,, is caused by the parasitic
capacitance and is equal to ACy,/K,oc, where AC,, is the mismatch of parasitic capacitance
and K¢ is the conversion parameter of the sensor from displacement to capacitance.

The offset is the accelerometer output that has no correlation with input acceleration.
In additional to the MEMS sensor, the error of the circuit would also affect the offset. Thus,
the effect of the circuit should also be added into the offset, and the original offset can be
expressed as follows according to Equations (3) and (5).

Vout—Og k k A
Of fset = K m xxd+% X

oot — ©)

where V104 is the output voltage without input acceleration, and J, is the part caused by
electrical components.

In the closed-loop system of a MEMS capacitive accelerometer, the force balance and
capacitance balance are key, and the model of the offset is deduced according to the two
balances. Any factor that affects these two balances will change the offset. Figure 2 depicts
the influence factor of the offset in a closed-loop MEMS capacitive accelerometer.

’ Closed-loop MEMS capacitive accelerometer ‘

! :

’ Capacitance Balance ’ Force Balance ‘
Effective paracitic Electrical Elastic | |Electrostatic| | Residual
capacitance | | capacitance | |components Force Force stress

! ! ! ! !

’ Influence Factor of Offset ‘

Figure 2. Influence factor of offset in closed-loop MEMS capacitive accelerometer.
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2.1.1. Offset from Electrical Part

The offset of the MEMS capacitive accelerometer from the electrical part mainly
originates from the parasitic capacitance and electrical components.

Using the method in our previous work [21], the mismatch of parasitic capacitance
AC, can be obtained. The parameter Ky>c of the MEMS sensor can be expressed as:

2X ey Xe XA
2
dg

@)

Kyoc =

Based on the parameters of k, Kyz., and AC), the offset caused by parasitic capacitance
can be separated from the whole offset.

In the open-loop system of a MEMS capacitance accelerometer, its offset is seriously
influenced by electrical components, such as the front-end capacitor and the gain of an
amplifier [20]. However, the closed-loop system eliminates these effects [22,23]. Meanwhile,
the technology of modulation and demodulation in the front-end circuit eliminates the DC
offset of the front-end amplifier [10]. However, the effect of the DC offset voltage in the
PID amplifier remains. Therefore, when calculating the part of electrical components, one
only needs to consider the effect of DC offset voltage of the PID amplifier, and this part can
be expressed as:

o Vos

5, =
e Kop

®)

where Vs is the DC offset voltage of the PID amplifier and Ky, is the gain of the open loop,
in units of V/g. The DC offset voltage of the amplifier can be found through looking up its
datasheet, and the gain of the open loop can be obtained in the open-loop system. Usually,
this composition would not be large.

2.1.2. Offset from Mechanical Part

The offset of the MEMS capacitive accelerometer from the mechanical part mainly
originates from the gap mismatch and residual stress on the inertial mass.

To obtain the offset, which is caused by a gap mismatch, the parameters of mechan-
ical stiffness k and the gap mismatch x should be measured. Subsequently, this offset
composition of can be calculated according to k x x m.

The three-dimensional structure of a MEMS sensor is formed through the thermal
bonding process, which would bring residual thermal stress, and the package would also
cause mechanical stress on the sensor. This tiny stress is difficult to accurately measure,
and the weight along the sensing direction is usually difficult to obtain. Therefore, it is
difficult to measure this composition directly. In this paper, the value of this composition
was obtained through deducting other compositions from the whole offset.

2.2. Parameters of MEMS Sensor

In our decomposition method of offset, the parameters of the MEMS accelerometer are
the basis, including the mechanical stiffness, the gap and its mismatch, and the mismatch of
parasitic capacitance. Therefore, methods of measuring these parameters were developed.

2.2.1. Gap of Sensor

The actual gap between electrode plates would seriously deviate from the design
value, owing to MEMS fabricating technology. Thus, the gap of the sensor should also be
measured experimentally. In this paper, the value of the gap was extracted from the scale
factor of the closed-loop accelerometer.

