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Abstract: As one of parameter in marine hydrographic survey, seawater pressure plays an important role in 
marine research, tsunami forecast, and marine engineering equipment. In practical application, many marine 
parameters are also relative to pressure value, and its value is helpful to provide a complete data model. 
Therefore, it makes a demand for high performance of pressure sensor. In order to realize a long-term and high 
precision measurement, a marine pressure sensor based on silicon stain resistance is presented. This sensor 
applies the sapphire as substrate material to reduce the error caused by inconsistent deformation between 
sensitive component and substrate. A stress cup structure is designed to improve its sensitivity. By using a series 
of processing technology and packaging method, the structure of marine pressure sensor has a good mechanical 
strength and corrosion resistance. Considered that the output signal is affected by temperature drift, a new 
algorithm compensation is introduced. From experimental results, the output voltage of sensor is almost 
independent of temperature and the maximum error is controlled within 0.05 %. This high performance pressure 
sensor could bring a large application in marine detection. Copyright © 2016 IFSA Publishing, S. L. 
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1. Introduction 

 

In the field of marine monitoring and observation, 
seawater pressure value can give an equivalent spatial 
coordinate for the other marine environmental 
parameters in ocean, and it is the most critical factor 
for data comparison and detection [1-2]. Pressure 
sensor is widely applied in marine monitoring 
integrated systems such as tsunami monitoring, water 
level gauges, tide gauges, CTD detectors, subsurface 
buoys, underwater mobile platforms, and submarine 
observation networks [3-4]. With the development of 
ocean observation technology, high precision, low 
power consumption and miniaturized pressure sensor 

has attracted more and more attention [5]. 
Considering the low-cost and manufacture 
technology, piezoresistive pressure sensor is still 
integrated in marine equipment as a general detector. 
However, due to mismatch between packaging and 
sensitive component, it is difficult to achieve 
excellent precision and repeatability in large pressure 
range. With the change of temperature, there is 
temperature drift for this pressure sensor also. In 
order to meet the requirement of deep sea pressure 
measurement, a high precision pressure sensor based 
on epitaxial mono-crystalline silicon deposited on 
sapphire crystal (α-Al2O3) has been investigated. 
After compensation method, the experimental results 
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show ±0.05 % precision in -6~50 °C temperature 
range and 0~60 MPa pressure range.  
 
 
2. Silicon-on-Sapphire Pressure Sensor  
 

A high performance pressure sensor should 
manifest good linearity, high sensitivity and stability. 
It is very important to choose a reasonable structural 
design, including substrate material, mechanical 
structure, strain resistance and packaging technique.  
 
 
2.1. Substrate Material  
 

Substrate material is one of key factors that affect 
its performance. Considering that the substrate 
material should match strain silicon resistance, 
monocrystalline sapphire (α-Al2O3) is selected. That 
is because it has a very similar structure and lattice 
constant as monocrystalline silicon. At the same time, 
the thermal expansion coefficient of sapphire is close 
to titanium alloy, which is beneficial to the sensor 
packaging and application. This silicon resistance 
epitaxially grown on sapphire has no PN junction. 
After experiment, it can achieve a ±0.003 % 
precision in the range of 40 MPa. 

Due to the anisotropic elasticity of sapphire, the 
loading direction is necessary to meet the mechanical 
requirement and silicon resistance processing 

technology. The crystal face A ]0211[  is used as 

loading direction. In this crystal face, the strain at 
each point of monocrystal α-Al2O3 is similar, which 
can eliminate the error caused by inconsistent 
deformation. The Young modulus E in this direction 
is estimated between 324 GPa and 494 GPa [6]. 
According to Table 1, the shearing modulus is 
calculated as 233 GPa and 170.5 GPa respectively.  

