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Abstract

In this paper, design and simulation of a single-axial, capacitive, fully differential MEMS accelerometer based on surface
micromachining with two proof masses is presented. So far, most surface micromachined capacitive accelerometers
offered, employed differential interface circuits to measure capacitor variations. However, in the presented structure, the
possibility of fully differential design is realized by dividing the proof mass to two electrically isolated parts that are
located on a silicon nitride layer. By utilizing two proof masses and altering outputs and stimulation voltage, parasitic
capacitor is reduced and the sensitivity is increased. Moreover, some sensor capacitors are embedded inside the proof mass,
so that sensitivity could be increased in the limited area and electrode length could be reduced. Furthermore, analytic
equations are derived to calculate the sensitivity, as well to optimize the sensor structure. The designed sensor has been
simulated and optimized using COMSOL Multiphysics, where the simulation results show the mechanical and capacitive
sensitivity of 29.8 nm/g and 15.8 fF/g, respectively. The sensor size is I mm x 1 mm that leads to excellent performance,

regarding to the defined figure of merit.

1 Introduction

Microelectromechanical systems (MEMS) are combining
electrical and mechanical components in micro scales.
MEMS is a technology with high reliability and perfor-
mance to manufacturing of sensors. MEMS accelerometer
is one of the most efficient sensors in the market.
Accelerometers can measure inertial force or mechanical
stimulation accelerations. Accelerometers are capable of
measuring acceleration, tilt, shock, and vibration in many
equipment, and can sense acceleration across one, two, or
three axes.

Based on method of acceleration sensing, accelerome-
ters are divided into various categories, including capaci-
tive, piezoelectric, piezoresistive, thermal, and tunneling
accelerometers. However, none of these accelerometers
alone can meet all market needs. Nevertheless, due to the
simple structure, high precision, low thermal sensitivity,
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static and dynamic response, and low power consumption,
the capacitive accelerometers have a relative advantage in
comparison with other accelerometers (Mohammed et al.
2017; Yazdi et al. 1998). MEMS capacitive accelerometers
have many applications, including in automobiles, con-
sumer electronics, gaming, guidance systems and naviga-
tion (Zhou et al. 2012; Xiao et al. 2017).

Conventional accelerometers fabricated by surface
micromachining include a proof mass, where acceleration
is measured through proof mass motion and variations of
the variable capacitor (Mohammed et al. 2017; Kavitha
et al. 2016; Szermer et al. 2017). In these cases, differential
interface circuits are employed, while achieving fully dif-
ferential interface circuits is difficult (Luo et al. 2002).
Fully differential interface circuits possess further advan-
tages over differential ones, including common mode noise
reduction and Common Mode Rejection Ratio (CMRR)
and Power Supply Rejection Ratio (PSRR) improvement
(Benmessaoud and Nasreddine 2013; Hsu et al. 2011).
Another disadvantage of surface micromachining com-
pared to bulk micro-machining accelerometers, is large
parasitic capacitor. In surface micromachining accelerom-
eters, since the sensor is implemented on the substrate, a
large parasitic capacitance is developed between the proof
mass and the substrate.

@ Springer


http://orcid.org/0000-0001-9462-5930
http://crossmark.crossref.org/dialog/?doi=10.1007/s00542-018-4187-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00542-018-4187-5&amp;domain=pdf
https://doi.org/10.1007/s00542-018-4187-5

1370

Microsystem Technologies (2019) 25:1369-1377

In this paper, we propose a new sensor structure in
which, the proof mass is divided to two electrically isolated
parts that are located on a silicon nitride layer. Using two
separate masses, fully differential interface circuit is real-
ized. Moreover, by having two proof masses in this
structure, we managed to reduce the parasitic capacitance
by varying excitation voltage and output. To achieve this,
instead of applying to the fixed electrodes, we applied the
excitation voltage to the moving electrodes. By doing this,
output parasitic capacitance to the substrate can be reduced
and increase sensitivity (Luo et al. 2002).