In a closed-loop system, the scale factor of the MEMS capacitive accelerometer can be
expressed as [24]:

m x d3
C 2xege, X AXV,

Ky )
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where K is a scale factor of the closed-loop accelerometer, dj is the gap between electrode
plates of the sensor, ¢ and g are the relative and absolute dielectric constant, respectively,
A is the overlapped area of capacitance, and V, is the pre-load voltage. Then, the calculated
formula of the gap is as follows:

doz\/Kl X 2% goer X Ag X Vy/m (10)

2.2.2. Mismatch of Parasitic Capacitance

In a MEMS capacitance accelerometer, the sensing principle is capacitance detection.
Thus, the parasitic capacitance can disturb the output, and its mismatch AC, would result in
offset. The measuring method of the mismatch of parasitic capacitance has been described
in our previous work [21]. The calculating formula of mismatch parasitic capacitance AC,
is as follows:

2 A
Fe/ — ><Sy><€0(3)>< XX % Vrzef + BO

d
YZBl><X+BO (11)
FXEQXA PXEQXA _ 2XerXeggXAX o
ACy = 08 — S0s = == 8;8 =2 .dy = By x do
where F! = 2% g X €9 X A X Vg X Vi /d§ = Ut /Ky x m x g1,

By=2xe xegx AX V3 xxp/d3 —kxx—mxa—F.

2.2.3. Mechanical Stiffness of Spring

The mechanical stiffness of spring k is critical for calculating the elastic force. Due to
the fabricating error of MEMS technology, the actual value of mechanical stiffness would
deviate largely from the design and simulation value, and so the mechanical stiffness should
be measured experimentally. In this paper, a new method of measuring the mechanical
stiffness was proposed and is presented below.

The mechanical stiffness was obtained through debugging the open-loop system of the
MEMS accelerometer. Thus, the closed-loop accelerometer should be transformed into an
open-loop system. In the open-loop system, the spring would bend with input acceleration,
and there would be output voltage, while when DC voltage V, is applied to the sensor, the
output would change due to the electrostatic stiffness. The difference in output voltage
with different input acceleration is:

1 -1 k

AV — mx (ag—a1) x Kyoc X Kooy~ ¢ m x (a3 — a1) x Kyac % Keay 12)

where a7 and a; are different input accelerations on the accelerometer, k, is the electrostatic
stiffness caused by the voltage V; [25], Kyoc is the conversion parameter of the sensor from
displacement to capacitance, and Kcyy is the conversion parameter from capacitance to
voltage. Equation (11) can be transformed to:

Y=axX+Db

13
{ k=—-b/a (13)

where Y = 1/AV,y; is the dependent variable, X = k. is the independent variable, a = —1/B,
b=k/B,B=m X (ap — a1) X Kyoc X Kcoy that is a fixed value, and k is the mechanical
stiffness.

Equation (12) shows that there is a strong linear relationship between 1/AV,; and k..
Through linear fitting, the slope 2 and intercept b can be obtained. Then, the mechanical
stiffness k can be obtained and is equal to —b/a.



Micromachines 2021, 12, 1000

6 of 13

2.2.4. Mismatch of Gap

As a result of the fabricating error of MEMS technology, the gaps of the top and bottom
electrode plates would be different. Consequently, the mismatch of the gap would result
in an offset. The nanoscale and discreteness make the measurement of the gap mismatch
difficult. Thus, a new method of measuring the gap mismatch was developed, and it is
described as follows.

This method is based on the balance of electrostatic forces between top and bottom
electrode plates. First, the closed-loop accelerometer is transformed into an open-loop
system, and DC voltages are applied to the top and bottom electrodes. Then, adjusting the
voltage amplitudes makes the output equal to the offset voltage. Under this condition, the
electrostatic forces between the top and bottom electrode plates are equal. Thus, there is a
balance of electrostatic forces:

er60A X VE  &80A X V}
2 x d3. 2% dz

(14)

where V7 and Vp are the DC voltages applied to the top and bottom electrodes, respectively,
and dr and dp are the gaps between the top and bottom electrodes, respectively. According
to Equation (13), the proportion « of gaps between top and bottom electrodes and the gap
mismatch x can be obtained, and the formulas are as follows:

