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Abstract 

The capacitive pressure sensors based on silicon are characterized by their very 

high sensitivities and their low power consumption. Nevertheless, their thermal 
behavior remains more or less unpredictable because they can indicate very high 

thermal coefficients. The study of the thermal behavior of these sensors is 

essential to define the parameters that cause the output characteristics drift. In this 

study, we modeled the thermal behavior of this sensors, using Finite Element 

Analysis (FEA) made in COMSOL. The model solved by COMSOL environment 

takes into account the entire sensor and thermal effects due to the temperature 

considering the materials’ properties, the geometric shape and also the heat 

transfer mechanisms. By COMSOL we determine how the temperature affects the 

sensor during the manufacturing process. For that end, we calculated the thermal 

drift of capacitance at rest, the thermal coefficients and we compared them with 

experimental results to validate our model. Further, we studied the thermal drift of 

sensor characteristics both at rest and under constant and uniform pressure. 
Further, our study put emphasis on the geometric influence parameters on these 

characteristics to optimize the sensor performance. Finally, this study allows us to 

predict the sensor behavior against temperature and to minimize this effect by 

optimizing the geometrical parameters. 
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1.  Introduction 

Fields require the application of pressure sensors with increasingly high 

performances [1-15]. The capacitive pressure sensor, in which the capacitance of a 

chamber changes with application of pressure, finds extensive applications because 

of its low power consumption and high sensitivity [3, 8]. The type of sensors will 

generate an electrical signal as a result of   the elastic deformation of the membrane, 
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Nomenclatures 
 

A Area of fixed plate, m2 

ab Bond width, m 

C Capacitance, F 

C0 Capacitance at rest, F 

d Distance between the two plates, m 

D Coefficient of rigidity  

E  Young moduls, Pa 

G  Coulomb modulus, Pa 

hp Substrate thickness, m 
hs Membrane thickness, m 

P Applied pressure, Pa 

R Radius of the diaphragm, m 

Re Radius of the fixed electrode, m 

S Sensor sensitivity, F/Pa 

TC Temperature coefficient, ppm/°C 
v  Poisson ratio 
w  Membrane deflection, m 

wo Central maximum deflection, m 

wpy Displacement of fixed plate, m 

wSi Displacement of movable plate, m 
  

Greek Symbols 

εr Air relative permittivity 

εo Vacuum permittivity, F/m 
 

Abbreviations 

FEA Finite Element Analysis  

as in the case of other sensors, such as piezoresistive types. The study of the thermal 

behavior of these sensors is essential to define the parameters that cause the output 

characteristics drift. A. Boukabache introduced a theoretical approach and 

experiments to analyse the electrical response of a piezoresistive pressure sensor 

fabricated using monocrystalline Silicon. His analysis focuses on the thermal behavior 

of the offset voltage and its origins [16]. The temperature effects and the 

compensation for temperature drift of offset voltage in silicon piezoresistive pressure 

sensor was indicated by U. Aljancic [15]. In a previous study [17] we have analysed 

the effect of temperature and doping level on the characteristics of this sensor type. 

More recently, in another work, we made a thermomechanical modeling of a 

piezoresistive pressure sensor [18]. The thermal behavior of capacitive pressure 

sensors fabricated using silicon and Pyrex wafers was presented by G. Blasquez [13].  

This paper seeks to study the thermal drift of sensor characteristics at rest and 

under constant and uniform pressure. Besides, the study aims to explore the 

geometric influence parameters on these characteristics to optimize the sensor 

performance, using Finite Element Analysis (FEA) made in COMSOL. The 

model solved by COMSOL environment takes into account the entire sensor and 

thermal effects caused by the manufacturing process of the device. This allows 

better understanding and quantifying the thermal drifts that can affect the sensor. 
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2.  Methodology and Theory 

2.1.  Membrane deflection  

Based on the assumption of thin elastic anisotropic membrane under small 

deflection, the deflection of a circular diaphragm Fig. 1 with fully clamped 

perimeter as a function of radius, w(r), is given by the following Lagrange 

equation [19-20]:  

 
Fig. 1. Capacitive pressure sensor structure. 

 

D

P

r

rw
r

r
r

r
r

rr
rw =




























∂

∂

∂

∂

∂

∂

∂

∂
=∇

)(1
)(

4                                                           (1) 

where r is the distance from the center of the diaphragm, D is the flexural rigidity 

and P is the uniform applied pressure [21]: 
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where ν is the Poisson's ratio and E is the Young module. The boundary 

conditions imposed by the membrane embedding on its edges [21] are: 
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The analytical solution of Eq. (1) can be adopted in the case of small 

deflection of the diaphragm, compared with thickness of the diaphragm [14, 20]: 
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where R is the radius of the plate and 
0w is the central maximum deflection given by: 
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2.2. Capacitive pressure modeling  