Some modifications to the structure are performed in
this sensor to prevent excessive enlargement of the sensor.
One modification is the use of nickel in the accelerometer,
instead of poly-silicon. Nickel is a metal with higher
density compared to poly-silicon. Hence, the mass could be
increased, which results in Brownian noise reduction as
well (Abdolvand et al. 2007). Another modification in our
designed sensor is implementation of some electrodes
inside the proof mass. By doing so, the sensor surface is
utilized to the possible extent, while the length of the
capacitor’s electrodes are reduced to lessen the problems
with long electrodes. In this accelerometer, considering the
shape of the capacitors and fully differential interface cir-
cuits, an equation for sensor sensitivity is obtained using
mathematical analysis, and it is further employed to per-
form sensor optimization.

Sensor size is one of the most important features of a
sensor. Obviously, the higher the occupied area, the better
its performance through increasing the number of capaci-
tors and mass (Xiao et al. 2016). However, increase of the
sensor size, although feasible, contradicts MEMS sensors
minimization. Thus, some limitations are imposed in our
proposed accelerometer length and width. In this
accelerometer, occupied area is targeted to be 1 mm x 1
mm, which, to our knowledge is less than most works
carried out thus far. The design objective is then obtaining
optimum sensitivity level for this size.

2 Principle of working a capacitive
accelerometer

The working Principle of a capacitor accelerometer can be
modeled with a proof mass connected to a spring and a
damper. The one-degree of freedom model of the mass-
spring-damper accelerometer is shown in Fig. 1. Comb
capacitive accelerometer consists of several capacitors with
one fixed electrode and one movable electrode. The mov-
able electrode is connected to the proof mass and moves
with its motion. When the sensor is exposed to an accel-
eration, a force equal to the mass multiplied by the accel-
eration is applied to the proof mass and causes it to be
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Fig. 1 Mass spring damper model of accelerometer

displaced. This displacement changes the capacitor’s gap
size, leading to a variations in capacitance. This variations
in capacitance can be attributed to the applied acceleration.

This system and the force applied is as a second-order
system. By applying the acceleration to the proof mass and
according to the second law of motion, the differential
equation governing the motion of the device is as follows
(Soumendu et al. 2014):

2
m%—kb%—kkx:ma (1)
where x is the proof mass displacement, m is the mass, b is
the damping coefficient and k is the spring constant. The
resonance frequency of the system is given by (Shahbaz
et al. 2017):

wp == (2)

The MEMS accelerometer works bellow the resonance
frequency. In quasi-static state, the proof mass follows
acceleration without delays and phase lags. In these con-
ditions, at frequencies much lower than the resonant fre-
quency, the mechanical sensitivity of the sensor is
calculated as follows:

x m 1

Sm = P w—% 3)

According to the above equation, mechanical sensitivity
is proportional to the inverse of the resonance frequency
square. To increase the mechanical sensitivity of the
accelerometer, the resonance frequency of the system
should be reduced, which requires an increase in mass and
a reduction in spring constant. However, these parameters
are limited by the sensor dimensions, since small spring
constants reduce mechanical impact resistance, while
increasing the mass enlarges the sensor. In addition,
reducing the natural frequency reduces the sensor band-
width. The capacitance accelerometer bandwidth is limited
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to several hundred hertz, due to geometrical physics and
the air damping around the accelerometer. There is a trade-
off between the bandwidth and the accelerometer sensi-
tivity. Applying feedback overcomes this trade-off to some
extent.

3 Sensor design
3.1 Proposed sensor structure

In Fig. 2, the overall structure of proposed accelerometer is
demonstrated. This accelerometer possess two separated
proof masses. The accelerometer structure is symmetrical.
The capacitors are embedded within four inner and four
outer batches. Moreover, four springs are placed in sensor
corners. The structural layer of the sensor is nickel, placed
on an insulating layer. The proof mass is divided into two
sectors via an air gap, so that the two masses are electri-
cally isolated.

