


B. Simulation analysis 
The performances of the proposed FBBM sensor chip are 

calculated by non-linear static analysis and model analysis by 
FEA. It can be seen that the maximum membrane deflection is 
happened at the center of the chip as shown in Fig. 2a. Its value 
is < 4 μm which is under 1/5 thickness of the membrane. Based 
on the small deformation theory introduced above, the central 
mass pattern can make a contribution to the stiffness change, it 
can decrease the pressure nonlinearity to smaller than 1.0% FSS 
by stiffening the membrane. Besides, Fig. 2b reflects the stress 
distribution under 5 kPa uniform pressure. In accordance with 
the previous research, the strain energy is mainly concentrated 
at the SCRs which locate at the edge of the beams on the 
membrane, as indicated by the red area. This SCRs condition 
benefits from the novel stress concentration enhanced structure. 
It can be observed that the maximum stress appears at SCRs, 
and the stress in the region of the central mass is almost equal 
to zero. Owning to the stiffness change created by the novel 
beams structure combined with a central mass, the strain 
energy is strictly limited in a narrow area. So the strain energy 
utilized by four piezoresistors is more than flat membrane, 
which makes it possible to obtain high sensitivity. By this 
means, the FBBM structural sensor will be a suitable choice for 
improving sensitivity and linearity simultaneously. 

  

Fig. 2. Simulations for the membrane of sensor: (a) Max. membrane deflection; 
(b) Max. von-Mises stress. 

C. Geometry optimization 
The sensitivity of a pressure sensor depends on the initial 

resistance of the piezoresistors, which in turn is dependent on 
the geometry dimensions of the chip. In order to determine and 
optimize the structural dimensions, it is necessary to derive the 
relationship between the structure and performance for FBBM 
designing. The simulation results of the maximum stress and 
deflection with different structural dimension variables are 
presented below. According to the formulas of traditional C-
type membrane structure, the maximum stress and deflection of 
the membrane are the power functions of each single structural 
dimension variable [8]. Theoretically, the function relationship 
between FBBM structure and C-type should be similar. Based 
on previous study [4], Young’s elastic modulus E had almost 
no influence on the maximum stress σ, but revealed the inverse 
proportional relationship to the maximum deflection ω. As a 
result, the formulas of FBBM are expressed as follows: 
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where L, H, a, b, h, w, t are the structural dimensions as shown 
in Fig. 1; σ and ω are the maximum mechanical stress and 
maximum deflection of the membrane under pressure; and Q1, 
Q2, i1, i2, k1, k2, m1, m2, n1, n2, r1, r2, s1, s2, z1, z2 are the 
coefficients. To derive the coefficients in Eq. (1) and Eq. (2), 
each single dimension variable should be discussed separately. 
It means that other variables should be seen as constants when 
one variable is studied. Therefore, the relationship between the 
sensor chip performance and membrane length satisfies Eq. (3) 
and Eq. (4): 
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where Q1l, Q2l are the sub-coefficients of L. A series of σ and ω 
are calculated by COMSOL numerical simulation when the 
membrane length is varied. Then, the equations are derived as 
follows by curve-fitting method. 
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Utilize the same analytical manner, the function relationships 
respect to other dimension variables can be achieved. Then, by 
combining each single dimension variable from the equation, 
the particular Eq. (1) and Eq. (2) are determined. The relative 
main equations can be derived as Eq. (7) and Eq. (8): 
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From Eq. (7) to Eq. (8), it can be concluded that with the 
increase of the L, the σ and ω both experience a rise, namely, 
improves sensitivity, but decreases linearity. Besides, the 
impacts of the H, b, h, w and t on the sensitivity and linearity 
are the same except a. The beam length is the only dimension 
variable which is in direct proportional to the stress and inverse 
proportional to the deflection. It is indicated that the sensitivity 
and linearity can be improved synchronously when the beam 
length is chosen appropriately. So it is reasonable to believe the 
contradiction between the sensitivity and linearity can be 
eliminated if the suitable dimension variables are determined. 