{ a=dr/dg =Vr/Vp

x=(1—a)xdy+2 (15)

2.3. Procedure of Decomposition Method

The step-by-step procedure of our decomposition of offset is described as follows, and
the flowchart is sketched in Figure 3.

i Closed-loop MEMS capacitive accelerometer E
I 1
| |
I I
: ¥ Vnut—ﬂg :
E Test of offset and scale factor { !
i K: =  do i
’ , b
E Design parameter of sensor A Kic i
I 1
e * i
1| Test of Parasitic Capacitance - AC, !
g, _!_ _________________________ I
i Changed to open-loop syestem i
I I
| ! |
!l Test of mechanical stiffness k !
| ) |
i Test of gap mismatch Xd i
I I
a ' |
! Test of open gain » Kop !
|\ ————————~——~-—-—"—"———~——~—"—— -~ -—"—"-—"-—"-~_ _ _ - — - ——————————————= I
I I

| kxxalm || kx ACp/m/Ka: ot = Vos/Kop : > F/m

I

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 3. Procedure of decomposition method.
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(1) The closed-loop MEMS capacitive accelerometer is selected as an experimental sample.

(2) In a gravity field, the offset and scale factor of the closed-loop system are tested.
Based on the scale factor Ky, the gap dg can be obtained according to Equation (10).

(3) According to the design structure, the inertial mass m and overlapped area A are
extracted, and some parameters can be obtained.

(4) In the closed-loop system, the test of parasitic capacitance is carried out according
to the method described in our previous work [21], and the mismatch AC, can be obtained.

(5) The closed loop is broken at the node of the PID, and the closed-loop system is
changed into an open-loop system.

(6) In the open-loop system, the test of mechanical stiffness is carried out. The DC
voltages of the top and bottom fixed plates are connected to GND, and the DC voltage of
the proof mass V; is disconnected from the reference fixed voltage and connected to the
output of the adjustable power supply. Then, the voltage V, is changed, and the outputs of
the accelerometer are recorded under the input axis conditions of vertically upward and
downward. Lastly, the mechanical stiffness can be obtained according to Equation (12).

(7) In the open-loop system, the test of gap mismatch is carried out. The DC voltage of
proof mass V; is connected to GND, and the DC voltages of the top and bottom fixed plates
are connected to two different outputs of the adjustable power supply. The DC voltage of
the top fixed plate Vr is set as a fixed voltage, and the DC voltage of the bottom fixed plate
Vp is adjusted to make the output equal to the offset voltage. Therefore, the gap mismatch
x can be obtained according to Equation (14).

(8) In the open-loop system, the test of the open gain is carried out in a gravity field.
The DC voltage of the proof mass and fixed plates are all connected to GND, and the
outputs are recorded under the input axis conditions of vertically upward and downward.
The parameter Ky, can be obtained according to the outputs.

(9) Based on the measured data, the compositions can be directly obtained except for
Fs/m. The composition of residual stress is calculated through deducting other compositions
from the whole offset.

3. Measurement Results and Discussion
3.1. MEMS Capacitive Accelerometer

The experimental sample is our self-built MEMS capacitive accelerometer. The struc-
ture of the sensor is a comb-finger, and the inertial mass is movable in-plane. The sensor
is sealed in a ceramic shell under atmospheric pressure, and the detecting circuit is con-
structed by discrete devices on the PCB. The sample and structural diagram of the sensor
are shown in Figure 4. The servo system of this MEMS accelerometer is a closed loop based
on electrostatic feedback, and a square wave of 100 kHz and 5 V is adopted in the circuit of
capacitance measurement.

Comb-finger N

capacitance / Y
' I

\
/

\
N

Proof Mass
Anchor-
Moving Direction
Spring

Figure 4. The sample (a) and structural diagram of sensor (b).
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The sensor of the MEMS capacitive accelerometer is fabricated with a bulk silicon
process, and the process of SOG (silicon on glass) is adopted. The fabrication steps of
the sensor are shown in Figure 5, including: (a) RIE on single-crystal silicon; (b) metal
patterning on Pyrex 7740 glass; (c) anodic bonding between silicon and glass; (d) silicon
wafer thinning; (e) deep RIE on silicon to release structure.