3.2 Spring and mass analysis

In the design of the accelerator spring, a m-shaped spring is
utilized (Fig. 3). This spring has the advantage of sim-
plicity. Also, by controlling the dimensions, the spring
could be designed to have low spring constant along the
sensitive axis, and higher spring constants across other
axes. Moreover, this structure embedded a stopper to pre-
vent damage to the spring at high accelerations. The m-
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Fig. 2 General structure of the proposed accelerometer
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Fig. 3 m-shaped spring structure

shaped spring constant can be obtained from the following
formula (Li et al. 2015):

1 AN
k= EEtS (L_b> 4)

where E is the Young’s modulus for nickel, L, is the beam
length, and Wy, is its width. Moreover, t; is the structural
thickness, which is the nickel and the beam layer thickness
as well.

As can be seen from Eq. (4), the length and width of the
beam have greater impact on the spring constant compared
to its thickness. However, increasing the thickness,
although increasing the spring constant along the sensitive
axis, increases the spring constant across other axes as
well, and separates the frequency modes from each other.
Equation (4) is given for a spring. According to Fig. 2, four
springs are embedded in the structure, so that two springs is
connected to each proof mass. The total spring constant for
all structure is calculated as the following:

1 AN
— _Er[=2) .
k 5 “(m) (5)

The accelerometer mass is obtained according to the
following equation:

m = (pyits + Pinsti)Ap (6)

where pj,s and pn; are py; nickel and insulating layers
density, and A, is the proof mass area. According to the
Egs. (3), (5), and (6), mechanical sensitivity is calculated
as the following.

3
X (puits + Pinsti)Ap <Lb>

Sp=— =
W

T an, 4Ft,

(7)

Mechanical sensitivity indicate proof mass displacement
due to acceleration. Therefore, according to Eq. (3), this
value can be determined via maximum measurable accel-
eration and maximum proof mass displacement. Maximum
permissible proof mass motion in this accelerometer is
considered to be 15% of the capacitive gap, so that the
sensor sensitivity stays linear with a good ratio. Moreover,
maximum measurable acceleration is taken to be 10 g. In
our accelerometer, a number of sensor capacitors are
embedded inner the sensor. Although this results in mass
reduction, it is compensated by spring constant reduction.
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According to Eq. (4), it is possible to decrease the spring
constant by increasing the beam length. Now with the
gained area, more electrodes can be implemented in the
accelerometer to increase sensor sensitivity.

3.3 Interface circuits and sensitivity

There are two methods in order to detections the capacitive
variation in MEMS accelerometers (Fig. 4). Most
accelerometers fabricated with micromachining technol-
ogy, employ differential interface circuit (Fig. 4a). In this
case, the output detections the capacitor variations. How-
ever, fully differential interface circuit possess advantages
over the differential. This is due to two symmetrical out-
puts, which reducing the common mode noise and offset,
improving the power source rejection ratio (PSRR) and the
common mode rejection ratio (CMRR). The fully differ-
ential mode in the present paper was implemented with two
proof masses. In this paper, fully differential mode is
implemented via dividing the proof mass into two parts.

Figure 5 demonstrates electrodes structure and capaci-
tors placement. Each set of capacitors consists of two
parallel capacitors, one larger than the other. By applying
acceleration, the proof mass moves, which results in a
change in the main capacitor value C;,. Although the value
for secondary capacitor Cyy, is varied as well, the variation
is smaller, given its larger gap relative to the C,, capacitor.
If the overlap area of the capacitors is A, and d; (gap), and
d, (anti gap) are the initial capacitance gap for capacitors
Ci. and Cyy, respectively, the capacitance of these two
parallel capacitors due to a proof mass displacement with
the amount of Ay is as follows:

A A

&
c,=C Cyp = .
1 1a +Cip d1:|:Ay+d2:FAy

(3)

Since the dimensions of the capacitors C,, Csz, and Cy4
are similar to C;, their capacitance is calculated from
Eq. (8) as well. Figure 6 depicts the fully differential
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Fig. 4 a Differential interface circuit, b fully differential interface
circuit
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interface circuit with all accelerometer capacitors. C,; and
C, are parasitic capacitors.

Fully differential mode capacitance variation for all
capacitors is calculated as the following:

AC = (No —‘y—Ni)(Cl +Cy— C, — C3) (9)

where No and N; are the number of outer and inner
capacitors of the sensor, respectively. In the fully differ-
ential circuit demonstrated in Fig. 6, assuming C; = C, and
C, = C3, and by assuming that proof mass displacement
relative to the capacitor gap is low, Eq. (9) can be modified
as follows:

2eAAy 2eAAy

PR ESTSE T
(No )dffAy2 dz — Ay?

