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Abstract: In this work, a MEMS piezoresistive micro pressure sensor (1.5 x 1.5 x 0.82 mm) is
designed and fabricated with SOI-based micromachining technology and assembled using anodic
bonding technology. In order to optimize the linearity and sensitivity over a wide effective pressure
range (0-5 MPa) and temperature range (25-125 °C), the diaphragm thickness and the insulation of
piezoresistors are precisely controlled by an optimized micromachining process. The consistency of
the four piezoresistors is greatly improved by optimizing the structure of the ohmic contact pads.
Furthermore, the probability of piezoresistive breakdown during anodic bonding is greatly reduced
by conducting the top and bottom silicon of the SOI. At room temperature, the pressure sensor with
40 um diaphragm demonstrates reliable linearity (0.48% F.S.) and sensitivity (33.04 mV /MPa) over a
wide pressure range of 0-5.0 MPa. In addition, a polyimide protection layer is fabricated on the top
surface of the sensor to prevent it from corrosion by a moist marine environment. To overcome the
linearity drift due to temperature variation in practice, a digital temperature compensation system
is developed for the pressure sensor, which shows a maximum error of 0.43% F.S. in a temperature
range of 25-125 °C.

Keywords: temperature compensation; wide-range; pressure sensor; polyimide anticorrosive coating;
harsh environment

1. Introduction

The piezoresistive effect of a semiconductor was first discovered in the 1950s, which
is the theoretical basis of most pressure sensors [1-3]. In addition to piezoresistive sen-
sors, several different transduction mechanisms have been applied to convert pressures or
strains to signals, such as inductance, capacitance, piezoelectricity, and resonance, which
can be detected on circuitry [4,5]. Among these designs, piezoresistive sensors are generally
accepted due to their simple construction and low energy consumption [6]. The micro
pressure sensors have been greatly developed and played a pivotal role in the automobile
industry, aerospace industry, and medical equipment with the promotion of MEMS tech-
nology [7-11]. In marine engineering, pressure sensors are commonly used in applications
involving high pressure up to several megapascal (MPa), high temperature up to several
hundred degrees Celsius, and moist external conditions. However, some intrinsic pitfalls
of the silicon piezoresistive pressure sensor, such as inadequate performance in harsh
environment, e.g., high pressure or high temperature, and output drift due to temperature
variation, have limited its application in marine settings.
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In order to improve the performance of the micro piezoresistive pressure sensor, nu-
merous studies have focused on optimization of structure, fabrication, and encapsulation.
Dong et al. [12] introduced a monolithic composite MEMS pressure sensor with an effective
range of 450 kPa. Nag et al. [13] modified the structure by integrating rod beams in a
silicon diaphragm. A pressure range of 0-689.5 kPa was achieved. Sheeparamatti et al. [14]
fabricated two micro pressure sensors based on polysilicon on insulator (PolySOI) and
amorphous silicon on insulator (a-SOI). These two sensors provided a pressure range of
0-1 MPa. Alcheikh et al. [15] presented the fabrication and electromechanical characteriza-
tion of silicon-based 3D force micro sensors with piezoresistive gauges. The high sensitivity,
the high linearity, and the low hysteresis of the sensors submitted to a normal force are
obtained. Sujit et al. [16] incorporated FEM (finite element method) to give suggestions on
the selection of parameters for the piezoresistors, such as shape and the position on the
sensitive diaphragm.

To prevent micro sensors from being damaged by external environment, most pressure
sensors are encapsulated by silicone rubber. However, a large deformation of silicone
rubber under a high pressure could lead to a fracture of bonding wires. Previous published
work [17,18] has presented an anticorrosive PDMS (polydimethylsiloxane) coating to
prevent the conductive layer of a strain sensor from being damaged by corrosive external
environment. In addition, Won et al. [19] spun polyimide film onto the electrode of
the sensor to protect it from the humid environment. However, hardly any previous
research has focused on the performance and protection of the micro sensors under a
harsh environment, such as high pressure, high temperature, or moist corrosive electrolyte
environment, which will lead to a shortening of the micro sensor life. Therefore, our work
aims at resolving the contradiction between the output performance and stability with a
miniature size in harsh environment.