 
 

Table 1. Independent elasticity constants of sapphire. 
 

c11(GPa) c12(GPa) c44(GPa) c23(GPa) c14(GPa)
465 124 233 563 117 

 
 

2.2. Sensitive Structure  
 

In general, the sensitive pressure elements include 
elastic beam, diaphragm, diaphragm capsule and 
corrugated tube. When pressure is loaded and 
unloaded, the elastic hysteresis, elastic side-effect, 
creep fatigue are produced. These phenomena will 
directly affect the precision and stability of sensor [7]. 
In order to avoid these defects, the sapphire thicker 
than 5 mm is taken as substrate material.  

Fig. 1 illustrates the main sensitive structure like 
C-type stress cup. The pressure is exerted on the back 
of stress cup for obtaining high response frequency. 
Based on theoretical mechanics analysis, the 
thickness of gauge is:  
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where P is the maximum measurement range of 
stress cup and a is the radius of stress cup. 
Considering a maximum 60 MPa pressure and 
±0.05 % precision, the thickness hc of bottom should 
be as thin as possible to avoid the self-induced 
oscillation such as quadratic and quartic harmonic [8]. 
Besides, the thickness ratio of bottom and fixed 
circular tube wall should be controlled less than 1:10. 
The theoretical minimum thickness is calculated as 
0.196 mm. In practical implementation, this thickness 
of bottom and cup wall is chosen as 0.3 mm and 
3 mm respectively, which can ensure the silicon 
strain resistance is not damaged.  

 
 

 
 

Fig. 1. C-type stress cup based on sapphire. 
 
 

The thermal stress from electrostatic bonding 
surface between sapphire cup and titanium alloy is 
also important to be taken account in cup height 
design. When the height of stress cup is above 3 mm, 
the experimental results show that the impact on 
precision from temperature change is less than 
±0.01 %. Furthermore, taking into account the 
external mechanical impact and vibration, the 
practical cup height is set up to 5 mm.  
 
 
2.3. Silicon Strain Resistance  
 

Fig. 2 shows the diagram of stress distribution of 
stress cup. The longitudinal and transverse stresses 
on the tube wall are calculated as:  
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where v is the Poisson ratio, r is the distance from 
strain resistor to stress cup center. For 
monocrystalline silicon, the strain coefficient is 
anisotropic. As shown in Fig. 3, πl and πt are the 
strain coefficient of different crystal orientation in 
radial direction. The solid line and dotted line present 
the positive and negative coefficient respectively. 
The sensitive component consists of four similar  
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P-type silicon resistors that grown on the sapphire, 
and its strain resistance is R. When pressure is 
detected, the change rate of strain resistance is: 
 

ttllR

R σπσπ +=Δ
 (4) 
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Fig. 2. Stress distribution in stress cup. 
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Fig. 3. Strain coefficient distribution for strain resistor. 
 
 

Fig. 4 illustrates four P-type silicon resistors 
grown in the <110> direction of monocrystalline 
silicon, which is the radial direction of stress cup. 
The four resistors are considered as a Wheatstone 
bridge. When pressure is loaded, the output voltage 
Vp from Wheatstone bridge is written as:  
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where π44 is the strain coefficient of strain resistor, Vc 
is the load voltage onto the Wheatstone bridge. r1 and 
r2 are the distances from R01(R02) to the center of 
gauge center. r3 and r4 are the distances from Ri1(Ri2) 
to one edge of strain gauge. 
 
 
2.4. Stress Cup Packaging 

 
As a hexagonal crystal, the sapphire (α-Al2O3) 

has a very small toughness and a large rigidity. It is 
difficult to make the molecular contact with each 

other unlike metallic materials. In order to improve 
the firmness and reliability of sensor, the electrostatic 
packaging technology is applied. By using this 
method, there is no inclusion between two identical 
and different materials, which can realize molecular-
level contact between silicon-on-sapphire and 
titanium alloy [9]. Furthermore, there is a thermal 
diffusion depth on the surface of sapphire, which can 
change the phase of sealing surface and increase its 
toughness [10].  

 
 

 
 

Fig. 4. Distribution plane of strain resistor. 
 