! 1 (10)
=~ 2(N0 + Ni)SAAy <— — —) .
di 4
By taking all capacitors and fully differential circuit into
account, capacitive sensitivity of the sensor is obtained as
follows:

AC
Se=—

4(No + N;)eAS, (1 1) (11)
=4(No + Ni)eASn| - —— |-
a4
The overall sensitivity of the accelerometer is calculated
as the following:

_ M _ Vuut+ - Voulf

a a
L ANo+NJeA (1 1N (12)
T 2C0+2Cw +Co \&& 3)T""

eA
Cp = (NO —I—Ni)a (13)

Si

A
Cro = (No + N;) & (14)

where V, is the input stimulation voltage. C,o and C, are
the initial capacitors. For sensor’s overall sensitivity,
number of capacitors, mechanical sensitivity, and stimu-
lation voltage should be increased. However, increasing
Vi, increases power, which is not a suitable procedure to
increase sensitivity. The output voltage could be further
enhanced using other circuits.

Parasitic capacitor C, can result in sensitivity reduction
as well. In surface micro-machining accelerometers, since
the sensor is implemented on the substrate, a large parasitic
capacitance is developed compared to bulk micro-ma-
chining accelerometers, which is one of the disadvantages
of surface micro-machining. However, in this accelerom-
eter, we were able to reduce this parasitic capacitor. The
dominant parasitic capacitor in surface micro-machining is
the capacitor between the proof mass and the substrate. As
is demonstrated In Fig. 5, it is clear that unlike all surface
micro-machining accelerometers, the output is derived



Microsystem Technologies (2019) 25:1369-1377

1373

Fig. 5 Placement of sensor
capacitors, applied excitation
voltage and output voltage
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Fig. 6 Fully differential interface circuit of the accelerometer
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from the moving electrode, and excitation voltage is
applied to the proof mass. This is feasible only by
employing two proof masses, which is another advantage
of utilizing two proof masses. Under these conditions,
parasitic capacitor between proof mass and the substrate
could be reduced.

As can be seen in Fig. 5, output voltages Vg, and
Vou— are not obtained from a single side of the sensor.
Instead, it is tried to be distributed across all dimensions, to
minimize the offset. The same distribution is also applied
as far as possible to the capacitors C;—Cy.

It is clear from Eq. (12) that capacitors Cyp, Cop, Cap,
and Cy, decrease the sensitivity. One approach to reduce
the effect of these capacitors is increasing the distance d,.
However, a large increase in d, leads to a decrease in the
number of capacitors. The curve depicted in Fig. 7
demonstrates the variation in the capacitance versus
changes in d,. In our proposed accelerometer, the mini-
mum width spacing is considered to be 2 micrometers, and
the value of d; is also 2 pm. Based on this curve, if the d,
value is taken about 6 pm, the highest sensitivity level for
the sensor is obtained.
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Fig. 7 The effect of d, variations on capacitance using Eq. (10)
3.4 Electrodes size

Electrodes size is a crucial parameter in accelerometers
determining the capacitance of the capacitors. One fixed
electrode of the sensor is demonstrated in In Fig. 8a. The
capacitance can be increased via increasing the length (L)
and thickness (t.) of the electrode. However, there are
limitations to increasing these values. Fixed electrodes
move under acceleration as well as movable electrodes.
The maximum deflection is for the tip of the electrode as
depicted in Fig. 8b. This deflection reduces the sensitivity
of the accelerometer, and it should be considered in the

.‘i 6max

(a) (b)

Fig. 8 a The structure of a fixed electrode, b fixed electrode

deflection due to applying acceleration
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design of the electrodes. The maximum deflection is
measured using the following equation:
12A..pL}

Omax = ng (15)
where p is density, A.. is the applied acceleration, and W,
is the electrode width. In the above equation, it is clear that
the maximum deflection is dependent on the length and
width of the electrode, and not on its thickness. In Fig. 9,
the maximum deflection of fixed electrode against varia-
tions in electrode length for different electrode widths is
traced. For the fixed electrodes, maximum deflection must
be significantly less than the proof mass displacement.
With increasing w,, although J,,, is decreased, but it
reduces the number of capacitors installed.

