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To meet the requirements of vibration sensors in spindle vibration measurement systems,
a new micro-electromechanical systems (MEMS) silicon piezoresistive accelerometer with
a slotted eight-beam (SEB) structure was designed and developed. The proposed structure
was designed to improve the trade-off between the sensitivity and the natural frequency of
a piezoresistive accelerometer, which is made possible by incorporating slots into the eight-
beam (EB) structure. To obtain the optimal parameters of the designed sensor, the mechanism
by which the slot location and size influence the performance of the designed structure was
studied and analyzed by finite element simulation (FEM). The developed sensor and EB
structure sensor were fabricated on an n-type single-crystal silicon wafer and packaged for an
experiment. The accelerometer prototype was tested in a centrifugal machine and a dynamic
calibration system. The experimental results show that the sensitivity of the designed sensor is
2.03 mV/g and its natural frequency is 14.16 kHz. Compared with the structure without slots,
the sensitivity was increased by 45% and the natural frequency remained basically unchanged.

1. Introduction

A spindle system is one of the core components of high-speed intelligent machinery, which
can achieve high-reliability machining. The vibration of the spindle caused by the dynamic
balance and other factors will reduce the accuracy and reliability of machining, so it is
necessary to monitor high-frequency signals of the spindle system.( As the first component to
recognize and convert vibration signals, the vibration picking accuracy of the vibration sensor
will directly affect the working accuracy of the whole vibration-measuring system.” With
the development of intelligent manufacturing equipment and wireless sensor networks, higher
requirements are expected for the volume and cost of vibration sensors. However, domestic
high-performance sensors are heavily dependent on imports, and it is difficult to meet the
demand for the development of intelligent manufacturing equipment.®™>)

With the development of micro-electromechanical systems (MEMS) technology, the

use of MEMS technology to process microsensors has become one of the research hotspots

*Corresponding author: e-mail: wangpengl851@163.com
https://doi.org/10.18494/SAM.2020.3079

ISSN 0914-4935 © MYU K.K.
https:/myukk.org/



4068 Sensors and Materials, Vol. 32, No. # (2020)

domestically and abroad. Among them, the MEMS accelerometer has become the main
component used for vibration measurement. MEMS accelerators include those based on
capacitive, piezoelectric, resonant, piezoresistive, and other conversion principles. The
piezoresistive accelerometer, which was the earliest silicon micro-accelerometer to be
developed, has been widely used in the field of high-frequency vibration signal measurement
owing to its advantages of a simple structure, low power consumption, and a wide operating
frequency band.©

The sensitivity of a piezoresistive accelerometer is mainly determined by the stress at
the position of the piezoresistor and piezoresistor coefficient. The former can be realized by
optimizing the sensitive structure and the detection circuit. For example, the sensitivity of
a sensor can be increased by using the stress concentration effect and by the combination of
the large and small beams.”"? The latter relies on the development of new materials and new
MEMS processes to improve sensor sensitivity by replacing the traditional doped resistance
with emerging materials such as polymer composite nanomaterials, graphene, and amorphous
carbon films."“!"")" In contrast, because changing the sensitive structure does not depend on
the development of new materials, it is more suitable for the development of high-performance
accelerometers.!?

The incorporation of stress concentration slots into the sensitive structure was proved
effective for enhancing the sensitivity of a sensor. Wang et al. reported a slotted-cantilever
accelerometer, which enhanced the sensitivity from less than 1 mV/ (Vg) to 5.189 mV/ (Vg).(13)
In 2012, Zhao et al. successfully developed a piezoresistive accelerometer based on a slotted
quad-beam structure, which consisted of a proof mass supported by four thin flexures with
slots etched in the middle and had greater sensitivity than the traditional structure.'¥ However,
the above study did not deeply investigate the mechanism by which the slots affect the sensor
performance, and the natural frequency of the sensor decreased after the slots were introduced.
How to minimize this effect should be further studied. Therefore, on the basis of the previous
research of our research group, a high-performance MEMS piezoresistive accelerometer with a
slotted eight-beam (SEB) structure was proposed and developed. The slot size and parameters
were optimized by studying the mechanism by which the slot position and size affect the sensor
performance. The sensitive structure not only improves the sensitivity of the sensor, but also
ensures that the natural frequency of the sensor remains within the usable range. This paper
introduces in detail the design of the sensitive structure of the sensor, the optimization of the
structure size, the encapsulation of the sensor, and its performance test, and gives the results of
a comparison between the sensor and other sensors. The results show that our newly designed
sensor has better performance.

2. Design of Sensitive Structure

In this paper, an SEB structure based on slot etching in the self-designed eight-beam
(EB) structure was proposed and developed. The proposed SEB structure is schematically
shown in Fig. 1(a). The piezoresistors are arranged in the sensing beams and connected into
a Wheatstone bridge as shown in Fig. 1(b). When acceleration is applied along the z axis (the
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Fig. 1. (Color online) Schematic of the accelerometer with the SEB structure: (a) SEB structure; (b) piezoresistors
in the sensing beams.

direction normal to the sensor chip), the proof mass will move vertically and the sensing beams
will deform. The stress produced by deformation of the sensing beams changes the resistance
of the piezoresistors, which leads to the unbalance of the Wheatstone bridge.