Figure 1 shows the principle scheme of a capacitive pressure sensor. The thin 

silicon membrane constitutes the movable plate of the parallel-plate capacitor. A 

metallic layer deposited on the Pyrex 7740 substrate constitutes the fixed plate of 

the capacitor. The two plates, fabricated separately, have been bonded anodically 

by the electrostatic seal technique. The deformation change is due to the applied 

pressure P which, in turn, changes the capacitance C(P).  The capacitance value at 

rest is given by [11]: 

d

A
r
εε
0

0
C =                                                                                                       (6) 

where A is the area of fixed plate, d the distance between the two plates, ε0 is the 

vacuum permittivity, 
rε is the air relative permittivity and  R is the radius of the 

diaphragm. At equilibrium the capacitance is expressed by [11]: 
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We replace w(r) in Eq. (8) using Eq. (4), we obtain the expression given by [8]: 
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2.3. Temperature coefficient 

According to Fig. 1, which shows the simple capacitive pressure sensor, the 

temperature T can modify diaphragm thickness hs, the distance between the two 

plates d, the bond width ab and as a consequence C. In other words, C is also a 

function of T. The thermal behavior of C is usually characterized by the parameter 

TC that is called the temperature coefficient. In an extended temperature range, TC 

is a function of T. Therefore, the most appropriate definition of TC is the relative 

partial derivative of C [13]: 

[ ] 1 ( )
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C

C T
T C T

C T T

∂
=

∂
                                                                                   (9) 

3.  Finite Element Simulation 

The material property of Silicon and pyrex7740 used in simulation are listed in 

Table 1. 

Table 1. Material property of silicon and pyrex 7740. 

Layer Silicon [11, 19] Pyrex 7740 [11, 19] 

Young’s Modulus (GPa) 130 60 

Poisson’s Ratio 0.28 0.25 

Thermal expansion 

coefficient (ppm/°C) 

2.33 3.25 

Density (g/cm³) 2.33 2.23 
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3.1. Finite element model validation  

To validate the finite element model developed in COMSOL we compared some 

results obtained by the model with results obtained experimentally. In Fig. 2 the 

capacitive simulated response as a function of the pressure is identical with that 

found experimentally [11]. However, according to the capacitive response and the 

temperature coefficient simulated at rest in the curves of Figs. 3 and 4, there is a 

slight difference in the values of the elevated results caused by the manufacturing 

process of the device. The comparison of the obtained results allows us to validate 

the simulation model in COMSOL Multiphisycs environment. 

 

 

Fig. 2. Capacitance variation vs. applied pressure. 

 

Fig. 3. Capacitance thermal variations. 
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Fig. 4. Temperature coefficient. 

 

3.2. Thermal study  

In this section the sensor thermal behavior study at rest (P = 0) has been performed. 

For this, we adopt the model of Finite Element Analysis in COMSOL.  The thermal 

drifts of capacitive pressure sensors are mainly due to thermo-mechanical strain 

caused by the difference in coefficient of thermal expansion of Silicon and Pyrex. 

However, the electrical and mechanical properties of these materials have an 

impact, but, because we did not have enough information on the impact of these 

properties on the thermal behavior of the sensor, we focused on the thermal drift 

study. Further details of the FEA thermo-mechanical modeling process can be found 

in a former study [18]. We will study the thermal drift of capacitive pressure sensor 

characteristics at rest as we will study, the geometric influence parameters on these 

characteristics to optimize the sensor performance. The choice of these geometrical 

parameters for simulations is taken from previous work [11]. 

The capacitive pressure sensors structure composed of a thin silicon 

membrane with a thermal expansion coefficient similar to that of Pyrex glass 

7740 is used for anodic bonding to minimize thermo mechanical stress [12, 13]. 

 

3.2.1. Membrane thickness effect hs 

Figure 5 shows the variations in capacitance at rest as a function of temperature in 

the range of -30 ° C to 150 ° C for different hs.  In this case, we consider that the 

sensor is a fully deformable structure w=wPy- wSi, where wPy

 

and

 

wSi

 

represent, 

respectively, the displacement of movable and fixed plate [22]. In the low 

temperature, as the deflection w changes in the negative sense [22], it causes a 

decrease of the capacitor C(0,T) by decreasing the hs. However, when T >0 the 

deflection w changes in the positive sense [22], the C(0,T) is inversely 

proportional to hs. Nevertheless, these variations have much smaller amplitude 

and exhibit a quasi-linear behavior.  
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It can be seen in Fig. 6 that the temperature coefficients are a highly 

decreasing function of the membrane thickness hs. 

 

 

Fig. 5. Variation of the capacitance at rest                                                                   

as function of the temperature for different hs. 

 

 

Fig. 6. Temperature Coefficient for Different Values of hs. 

 

3.2.2. Effect of the distance between the two plates d 

Figures 7 and 8, respectively, give the evolution of the thermal capacitance and of 

the temperature coefficients. The results show that the sensors with small distance 
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between the two plates have high thermal coefficients.  

 

Fig. 7. Capacitance thermal variations for the different distance inter-elctrode. 