One advantage of installing some of the capacitors
inside the accelerometer is to reduce the electrodes lengths.
The length of the electrodes can be doubled by reducing the
width of the proof mass and installing all capacitors outside
it. However, this results in capacitors with long electrodes,
and according to Eq. (15), doubling the length of the
electrode increases 9,,,, 16 times, which is not desirable for
the system. It is also difficult to fabricate long electrodes.
In our proposed sensor, by placing part of the sensors
inside and halving the length of the electrodes, we have
less problems with the length of the electrodes.

3.5 Frequency modes

The shape of the frequency modes can be obtained via
sensor modal analysis in COMSOL Multiphysics. One
important point in spring design is maintaining spring
constant along the sensitive axis less than other axes, so
that the first frequency mode could be separated from other
modes. Given the simulation results, it is evident that the
first and second frequency modes occur across y and z
axes, respectively. Hence, frequency mode for z must be
higher than y, which is the first mode across the sensitive
axis.
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Fig. 9 Maximum deflection curvature (J,,,) against variations in
electrode length for different electrode widths, derived from Eq. (15)
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Fig. 10 Frequency modes variation across y and z axes versus
structural thickness for spring with Wy =2 pm and L, = 144 pm,
obtained using COMSOL software

To separate these two frequencies, spring dimensions
should be modified. The best manner to achieve this is by
resizing the sensor’s structural thickness. In Fig. 10, the
effect of thickness increment on frequency modes of axes y
and z is demonstrated. By increasing the structural thick-
ness, although the spring constant is increased across the y
axis, the mass is reduced proportionally. Hence, the fre-
quency mode for y is independent of the structural thick-
ness variations. As can be seen, in thicknesses less than
10 pum, structural thickness increment results in frequency
increase across z axis. This is due to the fact that as the
structural thickness increases, the spring constant across z
axis is incremented as well. However, as the curve con-
firms, in thicknesses above 10 pm, f, declines. This is due
to the silicon nitride layer employed to separate the two
masses. This layer functions as a spring in high thick-
nesses, resulting in spring constant and frequency mode
reduction across the z axis. Maximum frequency mode
separation occurs at thicknesses about 10 pm.

4 Simulation results

In the following section, simulation results for the designed
sensor are presented. COMSOL Multiphysics software is
employed to simulate the designed accelerometer.
According to simulation results, the obtained mechanical
and capacitive sensitivity for the designed sensor are
29.8 nm/g and 15.5 fF/g, respectively. Figure 11 depicts
mechanical and capacitive sensitivity curves for the sensor
in the 10 g range.

In Fig. 12, the first and second frequency modes for the
accelerometer are illustrated. The first accelerometer mode
occurs across the y axis, at 2869 Hz. Moreover, the second
mode occurs across the z axis at 6412 Hz. In Table 1,
geometric parameters and accelerometer characteristics are
presented.

In Table 2, a comparison between the performances of
designed accelerometers with the performances of other
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Table 1 Geometric parameters and accelerometer characteristics

Parameter Symbol Values

Sensor length and width L, x W 1 mmx1 mm
Capacitor gap d; 2 um

Capacitor anti gap d, 6 um
Electrodes length and width L. x W, 160 pm X 4 pm
Structural thickness ts 10 pm

Spring beam length and width Ly x Wy 160 pm x 2 pm
Outer number of capacitor 4x N, 108

Inner number of capacitor 4x N; 68

Mass m 3.2 ug

Spring constant k¢ 10.72 N/m
Mechanical sensitivity Sm 29.8 nm/g
Capacitive sensitivity Se 15.5 fF/g

Ist frequency mode f) 2.87 kHz

2nd frequency mode fr 6.41 kHz

3rd frequency mode f3 13.8 kHz

surface micromachining MEMS accelerometers, is pre-
sented. In Table 2 Figure of Merit (FOM) is defined and
calculated as the following:

Sc

FOM = ————.
Sensor Area

(16)
The sensor area is the area occupied by the sensor,
regardless of packaging and sensor circuits (Fig. 13).