Model analysis and static analysis by finite element analysis are used to simulate the
variation of the maximum stress and natural frequency with the sizes and positions of the slots.
Herein, the Young’s modulus is £ = 166 GPa, the density is p = 2331 kg/m?>, the Poisson’s ratio is
0.27, and the applied G for simulation is 100 g. The sizes of the proof mass, sensing beams, and
suspension beams are 3000 x 2500 x 380 pm?>, 220 x 100 x 22 pm?, and 450 x 150 x 22 pm?,
respectively.(ls) For convenience, it is assumed that the length of a slot is M times the length of
the sensitive beam, its width is N times the width of the sensing beam, its thickness is equal to
that of the sensitive beam, and the distance between the slot and the proof mass is H times the
length of the sensitive beam. The values of M, N, and H are all less than 1.

To determine the above parameters, the following conditions should be met: (1) The size
of the slot must not be larger than the size of the sensitive beam. (2) In accordance with the
processing capability of Beijing Microelectronics Research Institute, the minimum piezoresistor
width is 8 um. The minimum gap between the piezoresistor and the slot is 8§ um, and the
minimum side length of the ohmic contact area is 20 um. (3) Since the natural frequency of
the sensor will decrease after the introduction of slots, it is necessary to control the attenuation
of the natural frequency. To meet the requirements of the project, the designed sensor has a
natural frequency higher than 13 kHz. Since the width of the slot should consider the positional
relationship between the slot, the piezoresistor, and the edge of the sensitive beam at the
same time, combining this with the processing capacity of Beijing Microelectronics Research
Institute, N was determined to be 0.5. The effects of H and M on sensor performance are
analyzed below.
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2.1 Effect of H on sensor performance

Assuming that the length and width of the slot are constant, namely, that M and N are fixed,
the static and dynamic characteristics of the sensor are simulated by changing H, where M
and N are 0.35 and 0.5, respectively. On the basis of the relationship in Fig. 2 and the MEMS
processing capacity, H was varied from 0.05 to 0.6. Figures 3 and 4 respectively show the
influence of H on the sensitivity and natural frequency of the designed sensor. As can be seen
from Fig. 3, the maximum stress on the beam is distributed almost symmetrically as a function
of H, and the closer the slot is to the proof mass or the fixed end, the higher the sensitivity of
the sensor. The maximum stress on the sensing beam is 32.4 MPa and the minimum value is
21.1 MPa. This indicates that A has a large influence on the sensitivity of the sensor. It can
be seen from Fig. 4 that the natural frequency and the sensitivity show the opposite trend as
H changes. The maximum natural frequency is 16534 Hz, whereas the minimum value is
15346 Hz. This demonstrates that the change in the natural frequency of the sensor with H is
unclear. In accordance with the current domestic MEMS processing capacity and performance
requirements, H was chosen to be 0.05 or 0.6, namely, the distance from the hole to the proof
mass was 11 or 132 pum, respectively.

Sensing beam

Fig. 2. (Color online) Dimensions of slot and sensitive beam.
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Fig. 3.  Effect of H on sensitivity. Fig. 4. Effect of H on natural frequency.
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2.2 Effect of M on sensor performance

Assuming that A and N are fixed, the static and dynamic characteristics of the sensor are
simulated by changing M, where H and N are 0.05 and 0.5, respectively. On the basis of the
relationship in Fig. 2 and the MEMS processing capacity, M was varied from 0.1 to 0.9. Figures
5 and 6 respectively show the influence of M on the sensor sensitivity and natural frequency.
As can be seen from Fig. 5, the maximum stress on the beam suddenly changes after the slot
is introduced. Then, with increasing hole length, the stress basically remains unchanged. As
can be seen from Fig. 6, the natural frequency of the sensor attenuates with increasing length of
the slot, but when M = 0.2-0.5, its natural frequency basically remains stable. Considering the
influence of machining precision on sensor performance, M can be selected in the range of 0.2—0.5.
Considering the relation between the piezoresistor and the location of the hole, M was chosen as
0.35, namely, the length of the slot was 77 pm.