 

 

Fig. 8. Temperature Coefficient for Different Values of d. 

 

3.2.3. Bonded area effect ab 

In Fig. 9 we varied ab with the fixing of the other geometrical parameters; we have 

observed that the sensitivity to temperature impoverished by the augmentation of 

the bond width ab. Thus, whatever, the characteristics of the sensors over the 

welded area are large and the sensors are less sensitive to temperature. But this 

leads to the enlargement of the size of the device, which is a drawback. 
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Fig. 9. Temperature coefficient for different values of ab. 

 

3.3.  Study based on pressure 

3.3.1. Effect of the shape of the recessed membrane 

We analyze the sensor response as a function of applied pressure at ambient 

temperature. In order to save time, it is necessary to apply all simplifications that 

are possible without losing accuracy. One such a simplification is offered by the 

symmetry. As we can see in Fig. 10, the pressure sensor may be modeled just in 

one quarter because the other three quarters are symmetrical.  

It is clear that the deflection is proportional to the applied pressure and its 

value is higher in the center. So as to determine the effect of the membrane 

embedding shape on the deflection, the pressure sensitivity, and consequently C, 

we have studied three devices with the same membrane shapes and measurements 

but different by their embedding shape as it is shown from Fig. 10. From these 

plots we may conclude that the effect of the embedding shape is very significant. 

Figure 11 shows the variations of the sensitivity as a function of the applied 

pressure. As we can notice, the sensitivity of the circular sensor is higher so it is 

better than other forms. This is the effect of the corner presented by the other two 

forms. For the circular shape, it has an equal sensitivity throughout its perimeter. In 

the contrary, concerning the other forms, the effect of the corner creates a decrease 

of sensitivity. Typical values of the sensitivity are summarized in the Table 2. 

Table 2. Value of the maximal deflection                                                                                                      

and the sensitivity for several ship shape. 

Shape Circular Square Rectangular 

Maximal deflection  w(r 

=0) (µm) 
4.215 3.7912 2. 6056 

Sensitivity S  (pF/ kPa) 
0.127 

0.121 [23] 

0.058 

>0.0285   [24] 
0.022 
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(a) Circular Chip. 

 

(b) Square Chip. 
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(c) Rectangular Chip. 

Fig. 10. Simulation of the deflection in pressure                                                      

sensor for several Membrane shapes. 

 

Fig.11. Capacitance sensitivity variation vs.                                              

applied pressure for several membrane shapes. 

 

3.3.2. Effect of the membrane thickness hs 

To highlight the effect of the thickness of the silicon membrane, we have shown 

in Figs. 12 and 13 the capacitance variation   and the sensitivity according to the 
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applied pressure for several values the thickness hs. The C(p) and S(p) are 

decreasing functions of membrane thickness. Nevertheless, these variations 

exhibit a non-linear response. 

 

Fig. 12. Capacitance variation vs. applied pressure for several hs. 

 

Fig. 13. Sensitivity variation vs. applied pressure P. 

 

3.3.3. Effect of the dielectric thickness d 

The capacitive response and the pressure sensitivity are inversely proportional to 

the distance between electrodes (Figs. 14 and 15). In order to design capacitive 

pressure sensors with high sensitivity to pressure, it is necessary to have a thin 

membrane cavity. 
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Fig. 14. Variation of capacitance vs. pressure                                                              

for the different distances inter-elctrode. 

 

 

Fig. 15. Variation of sensitivity vs. pressure                                                      

for the different distances inter-elctrode. 

 

4. Conclusion 

In conclusion, this paper has demonstrated that it is possible to model, with good 

precision, the thermal behavior of the capacitive pressure sensor   using Finite 

Element Analysis (FEA) made in COMSOL.  
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• The choice of the modeling proposed is based on COMSOL and Matlab 

results studied previously [18, 25].  

• The model solved in the COMSOL environment takes into consideration the 

integrity of the sensor. The thermal constraint due to the fabrication process 

has also been taken into account. This allows us to better understand and 

quantify the thermal drift which may undergo the sensor.  

• The model developed in COMSOL also gives an opportunity to study the 

thermal drift of sensor characteristics at rest and under constant and uniform 

pressure. In addition, we attempted to study the geometric influence 

parameters on these characteristics to optimize the sensor performance.  

• The results confirmed that the temperature coefficient is a decreasing 

function of the bond width, the substrate thickness and the distance between 

the two plates. So, to reduce thermal sensitivity, it is necessary to have a 

large recessed width. This solution is easy to implement and does not affect 

the pressure sensitivity. However, it gives large size defects.  

• On the other hand, as we have pointed out earlier, for designing capacitive 
pressure sensors with high sensitivity to pressure, it is necessary to have a 

large surface and a thin membrane cavity. Nevertheless, these two parameters 

are themselves limited by other technological factors of manufacture such as: 

the dimensions of the device, the precision and reliability.  

• Finally, this study allows us to optimize the sensor performance in function 

to the application for which it is dedicated.  
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