Previous research has established two approaches to treat nonlinearity temperature
drift. The first approach is to use an analog compensation circuit, such as the external
thermistor. Aryafar et al. [20] presented a passive technique for temperature compensation
of a silicon pressure sensor based on extra polysilicon resistors with negative temperature
coefficient of resistivity. The second approach is to use a digital compensation system with
the combination of electronic circuits and specific software. However, the first approach
has intrinsic pitfalls such as poor reliability, low accuracy, and high design difficulty [21].
Concerning the second approach, neural network has recently been applied. Yang et al. pro-
posed an artificial neural network (ANN) [22] to establish a temperature shift compensated
model. Zhou et al. developed an extreme learning machine (ELM) to calibrate the pressure
shift [23]. Neural networks, however, require a long training time and a large amount of
calculation, which is a barrier for marine engineering applications. Therefore, our work
proposes a low-cost pressure measurement system with temperature compensation based
on embedded technology and rational polynomial fitting to reduce the cost of temperature
compensation and increase the flexibility of the compensation system.

In this work, a MEMS piezoresistive pressure sensor with ideal performance over a
wide effective range by optimizing the micromachining process is designed, simulated,
fabricated, and tested. Firstly, the optimization greatly enhances the performance and the
stability of the pressure sensor under harsh environment such as high temperature and
pressure. Secondly, a novel polyimide anticorrosive layer is fabricated by polyimide film on
the top of the micro sensor to prevent it from corrosion by an electrolyte such as seawater.
Finally, to compensate the temperature drift, a digital low-cost temperature compensation
system is built for this micro pressure sensor.

2. Design and Fabrication
2.1. Design and Fabrication of the Micro Sensor

In general, a piezoresistive pressure sensor has a sensing diaphragm [24-27]. For
piezoresistive sensors, the sensitive diaphragms above the vacuum cavities are pressured
and then generate stress. The variation of piezoresistors caused by the applied pressure is
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transferred into voltage due to the piezoresistive effect [28,29]. Therefore, the performance
of a piezoresistive sensor depends largely on the pressure sensitive diaphragm. Firstly,
the dimensions of the pressure sensor’s diaphragm were designed based on previous
published work [12]. Then, the thickness of the diaphragm was determined by theoretical
calculation from Expression (1), where Py, is five times the maximum applied pressure,
Tfracture 18 the maximum stress of the diaphragm, A is the area of the diaphragm, & is its
thickness, and v is the Poisson’s ratio. The calculated minimum thickness is 26.87 um.
Therefore, the simulation was done in COMSOL Multiphysics FEA (finite element analysis)
software for a thickness of more than 30 pm. Based on this, the pressure sensor models
have an n-type silicon diaphragm with the dimensions 900 x 450 um and thicknesses of
40 and 50 um. The von Mises stress induced in the diaphragm with various thicknesses
were determined and evaluated with the analytic explanation for a face-loaded pressure
of 5 MPa. The simulation results obtained from the FEA tool are shown in Figure la—d.
Along the centerline of the diaphragm, the tensile stress at the diaphragm edge reaches its
maximum and the compressive stress in the center of the diaphragm reaches its maximum.
This resulted from the silicon diaphragm contracting at the center and stretching at the
edges when the pressure was applied uniformly from the top. Therefore, the piezoresistors
should be located in these places to increase the sensitivity. By comparing the simulation
results of the pressure sensor models with different diaphragm thicknesses, it can be
found that the surface stress of the pressure sensor with 40-um-thick membrane is larger,
indicating that the thinner membrane thickness exhibits the higher sensitivity.
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Figure 1. Von Mises stress distribution under finite element analysis: (a,c) stress distribution under 5
MPa of face-loaded pressure; (b,d) transverse stress distribution along the centerline.