= LN N

Figure 5. Fabrication steps of MEMS sensor (a) RIE on silicon; (b) metal patterning on glass; (c)
anodic bonding; (d) silicon wafer thinning; (e) deep RIE on silicon.

The fabricated sensor is observed using a scanning electron microscope, and the SEM
image is shown in Figure 6.

100 pm

Mag= 110X WD = 13.8 mm EHT = 10.00 KV Signal A = SE2

Figure 6. The SEM (a) and image of MEMS sensor (b).

3.2. Measurement Results

First, the scale factor and offset of this closed-loop accelerometer were measured in a
gravity field, and the data are recorded in Table 1. According to the measured data, the
offset of this accelerometer was —200.4 mg, and the scale factor K; was 578.955 mV/g.

Table 1. Measured data of scale factor and offset.

Vout(+1g) [ImV] Vi1 (—1g) [mV] SF [mV/g] Offset [mV] Offset [mg]
—694.96 462.95 578.955 —116.005 —200.4
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Based on the value of the scale factor and Equation (10), the average gap of this
sensor dy could be calculated and was equal to 3.455 pm. According to the data and
Equation (7), the parameter K. could be calculated and was equal to 5.281 x 107 F/m.

In the closed-loop system, the parasitic capacitance was measured. Based on our
method proposed in our previous work [21], the mismatch of parasitic capacitance was
measured, and the measured data are recorded in Table 2. It should be pointed out that the
controlled referenced voltage was accurate to millivolts. The curve between V2 £ and F] is
shown in Figure 7, and a linear fitting of the curve was made. The linear fitting equation
was Y =374 x 1072 x X +8.74 x 1077, According the slope of linear fitting, the mismatch
of parasitic capacitance AC, could be obtained and was equal to 12.9 fF.

Table 2. Data of measuring mismatch of parasitic capacitance.

Vref[v] Vrz[vz] Fe/[N]
1.000 1.000 8.79 x 10~7
2.000 4.000 8.89 x 1077
3.000 9.000 9.07 x 1077
4.000 16.000 9.33 x 1077
5.000 25.000 9.67 x 1077
6.000 36.000 1.009 x 10~°
e 1 v=374%10"% X +8.74x 107 | —s—Output Daia |
| R-Squte = 1.00 | Linear il

-
1.00E-006

9.75E-007

Z 9.50E-007

9.25E-007 /
9.00E-007 ./

8.75E-007

0 5 10 15 20 25 30 35 40
VIV

Figure 7. Curve of measuring the mismatch of parasitic capacitance.

After completing the test in a closed-loop system, the closed loop was broken at the
node of the PID and changed into an open loop. Then, the measurements of mechanical
stiffness and gap mismatch were carried out in an open-loop system.

The measurement of mechanical stiffness was carried out based on our abovemen-
tioned method. When the DC voltage V, was applied on the middle electrode plate, the
fixture with the accelerometer was overturned to make the direction of the input axis
vertically upward and downward, and the outputs were recorded. Then, the amplitude
of V; was changed, and the above steps were repeated. Table 3 contains the tested data
where V11 and V0 are the output voltages of the open-loop system under the input axis
conditions of upward and downward, respectively.

A curve with 1/AV,,; as the Y-axis and k. as the X-axis was made and is shown in
Figure 8. The linear fitting equation was Y = —0.0120 x X + 0.887, and the R? of the fitting
was 1.00, which shows a highly linear correlation between 1/AV,,; and k.. According
to Equation (12), the mechanical stiffness k of the spring in this accelerometer was equal
to 73.92 N/m. It should be noted that the linearity would decrease when the voltage V;
is larger. This is because the large displacement x caused by the large voltage V, would
produce a nonlinear effect. On the other hand, several other samples were also tested. The
linearities were all high, but they were different.
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Table 3. Tested data of measuring mechanical stiffness.