From the above analysis, the detailed parameters of the sensor designed in this study can be
obtained. The size of the proof mass is 3000 x 2500 x 380 um?; the size of the sensing beam
is 220 x 100 x 22 um3; the size of the suspension beam is 450 x 150 x 22 um3; the size of the
slot is 77 x 50 x 22 um>. The distance between the slot and the proof mass or the fixed end is
11 um. Table 1 shows the simulation results of the natural frequency and maximum stress in
the sensing beams. The results showed that the sensitivity of the sensor increased by 54% and
the natural frequency decreased by only 11% compared with the values for the EB structure,
where the latter value is within the acceptable range.
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Fig. 5.  Effect of M on sensitivity. Fig. 6.  Effect of M on natural frequency.
Table 1
Performance comparison table of the two structures.
Maximum stress Natural frequency
Structure
(MPa) (kHz)

EB 21 17.1

SEB 324 15.3
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3. Fabrication

To verify the actual change in the sensor performance after the introduction of slots, sensors
with the SEB and EB structures were fabricated on an n-type single-crystal silicon wafer with
a resistivity of 2—4 Q - cm and a thickness of 380 um for testing and analysis. The fabrication
steps are as follows:

(1) The silicon wafers were lightly and heavily doped by ion implantation technology. The
heavy impurity doping was first by boron ion diffusion. Then the process of low doping is
the same as the process of heavy impurity doping. After these two steps, the piezoresistors
were made at the front side of the wafer by photolithography. SEM images of the
piezoresistors are shown in Fig. 7(a).

(2) The back-cavity structure of the sensor was processed by RIE technology. From the
previously determined parameters, the etching depth was determined to be 358 um. The
back-cavity structure and side wall morphology after etching are shown in Fig. 7(b).

(3) The glass was corroded to a depth of 20—25 um by a wet process to form a movable space
of mass block. Then the glass was bonded with the silicon structure by anode bonding
technology.

(4) The lead hole of the sensor chip was formed by a lithography process to ensure a good
electrical connection between the piezoresistors and the metal lead. The lead hole was
within the resistance bar boundary to ensure effective contact between the metal lead and
the bar boundary of the piezoresistors.

(5) Metal leads and electrodes were formed by front sputtering, as shown in Fig. 7(c).

(6) ICP technology was used to etch the top layer of the silicon, releasing the sensitive structure
of the sensor so that the proof mass became a movable structure, and the etching clearance
width was 12 um. The completed sensor chip is shown in Fig. 7(c).

Metal lead

Electrodes

@ (b) ©

Fig. 7. (Color online) Key steps of MEMS processing: (a) ion implantation; (b) back-cavity structure of the sensor; (c)
finished sensor chip.
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4. Encapsulation and Testing

4.1 Encapsulation

Because of the small size of the sensor chip and its ease of contamination from the outside
environment, the sensor chip must be isolated from the outside environment. The sensor
packaging scheme designed in this paper is shown in Fig. 8. The sensor chip was first pasted
on a PCB transfer board for electrical connection with the outside world. The stainless-steel
shell effectively isolates the sensor chip from the outside environment. Pyrex 7740 glass, which

was bonded to the sensor chip, can provide overload protection and damping clearance for the
Sensor.

4.2 Testing

The static calibration system is shown in Fig. 9. The test system mainly includes a centrifuge
main engine, working turntable, DC power supply, and multimeter. The available acceleration
range of the centrifuge system is 3200 g, and the acceleration was increased at intervals of 3 g.
In order to verify the actual change of the sensor performance after the introduction of slots,
sensors with the SEB structure and EB structure were tested. Figure 10 shows the output of
the two sensors under different accelerations. The test results show that the sensitivities of the
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Fig. 8. (Color online) Sensor packaging scheme.
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SEB structure and EB structure are 2.03 and 1.4 mV/g under an 8 V power supply, respectively.
Namely, after introducing the slots, the sensitivity of the sensor increased by 45%.

The dynamic testing system is shown in Fig. 11, which mainly includes a vibrator power
amplifier, a signal conditioning circuit, and a computer controller. Sweeping sine signals from
the controller actuate the designed sensor and reference sensor, which were fixed on top of the
vibrator at the same time. In this paper, the ratio between the outputs of the tested sensor and
reference sensor is used to estimate the natural frequency of the designed sensor. When the
frequency of the swept signal equals the maximum response frequency of the designed sensor,
the output ratio will increase sharply. The results of dynamic testing are shown in Figs. 11 and
12. The test results show that the natural frequencies of the SEB structure and EB structure
are 14.76 and 15.16 kHz, respectively. This indicates that the natural frequency of the sensor is
basically unchanged by the optimization.
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Fig. 11. (Color online) Dynamic testing system: (a) overall system; (b) vibrator.
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5. Conclusions

(I) A new MEMS silicon piezoresistive accelerometer with a SEB structure was designed and
developed to improve the trade-off between the sensitivity and the natural frequency of
a piezoresistive accelerometer, which is made possible by incorporating slots into the EB
structure.

(2) The mechanism by which the slot location and size influence the performance of the
designed structure was studied and analyzed by finite element simulation (FEM).

(3) The developed sensor and a sensor with a conventional unslotted EB structure were
fabricated on an n-type single-crystal silicon wafer and packaged for an experiment. The
accelerometer prototype was tested in a centrifugal machine and a dynamic calibration
system. The experimental results show that the sensitivity of the designed sensor is
2.03 mV/g and its natural frequency is 14.16 kHz. Compared with the structure without
slots, the sensitivity was increased by 45%, and the natural frequency remained basically
unchanged.
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