The schematic diagram of the proposed silicon piezoresistive pressure sensor is shown
in Figure 2. The pressure sensor has a rectangular silicon diaphragm, which is fabricated
on the device layer of a SOI wafer [30,31]. By using buried-oxygen-layer etching stop
technology [32], the diaphragm thickness of the pressure sensor can be precisely controlled.
After one-mask deep reactive ion etching (DRIE), the pressure sensor’s rectangular di-
aphragm is shaped. The thickness of the diaphragm is the same as that of the device layer.
The piezoresistors are formed on the silicon diaphragm by boron ion implantation. Four
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piezoresistors are connected to a Wheatstone bridge structure by forming ohmic contact
with aluminum wires. The contact area between the aluminum conductor and the heavily
doped region of the piezoresistors has a great influence on the resistance value of the four
piezoresistors in the Wheatstone bridge. Therefore, the consistency of ohmic contact area
should be ensured by improving the accuracy of lithography and etching, and increasing
the width of aluminum wire relative to that of piezoresistors. Furthermore, a layer of
Si0; is deposited and patterned on the substrate in the plasma enhanced chemical vapor
deposition (PECVD) system, as a passivation layer to improve the reliability of pressure
sensors in harsh environments. Dimensions of the diaphragm and the piezoresistors are
shown in Figure 2c. The silicon diaphragm has dimensions of 900 x 450 x 50/40 um. Four
boron-doped piezoresistors (250 x 20 um) are arranged in parallel on the diaphragm along
the <110> direction and connected with aluminum wire to form a Wheatstone bridge.
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Figure 2. Schematic diagrams of the silicon piezoresistive pressure sensor: (a) top view and (b) cross-
section view of the pressure sensor; (¢) dimensional parameters; (d) Wheatstone full-bridge of the
pressure sensor.

The silicon piezoresistive pressure sensor is fabricated with the micromachining
technology and assembled using the anodic bonding technology. As illustrated in Figure 3,
the substrate of the pressure sensor is an n-type (100) SOI wafer with a resistivity of
1-10 Q-cm. The thicknesses of the silicon device layer, the buried oxide layer, and the
handle layer of the SOI are 50/40, 0.5, and 280 um, respectively. The main processes follow:
Firstly, the device layer is patterned by photoresist and doped by boron implantation
with a doping concentration of 4 x 10'* atoms/cm? to form piezoresistors (steps 1 and 2).
The doped region is then covered by a polyimide film, exposing only the alignment
marks. By using the deep reactive ion etching (DRIE) technique, the alignment marks are
transferred to the silicon substrate (step 3). Secondly, the contact areas between the Al wires
and the piezoresistors are exposed by patterned photoresist and doped by heavy boron
implantation with a doping concentration of 2 x 10'° atoms/cm? to form the ohmic contact
(step 4). Subsequently, a layer of 500 nm-thick silicon oxide is deposited in the PECVD
system to form the bottom passivation layer, while the ohmic contact areas are exposed by
RIE (steps 5 and 6). Then, a layer of 1 um-thick Al is sputtering deposited and patterned by
wet etching to form interconnects and four output pads of the Wheatstone bridge (step 7).
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After that, a layer of 500 nm-thick silicon oxide is deposited in the PECVD system to form
the top passivation layer with the output pads exposed by RIE (steps 8 and 9).
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Figure 3. Fabrication process of the silicon piezoresistive pressure sensor.

In order to prevent the pizeoresistors from breakage by the voltage applied during
anodic bonding, the passivation layers on the edge of the SOI are also etched to expose
the device layer and another 1 pm-thick Al layer is sputtered and patterned to connect the
device layer and handle layer. Next, the pressure sensor’s sensing diaphragm is patterned
by double-sided alignment lithography and etched by DRIE and RIE (steps 10, 11, and
12). After polishing by CMP, the handle layer of SOI is bonded to Pyrex7740 glass by
anodic bonding with voltage of 1600 V, current of 20 mA, temperature of 300 °C, pressure
of 1600 N, and time of 20 min (step 13). Finally, the sensor dies are released from the SOI
wafer by using a dicing saw (step 14).

2.2. Fabrication of Polyimide(P1) Protection Layer

To protect the micro sensor from the corrosion of the external environment, such as
the electrolytic salty seawater, a protective layer composed of a PI (polyimide) film was
developed. Polyimide is a kind of organic polymer material with excellent comprehensive
properties, such as better high temperature resistance than PDMS, excellent insulation
properties, and stability under electrolyte condition. Meanwhile, polyimide can be well
attached on the surface of the devices due to its ductility and flexibility. Therefore, a
polyimide film was selected as the protective layer for the micro sensor and for protection
of the bonding wires.