\ [Vl ke [Vl Vautl [VI] Voutz [V] AVout [Vl
0.000 0.0000 —0.6627 0.4644 1.1271
1.000 1.529 —0.6769 0.4740 1.1509
2.000 6.114 —0.7240 0.5045 1.2285
3.000 13.757 —0.8182 0.5661 1.3843
4.000 24.458 —1.0006 0.6836 1.6842
0.95
A Y = -0.0120 x X ~ 0.887 —m— Qutput Dat
o.9o-v = R-Squre = 1.00 Uined T
0.85 "‘\\
0804
= \\
= 0754 e
4 “u
< 070 <
0.65 \
=
0.60 e
0.55 T T T T T T T T
0 5 10 15 20 25
k N/m]

Figure 8. Curve of measuring the mechanical stiffness.

Then, the gap mismatch was also measured in an open-loop system. In this measure-
ment, the input acceleration should be as small as possible, ensuring that the spring is in a
free state, which can improve the accuracy of measurement. Thus, we adjusted the position
of the accelerometer so that the value of the output was —116.0 mV. At that position, the
voltage Vp, with a value of 1 V, was applied on the bottom electrode, and the voltage Vr
was then applied on the top electrode and adjusted. The tested data are shown in Table 4.

Table 4. Tested data of measuring gap mismatch.

Vg [V] Vr V] Vout [mV]
0.000 0.000 —116.0
1.000 0.000 —282.2
1.000 1.000 —118.1
1.000 1.008 —116.0

According to Equation (14), the proportion « of gaps between the top and bottom electrode
plates was equal to V/Vp = 1.008, and the gap mismatch was x = (1 — &) x dy/2 = —0.01382 pm.
When the loop of the servo system was closed, the spring would bend due to the fabricated gap
mismatch, and the bending value was equal to x. Thus, the offset caused by the fabricated gap
mismatch was equal to k x x/m = —222.8 mg,.

Lastly, the offset caused by the DC offset voltage in the PID amplifier was analyzed.
The type of PID amplifier was OP4177 in this accelerometer, and its DC offset voltage was
smaller than 60 uV. The measured gain of the open loop was 103.823 mV /g, and so the
offset caused by this voltage was smaller than 0.6 mg according to Equation (8). Therefore,
this composition was small enough to be ignored.

3.3. Discussion

Our proposed decomposition method of offset takes advantage of the characteristic
that the MEMS sensor has a movable structure, and electrical methods were exploited to
nondestructively measure the parameters of the accelerometer. Our proposed methods of
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(@)

Figure 9. Experimental measurement of gap: (a) confocal laser scanning microscope; (b) measurement results;

(c) capacitance model.

measuring the accelerometer key parameters are based on our decomposition method of
the offset, and it can also be extended to other applications, for example, the evaluation of
MEMS fabricating technology and the design of a control system.

The real values of the accelerometer key parameters are difficult to obtain exactly.
For example, the structure of the sensor has hundreds of comb-fingers, which make the
equivalent gap difficult to obtain exactly. The micro-scale also makes the mechanical
stiffness difficult to obtain exactly. This fact prompted us to develop new methods. In order
to verify the accuracy of the results obtained by our proposed methods, another approach
was introduced, and measurements were carried out.

In this experimental MEMS sensor, the gap was designed to be 2.5 pm, and the over-
etching width was about 1 pm in this SOG process. Based on our electrical measurement
method, the fabricated gap of the MEMS sensor was 3.455 pm. Moreover, these data were
compared with the result of dimension measurement. The SEM was used to experimentally
measure the gap of the comb. The result of one comb is shown in Figure 9a,b, and d; was
3.617 pm and d, was 14.70 um. According to the capacitance model shown in Figure 9c,
the equivalent gap was equal to:

do =1/4/(1/d}) + (1/d3) (16)

EHT = 10.00 kv

(b) (©

Thus, the equivalent gap measured by SEM was 3.499 pm. The result of dimension
measurement was close to the result of our algorithm, and the difference was 1.3%, which
mainly comes from the following two aspects: (1) The sensor has several hundreds of combs,
and the gap difference of different combs can reach up to 0.1 um. (2) During the dimension
measurement, an unclear boundary can lead to measurement error. The MEMS etching
process also resulted in a gap mismatch with a value of —0.01382 um. This value seems
very small, but it introduced a major offset. Similarly, the mechanical stiffness deviated
from the design value by the MEMS etching process. The measured value of mechanical
stiffness was 73.95 N/m, and it was much smaller than the design value of 109 N/m. Using
the confocal laser scanning microscope, the width of the spring was measured, and the
value was 8.8712 um. According to the theoretical formula of mechanical stiffness for
the folded beam, the calculated value was 76.21 N/m, which is close to the result of our
algorithm. The difference of 3.1% mainly came from the nonuniformity of the several
beams and simplified theoretical formula.