5 Fabrication method and suggestions

In Fig. 14, the proposed method for fabricating a capacitor
accelerometer is presented. The proposed fabricating
method is entirely based on the conventional methods in
MEMS surface micromachining. First, 1 pm oxide is
deposited on the substrate to provide isolation between the
sensor and the substrate (Fig. 11a). Boron Silicate Glass
(BSG) layer is then deposited as the sacrificial layer, and is
patterned where anchor is required (Fig. 11b). This layer is
removed in the final stage. Following this step, 1 pm sili-
con nitride, which is the bedding layer for the proof mass,
is deposited and patterned (Fig. 11c). Next, a few
nanometers thick chromium and gold are deposited using
lift-off process to increase adhesion of nickel and the
insulating layers (Fig. 11d). Then, the photoresist is
deposited and patterned on the surface to fabricate the
structural layer. Next, 10 micrometers nickel is electro-
plated (Fig. 1le, f). Finally, once the photoresist is
removed, the sacrificing layer is etched, and the proof mass
is released (Fig. 11g, h).
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Table 2 Comparison of the designed accelerometer with reported surface MEMS accelerometers

References Resonance Mass Mechanical sensitivity = Capacitive sensitivity Sensor area Range = FOM
frequency (Hz) (hg) (/g (fF/g) (mm?) ()
This work 2870 32 29.8 15.51 1 10 20.88
Kavitha et al. (2016) 100 70.5 24 1220 13.4 0.1 91
device-A
Kavitha et al. (2016) 500 325 1.01 67.5 9.25 2 7.3
device-B
Soumendu et al. (2014) 1450 87.4 190 3.83 1.8 10 2.12
Mohammed et al. 4255 59 13.6 35 4 10 8.75
(2017)
30
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Fig. 13 The proposed fabrication method of the accelerometer

The proposed method of fabrication is entirely based on
conventional fabricating methods in surface microma-
chining. These methods include chemical vapor deposition
(CVD), electroplating, lift-off and photolithography which
is used in the MEMS fabrication. So, there is not any
concern about the feasibility of fabrication. However, there
a concern about fracture of thin silicon nitride layer that
keeps two parts of the proof mass. Actually, an extreme
stress may be applied to this layer under vibration or strong
accelerations. To address this concern, we perform a

@ Springer
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Fig. 14 Stress on the silicon nitride versus acceleration in z-axis

simulation and analyze the results. Actually, if acceleration
applied in the sensitive axis (y axis), the stress does not
affect the silicon nitride layer. For this reason, acceleration
in the y axis does not cause any concern about split of two
masses. But if a strong acceleration in z-axis applied to the
sensor, the related stress is applied to the silicon nitride
layer and may cause the split of two proof mass sections.
To investigate this case, we performed a new simulation in
COMSOL Multiphysics and calculate the stress applied to
the silicon nitride layer due to z-axis acceleration. The
results are shown in Fig. 14. The results show that under
very strong acceleration of 100 g, the applied stress is
about 25 MPa. On the other hand, the fracture stress of a
1 pm silicon nitride layer has been measured and reported
(Cardinale and Tustison 1992). Based on this report, the
fracture stress is at least 390 MPa. Consequently, the
maximum worse case stress to the silicon nitride layer in
our design is well below the fracture limit.

6 Conclusion

In this paper, a new structure for a capacitive accelerometer
based on surface micromachining is presented. In the
presented structure, the possibility of fully differential
interface is realized by dividing the proof mass into two
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mass. Fully differential interface circuits possess further
advantages over differential interface circuits, including
common mode noise reduction and CMRR and PSRR
improvement. By utilizing two proof masses and altering
outputs and stimulation voltage, parasitic capacitor is
reduced as well. Reducing parasitic capacitance increase
sensitivity. Some sensor capacitors are embedded inside
the proof mass, so that electrode length could be reduced.
In this accelerometer, sensor size is 1 mm x 1 mm, while
mechanical and capacitive sensitivity in this limited area
are 30 nm/g and 15.8 fF/g, respectively.
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