After bonding the sensor with packaged PCB by gold wire, polyimide solution of 15%
concentration was placed into a vacuum chamber for 30 min to remove the air bubbles.
Then, the solution was uniformly dripped onto the top surface of the micro pressure sensor.
A high-speed rotary coating machine was used to make the polyimide solution form a
uniform thin film. The rotation speed, which is an important factor for the thickness of
the polyimide film, was set at 500 rpm for 10 s, then 3000 rpm for 30 s. After spinning,
the micro sensor with polyimide film was placed in an oven for further solidification. The
heating process for the polyimide film was 80 °C for 10 min, 120 °C for 30 min, 150 °C
for 10 min, 180 °C for 10 min, and then 220 °C for 40 min. Finally, a thin polyimide film
with a thickness of 10 pm was covered on the top surface of the micro pressure sensor as a
protective layer to prevent corrosion by moist air and electrolyte droplets. The device with
a 10 pm-thin PI protection film and the dice itself are shown in Figure 4.
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Figure 4. (a) Micro pressure sensor after bonding without a protection layer. (b) Micro pressure

sensor after bonding with a 10 pm PI protection layer.

3. Results and Discussions
3.1. Output Characteristics under High Temperature

The output characteristic of the pressure sensor was measured by a digital pressure
test system consisting of a high-precision piston pressure meter, a hot air gun, and a
control system. A constant DC voltage of 3.3 V was applied as the incentive power of
the Wheatstone bridge, and the output voltage was captured by a digital multimeter
(VC8246B).

To test the output characteristics under different temperature conditions, a piezore-
sistive pressure sensor with a 50 um sensing diaphragm was pressured from 0 to 3 MPa
and the output voltage of the Wheatstone bridge was recorded for every 0.2 MPa. The
temperature test points were set from 25 to 125 °C for every 10 °C. The V-P characteristic
curve of the pressure sensor under different temperatures is depicted in Figure 5. As shown
in Figure 5a, the output voltage exhibits an expected linear correlation in a wide effective
pressure range from 0 to 3 MPa and a temperature range from 25 to 125 °C. Sensitivity
of the pressure sensor is the ratio of response change to excitation pressure change, and
the nonlinearity is the maximum deviation between the actual output of the device and
the ideal output curve that changes linearly with the input pressure. Fitting the experi-
mental data with a linear least-square technique, the sensitivity of the pressure sensor was
22.99 mV /MPa and the nonlinearity was 0.25% ES. at 25 °C. Due to the application of SOI
wafer, the pressure sensor showed a stable performance with the nonlinearity of 0.31% ES.
under 125 °C.
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Figure 5. Output characteristics of the silicon piezoresistive pressure sensor: (a) output voltage versus pressure and (b)

sensitivity versus temperature.
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The ambient temperature would greatly influence the output characteristics of the
pressure sensor. The curve of the sensitivity variation versus the temperature is shown
in Figure 5b. To depict the relation between sensitivity and temperature more accurately,
the experimental data is fitted by a two-degree polynomial. The results show that the
increase of ambient temperature can still lead to a distinct decline of the sensitivity. This is
because the buried oxide layer can only reduce the leakage current of the piezojunction in
the handle layer, but not in the device layer of the SOI wafer.

3.2. Output Characteristics under High Pressure

In subsequent experiments of pressure measurement range, two devices with different
diaphragm thicknesses, 40 and 50 pm, were tested. The V-P curves of the two devices
are presented in Figure 6. As depicted, the device with the thinner diaphragm showed a
higher sensitivity but with higher nonlinearity over a wide pressure range. Gratifyingly, the
two pressure sensors were operated up to 5 MPa with an acceptable linearity. In order to
evaluate the performance of the silicon pressure sensors, the main characteristics of tested
devices are presented in Table 1, and the comparison among tested devices and the other
pressure sensor is presented in Table 2. As can be seen, the increase of ambient temperature
leads to the decrease of the full-scale output and sensitivity of the pressure sensor, and the
increase of its nonlinearity. The micro sensor is designed for harsh applications; therefore,
the thickness of the sensing diaphragm is increased to enhance the performance under
high pressure. Note that the increase of diaphragm thickness leads to decreased full-scale
output, nonlinearity, and sensitivity of the pressure sensor.
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Figure 6. Output voltage of the sensor with different diaphragm thickness.