On the other hand, the error of the dimensional measurement using SEM was 0.1%,
and the error of the source voltage was 0.2%. Based on these errors, the uncertainty in
different items for the offset compositions can be obtained. The uncertainty in the first item
k/m x x; was 3.1%. The uncertainty in the second item k/m x AC, /K,oc was 4.6%. The
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third item J, was small enough to be ignored. The uncertainty in the second item F;/m
was 7.7%.

Based on our analysis and methods, the offset of the MEMS capacitive accelerometer
was successfully separated from each other using our proposed decomposition method. For
example, the offset caused by the mismatch of the parasitic capacitance was k x ACy/Kyp./m
=+ 39.5 mg. The separated compositions are summarized in Table 5. The composition
caused by residual stress was calculated through deducting other compositions from the
whole offset. As our proposed methods do not contain a method of measuring residual
stress and its effect, we cannot obtain the value of this composition directly at present. In
our future work, we will develop a method of directly measuring the residual stress and
corresponding offset.

Table 5. Decomposition results of offset.

Composition of Offset Value
. gap mismatch —222.8mg £ 6.9 mg
mechanical part residual stress —17.7mg £ 1.4 mg
electrical part parasitic capacitance +39.5mg = 1.8 mg
P electrical components +0.6 mg
total —200.4 mg

As can be seen from Table 5, the mechanical part with a value of —240.5 mg was much
larger than that of the electrical part of +40.1 mg. Moreover, the major offset was from the
fabricated gap mismatch. Therefore, the weights of different compositions revealed the
primary improvement direction to reduce offset. In our next work of improving the offset
performance, we will focus on reducing the gap mismatch from the etching process and
structural design.

4. Conclusions

This paper describes a decomposition method of offset in a closed-loop MEMS capaci-
tive accelerometer. The model of the offset was established, and the effect of the mechanics
and electricity were analyzed. Methods of measuring the mechanical stiffness and gap
mismatch in the MEMS capacitive accelerometer were first introduced and validated. The
experiment of our silicon-based comb-finger MEMS accelerometer showed that the offset
was successfully decomposed, and its source was mainly from the fabricated gap mismatch.
Our future work may focus on reducing the gap mismatch and developing a method of
measuring the residual stress based on the decomposition result. This work is helpful
for designers to distinguish the source of offset in MEMS capacitive accelerometers and
purposefully take steps to reducing the offset for improving performance.

Author Contributions: X.D. conceived the algorithm, deduced the formula, and designed the mea-
surement; Y.H. conceived the algorithm and contributed to the manuscript revision; P.L. contributed
to the manuscript revision and measuring tools; Q.H. performed the measuring experiments; W.S.
and S.L. analyzed the data; W.X. contributed to the sample; X.D. wrote the paper. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key R & D Program of China, grant
number 2020YFB2008900.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors gratefully acknowledge the financial support by the National Key
R & D Program of China (Grant Number 2020YFB2008900).



Micromachines 2021, 12, 1000 13 of 13

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role
in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript, and in the decision to publish the results.

References

1. Rao, K.; Wei, X.; Zhang, S.; Zhang, M.; Hu, C.; Liu, H.; Tu, L.-C. A MEMS Micro-g Capacitive Accelerometer Based on
Through-Silicon-Wafer-Etching Process. Micromachines 2019, 10, 380. [CrossRef] [PubMed]

2. Ullah, P; Ragot, V.; Zwahlen, P; Rudolf, F. A new high performance sigma-delta MEMS accelerometer for inertial navigation. In
Proceedings of the 2015 Dgon Inertial Sensors and Systems Symposium, Karlsruhe, Germany, 22-23 September 2015.