 

Applying hydrogen treatment, grinding and 
polishing, the bonding surfaces can achieve excellent 
smoothness and flatness [11]. And then, the 
electrostatic bonding operation is completed in a 
high-vacuum environment at a temperature 600 ºC 
and DC voltage 2000-3000 V. In order to ensure that 
this structure has good mechanical strength, high 
precision and corrosion resistance, the other methods 
like silver brazing and plasma welding are also 
applied [12]. Finally, the overall structure of pressure 
sensor is obtained as shown in Fig. 5.  

 
 

 
 

Fig. 5. Structure of pressure sensor. 
 
 

3. Experiment and Testing 
 

In the first experiment, the static state test of 
pressure sensor is performed at room temperature 
20 ºC. A high precision piston gauge is used as 
standard pressure comparison equipment. With the 
standard pressure change, the output voltage of 
sensor is noted.  
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Fig. 6 illustrates that the output voltage Vp is 
linear proportional to pressure value at the range of 
0~60 MPa. Nonlinear error is less than ±0.03 %, it 
can meet the demand of uniformity in sensor design.  

 
 

 
 

Fig. 6. Measured output voltage of sensor at pressure 
range of 0-60 MPa. 

 
 

A repeated experiment (after 3 months) is also 
carried out. As shown in Fig. 7, the output voltage 
presents an excellent linearity and repeatability like 
the data in Fig. 6. This repeatability error is less than 
±0.015 %. It is proved that our sensor could work in a 
long-term detection.  

 
 

 
 

Fig. 7. Reparability experiement of pressure sensor.  
 
 

As semiconductor material, the temperature drift 
should be taken account in sensor design. A 
temperature test is performed for our sensor. In this 
experiment, the platinum resistance thermometer is 
used to estimate the standard temperature. The effect 
of temperature on voltage is presented in Fig. 8. With 
the temperature change, the output voltage Vp is 
affected seriously in high pressure range. In 
particular, the values of Vp at 60 MPa are so different 
that confuse the other pressure values.  

 
 

Fig. 8. Output voltage of pressure sensor at different 
temperatures and standard pressures. 

 
 

In order to reduce the temperature drift, some 
physical methods, like adding electronic component, 
using constant current source and optimizing the 
conditioning circuit, are usually used [13-14]. 
However, the algorithm compensation method does 
not require additional equipment, less affected by 
outside environment, is able to obtain more accurate 
data. In this case, the room temperature is considered 
as standard condition parameter T0. The other 
voltages at different temperatures should be 
transformed in this standard temperature. The 
mathematic formula is:  
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where w0 and w1 represent the temperature parameter 
at different temperatures, w2 is the relative non-linear 
correction term, Vpc is the correction voltage. These  
three parameters could be calculated by  
polynomial solution: 
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where Vp0 and R0 are the pressure voltage and 
platinum resistance at standard temperature T0 
repectively. As shown in Fig. 9, all the correction 
voltages in one standard pressure are nearly satbles 
and the temperature drift is effectively eliminated.  

 
 

 
 

Fig. 9. Correction voltage of pressure sensor at different 
temperatures and standard pressures. 



Sensors & Transducers, Vol. 202, Issue 7, July 2016, pp. 46-50 

 50 

The maximum pressure error is controlled within 
0.05 %. After repeatability test, the performance of 
this pressure sensor can meet exactly the deep sea 
pressure measurement requirement.  

 
 

4. Conclusions 
 

In this paper, the design of high precision 
pressure sensor has been reported. It has been shown 
that the C-type stress cup based on sapphire substrate 
has sensitive characteristic in the range of 0~60 MPa. 
As the sensitive component, four silicon strain 
resistors form a Wheatstone bridge, and it is useful to 
obtain a normalized voltage. In order to reduce the 
temperature drift, a new algorithm compensation 
method is introduced. After a series of experiments, 
the performance of this sensor is stable, which can 
realize its long-term deep sea measurement. 
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