Table 1. Main characteristics of the tested devices under different test conditions.

Parameters Units Tested Devices
Operation °C 25 125 25 25
Temperature
Thickness of
Diaphragm um 50 50 40 50
Excitation Voltage A% 3.3 3.3 3.3 3.3
Pressure Range MPa 0-3 0-3 0-5 0-5
Full-Scale Output mv 69.28 55.23 167.87 1171
Sensitivity mv/MPa 22.99 18.52 33.04 23.55

Nonlinearity FS.% 0.25 0.31 0.48 0.41
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Table 2. Comparison among our devices, a commercial device, and others described in literature.

Fabricated

Parameters Units - MSD700-ASO ! [14] [31]
Devices
g{:;‘f;gg um 50 40 - 40 1.2
Chip Size mm 1.5 x 1.5 x 0.82 0.95 x 0.95 x 0.6 15 x 15 1.6 x 1.6 x 0.9
Excitation Voltage \% 3.3 3.3 5 10 3
Pressure Range MPa 0-5 0-5 0-0.7 0-1 0-0.55
Full-Scale Output mv 117.1 167.87 100 105 45.99
Sensitivity mv/V/MPa 7.85 10.01 28.57 10.5 27.87
Nonlinearity FS.% 0.41 0.48 0.3 - 0.34

1 Product code: MSD700-ASO, MEMSensing Microsystems Co., Ltd., Suzhou, China.

3.3. Output Characteristics under PI Protection

The output characteristics under high pressure range of the PI protected micro pressure
sensor were tested. The device with a PI protection layer was pressured from 0 to 5 MPa.
In order to compare the influence of the protective layer on the output characteristics, V-P
curves of the devices with and without the top surface PI layer are presented in Figure 7.
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Figure 7. Output voltage of the devices with and without the PI protection layer.

The output curves show that the PI protection layer has almost no effect on the
output characteristics of the micro sensor. A further experiment was designed to test
the anticorrosive performance of the polyimide layer. Both devices, with and without a
polyimide protection layer, were immersed in seawater and heated to 80 °C in an oven
to accelerate the corrosion of the devices. The devices were removed from the seawater
and dried before a resistance test every 30 min. Normally, the resistance of the Wheatstone
bridge was between 1.7 and 2.0 k(); if the output resistance was not in the normal range,
the device was considered out of operation. The experiment results are shown in Table 3.

Table 3. Resistance of the Wheatstone bridge.

Test Devices Number 0 min 30 min 60 min 90 min 120 min
Devices without polyimide 1 normal open circuit - - -
protective layer 2 normal open circuit - - -

Devices with polyimide 3 normal normal normal normal normal

protective layer 4 normal normal normal normal normal

Results show that the devices with the polyimide protective layer could still work
after 2 h immersion in seawater, while the devices without PI layer were out of operation
after 30 min immersion. It can be inferred that the PI protective layer possesses an excep-
tional anticorrosive performance. Therefore, the PI protection layer has a broad prospect
on the micro pressure sensor for harsh environment applications, such as gas pressure
measurement on ships or other marine engineering applications.
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In order to compare the stability of PI protection layer and traditional silicone rubber
encapsulation under instantaneous violent pressure variation, a dynamic pressure test was
designed. Tested pressure sensors were covered with a PI protection layer and silicone
rubber, nonencapsulated sensors served as a control group. The start pressure was set at 3,
4, and 5 MPa. After each instantaneous decompression to normal atmospheric pressure, the
output resistance was measured and compared with the control group. The process was
repeated three times; if the output resistance was abnormal, the process was discontinued.
Test results are presented in Table 4.

Table 4. Encapsulation stability tests.