3. Grinberg, B.; Feingold, A.; Koenigsberg, L.; Furman, L. Closed-loop MEMS accelerometer: From design to production. In
Proceedings of the 2016 Dgon Inertial Sensors and Systems Symposium, New York, NY, USA, 20-21 September 2016.

4. Yeh, C.Y,; Huang, ].T.; Tseng, S.H.; Wu, P-C.; Tsai, H.-H.; Juang, Y.-Z. A low-power monolithic three-axis accelerometer with
automatically sensor offset compensated and interface circuit. Microelectron. J. 2019, 86, 150-160. [CrossRef]

5. Tie, J.; Cao, ].; Chang, L.; Cai, S.; Wu, M.; Lian, ]. A Model of Gravity Vector Measurement Noise for Estimating Accelerometer
Bias in Gravity Disturbance Compensation. Sensors 2018, 18, 883. [CrossRef] [PubMed]

6. Lin, Y, Ying, G.; Su, S.W. An Efficient Autocalibration Method for Triaxial Accelerometer. In IEEE Transactions on Instrumentation
and Measurement; IEEE: Piscataway, NJ, USA, 2017; Volume 66.

7. Hao, R; Yu, H].; Zhou, W.; Peng, B.; Guo, J. Effect of Slice Error of Glass on Zero Offset of Capacitive Accelerometer. In
Proceedings of the 19th Annual Conference and 8th International Conference of Chinese Society of Micro/Nano Technology,
Dalian, China, 26-29 October 2017.

8.  Huang, J.; Zhao, M.; Zhang, T.; Chen, Z.; Hong, L.; Wu, F,; Zhang, Y.; Lu, W.; Gao, C.; Hao, Y. Linearity analysis of closed-loop
capacitive accelerometer due to distance mismatch between plates and the influence of compensation capacitor array. Sci. China
Inf. Sci. 2013, 57, 1-12. [CrossRef]

9. Gupta, N.; Shaveta; Dutta, S.; Pal, R.; Jain, K.K. Effect of Residual Stress on Cantilever Type Push-Pull Capacitive Accelerometer
Structure. In Proceedings of the Physics of Semiconductor Devices; Springer: Berlin/Heidelberg, Germany, 2017.

10. Tavakoli, M.; Sarpeshkar, R. An offset-canceling low-noise lock-in architecture for capacitive sensing. IEEE ]. Solid State Circuits
2003, 38, 244-253. [CrossRef]

11.  Zhou, W.; Li, F; Yu, H.; Qu, H.; Hao, R.; Wang, N.; Sun, S.; Peng, B. Influence of adhesive non-uniformity on zero offset of micro
accelerometer. Int. . Mod. Phys. B 2017, 31, 1750242. [CrossRef]

12. Guo, C.; Sun, Y.B.; Luo, Y,; Wang, X. Study on effect of adhesive layer on zero error of accelerometer. Transducer Microsyst. Technol.
2018, 37, 19-22. [CrossRef]

13. Liu, M.J.; Dong, J].X. Compensation for bias in capacitive micro accelerometer. J. Chin. Inert. Technol. 2008, 16, 86-89. [CrossRef]

14. Chang, C.-C,; Yang, H.-T.; Su, Y.-F,; Hong, Y.-T.; Chiang, K.-N. A method to compensate packaging effects on three-axis MEMS
accelerometer. In Proceedings of the 15th IEEE InterSociety Conference on Thermal and Thermomechanical Phenomena in
Electronic Systems, Las Vegas, NV, USA, 31 May-3 June 2016.

15.  Wu, W,; Liu, D.; Qiu, W,; Liu, H.,; Hu, F; Fan, J.; Hu, C; Tu, L. A precise spacing-control method in MEMS packaging for capacitive
accelerometer applications. J. Micromech. Microeng. 2018, 28, 125016. [CrossRef]

16. Lajevardi, P.; Petkov, V.; Murmann, B. A AY. interface for MEMS accelerometers using electrostatic spring-constant modulation
for cancellation of bondwire capacitance drift. In Proceedings of the IEEE International Solid-State Circuits Conference, San
Francisco, CA, USA, 19-23 February 2012.