Test Cycle Protective Layer Pressure 1 2 3
. 3 MPa Pass Pass Pass
Silicone rubber 4 MPa Pass Pass Abnormal
Cycle 1 3 MPa Pass Pass Pass
Polyimide coat 4 MPa Pass Pass Pass
5 MPa Pass Pass Pass
. 3 MPa Pass Pass Pass
Silicone rubber 4 MPa Abnormal _ _
Cycle 2 3 MPa Pass Pass Pass
Polyimide coat 4 MPa Pass Pass Pass
5 MPa Pass Pass Pass

It can be concluded from the table that the polyimide coat exhibits better stability than
traditional silicone rubber encapsulation. Due to less deformation under high pressure
compared with silicone rubber, the PI protection layer leads to less potential for abnormal
output resistance caused by a fracture of the bonding wires. In conclusion, the polyimide
protection layer has reliable corrosion resistance and high stability under violent pressure
variation. Thus, it has great potential for application on micro sensors designed for harsh
environments and high-pressure applications.

3.4. Temperature Compensation System

In addition to the large temperature difference between day and night on the sea, the
operating temperature of the instruments onboard also varies from moment to moment.
To overcome the sensitivity drift due to the temperature variation, a practical and flexible
pressure measurement system with temperature compensation is developed to calibrate the
drift caused by the ambient temperature variation. The design purpose of the embedded
digital compensation system is to simplify the complexity and reduce the cost to satisfy the
requirement of marine engineering. Hardware of the compensation system consists of a
commercial monolithic-integrated 24-bit analog—digital convertor and signal amplifier, a
high-precision temperature sensor, power management system, and a low-cost MCU. The
system diagram is shown in Figure 8.
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Figure 8. The diagram of the digital pressure measurement system with temperature compensation.

Generally, the output of the pressure sensor at a constant voltage can be expressed
as follows:
Vout = ST x P+ VO (2)

where St is the sensitivity at T °C, P denotes the incentive pressure, and Vj represents the
zero-drift voltage due to fabrication error when no incentive pressure exists.

Firstly, the zero-drift voltage V| is compensated by average approximation. The
compensation value is obtained preliminarily by averaging the zero-drift voltages at
various temperatures. After compensation, the output voltage can be described as a
proportional function:

VZ:VOW—V()%STXP (3)

Secondly, the temperature-drift voltage is compensated by a sensitivity coefficient.
After compensation, the output voltage can be described as follows:

Veomp = KX Vz = KX ST X P 4)

where K denotes the compensation coefficient of St The coefficient K can be calculated from:

Sre f 2
K = 57]" =||Sr =T +a2T+a3,S,gf:22.99 I (5)
where a1, ay, and a3 are the coefficients of the rational polynomial model, and Sref 1s
the sensitivity at 25 °C (which is defined as the reference). After the curve fitting of the
sensitivity, the polynomial coefficients a1, a2, and a3 were obtained: 1.657 x 10—%, —0.06873,
and 24.58, respectively.

By simultaneously collecting output data from the pressure sensor and the temperature
sensor through the serial ports of the microcontroller, the voltage of the pressure sensor
at different temperatures can be mapped to that at the reference temperature (i.e., 25 °C).
Therefore, the output voltage of the measurement system becomes weakly correlated with
the temperature. The output characteristics of the pressure measurement system before
and after compensation are shown in Figure 9a,b. The results show that the temperature
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compensation system for the pressure sensor could successfully implement the sensitivity

drift compensation. The maximum error of the output value after compensation was
0.43% F.SS.
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Figure 9. (a) Output without temperature compensation. (b) Output with temperature compensation.

4. Conclusions

Our work aimed to develop a novel solution for micro pressure sensors for harsh
marine environment applications. A wide-range MEMS piezoresistive micro pressure
sensor was presented, which was fabricated with the optimized bulk-micromachining
technology and packaged using Si-glass bonding technology. The pressure sensors achieved
reliable performance in a harsh environment such as high pressure and high temperature
while using a miniature size. To manage the moist and liquid external environment
for marine application, a flexible polyimide protection layer was fabricated on the top
surface of the micro sensor, which showed reliable performance and stability of protection.
Meanwhile, a flexible digital compensation system was developed to calibrate linearity
drift in a temperature range, which showed potential for large-scale applications with
low cost. However, the sensitivity of the sensor was sacrificed for measurement range
and stability to some extent. In future work, we will keep focusing on structure and
material optimization of piezoresistive pressure sensors to enhance the performance of
pressure sensors.
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