17.  Liu, Y.-S.; Wen, K.-A. Monolithic Low Noise and Low Zero-g Offset CMOS/MEMS Accelerometer Readout Scheme. Micromachines
2018, 9, 637. [CrossRef] [PubMed]

18. Jeong, Y.; Ayazi, F. A novel offset calibration method to suppress capacitive mismatch in MEMS accelerometer. In Proceedings of
the Samsung Electro-Mechanics Best Paper Award, Seoul, Korea, 13 November 2013.

19. Maspero, E; Lopez-Rey, V.E; Joet, L.; Hentz, S.; Langfelder, G. Combined electronics and algorithm development for offset drift
characterization in MEMS accelerometers. In Proceedings of the IEEE International Symposium on Inertial Sensors and Systems,
Moltrasio, Italy, 2629 March 2018.

20. Grigorie, T.L. The matlab/simulink modeling and numerical simulation of an analogue capacitive micro-accelerometer. In
Proceedings of the MEMSTECH'2008, Polyana, Ukraine, 21-24 May 2008.

21. Dong, X.; Yang, S.; Zhu, J.; En, Y.; Huang, Q. Method of Measuring the Mismatch of Parasitic Capacitance in MEMS Accelerometer
Based on Regulating Electrostatic Stiffness. Micromachines 2018, 9, 128. [CrossRef] [PubMed]

22. Li H,;LiS.; Deng, K,; Gao, S.; Feng, L. Analysis and Design of Closed-loop Detection Technique for Micro-grating Accelerometer.
J. Lightwave Technol. 2018, 36, 1. [CrossRef]

23.  Zhou, W.; He, ].B,; Yu, H].; He, X.P,; Peng, P. Analytical study of temperature coefficients of bulk MEMS capacitive accelerometers
op-erating in closed-loop mode. Sens. Actuators A Phys. 2019, 290, 239-247. [CrossRef]

24. 1i,].; Dong, ].X,; Liu, Y.F; Wu, T.Z. Effects of preload voltage on performance of force-rebalance micro silicon accelerometer. J.
Transducer Technol. 2004, 23, 35—40. [CrossRef]

25. Li, ].; Gao, Z.; Dong, J.; Liu, Y.; Wang, S. Electrometric method for measuring the mechanical parameters of a comb-finger

micro-mechanical accelerometer. J. Tsinghua Univ. 2003, 43, 651-654.


http://doi.org/10.3390/mi10060380
http://www.ncbi.nlm.nih.gov/pubmed/31181589
http://doi.org/10.1016/j.mejo.2019.03.005
http://doi.org/10.3390/s18030883
http://www.ncbi.nlm.nih.gov/pubmed/29547552
http://doi.org/10.1007/s11432-013-4863-0
http://doi.org/10.1109/JSSC.2002.807173
http://doi.org/10.1142/S0217979217502423
http://doi.org/10.13873/J.1000-9787(2018)02-0019-04
http://doi.org/10.13695/j.cnki.12-1222/o3.2008.01.003
http://doi.org/10.1088/1361-6439/aae9cd
http://doi.org/10.3390/mi9120637
http://www.ncbi.nlm.nih.gov/pubmed/30513614
http://doi.org/10.3390/mi9030128
http://www.ncbi.nlm.nih.gov/pubmed/30424063
http://doi.org/10.1109/JLT.2018.2878097
http://doi.org/10.1016/j.sna.2018.12.045
http://doi.org/10.13873/j.1000-97872004.08.013

	Introduction 
	Decomposition of Offset 
	Composition of Offset 
	Offset from Electrical Part 
	Offset from Mechanical Part 

	Parameters of MEMS Sensor 
	Gap of Sensor 
	Mismatch of Parasitic Capacitance 
	Mechanical Stiffness of Spring 
	Mismatch of Gap 

	Procedure of Decomposition Method 

	Measurement Results and Discussion 
	MEMS Capacitive Accelerometer 
	Measurement Results 
	Discussion 

	Conclusions 
	References