The impacts of structural dimension variables on the 
mechanical stress are presented in Fig. 3. It can be regarded as 
an estimation for the performance of the sensor, as each 
dimension variable has an effect on the stress. For clear 
observation of the relationships between different variables, an 
intersection line is also introduced in this figure. Through a 
comprehensive consideration of various variables, a series of 
structural dimension variables are determined based on crossover 
points between variable curves and intersection line as listed in 
Table 1. 

(a) (b) 

      



 

Fig. 3. Stress versus structural dimension variables. 

TABLE 1. THE PARAMETERS OF THE FBBM MEMBRANE 

Parameter L H a b h w t 
Dimension 

(μm) 4500 30 800 200 30 1200 220 

Based on parameters of the FBBM presented in Table 1, 
E is 1.9×1011 N/m2, and P is 5 kPa. Then, the simulation 
results are as follows: σ is equal to 43.6 MPa, and ω is 3.14μm. 
Then, Q1 and Q2 are 1.817×10-3 and 4.681×10-4, respectively. 
Finally, the main stress and deflection equations specific to 
FBBM are expressed as follows: 
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From Eq. (9) to Eq. (10), the stress and deflection of the 
FBBM regarding the structural dimension variables are clearly 
presented. According to the final relationships between the 
mechanical performance and each variable, it is beneficial to 
provide a guideline for designing the sensor with the FBBM 
structure more accurately.  

D. Performance of the sensor 
To theoretically estimate the particular values of the 

sensitivity of the proposed sensor, the longitudinal stress σx 
and transversal stress σy along the path are presented in Fig. 4. 
By comparing the results of the two sets of datas, the stress σx 
is larger than σy. It is indicated that the piezoresistors 
implanted on the silicon substrate should be parallel to the x-
axis of the membrane. This can maximize the utilization of the 
transverse effect and decrease the longitudinal effect. Then, a 
high sensitivity and wide measurement range can be achieved. 
Besides, it is found that the SCRs are located at the edge 
between each beam and membrane pedestal side as we 
expected. Piezoresistors should be placed on the SCRs 
because more strain energy can be utilized, and therefore the 
piezoresistive sensitivity can be enhanced definitely. The 
doping concentration of the piezoresistor is depended upon 

implantation and annealing parameters (including boron ion 
dose, energy, annealing temperature, and time). In the simulation, 
the concentration of ion implantation is set as 3×1014 cm-3 less 
than 1×1017 cm-3, so π44 can be set as 138.1×10-11 m2/N (or Pa-1) 
[9]. The sensitivity of the sensor for a certain mechanical 
pressure P (5 kPa) and input voltage Uin (5 V) is then calculated 
by Eq. (11): 
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Eventually, the sensitivity of 4.71 mV/V/kPa can be deduced. 

 

 

Fig.4. Stress distribution curve of the path: (a) along x-axis; (b) along y-axis. 

Piezoresistive silicon pressure sensors with thin membranes 
have to be sensitive, accurate, and stable during pressure 
measurement and maintain a linear relationship between the 
output voltage and pressure. In certain cases, linearity is not a 
critical factor. For example, in case of a control switch which 
must indicate whether the pressure has reached a particular 
threshold value or not. On the contrary, some applications like 
level/altitude sensing using barometric sensors require a high 
degree of linearity. On the basis of the definition of pressure 
nonlinearity (PNL), the relationship between PNL and voltage 
is revealed by Eq. (12): 
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where ΔUmax is the maximum output voltage difference between 
the real voltage output and the idealized linear output, full-
scale span (FSS) is the voltage range of the full pressure, PNL 
is the ratio of ΔUmax to FSS. Finally, the pressure nonlinearity 
of 0.75% FSS can be deduced based on the simulation results 
as shown in Fig. 5. 
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Fig. 5. Pressure nonlinearity of the FBBM structure sensor. 

III. FABRICATION PROCESSES 
Four inch (100r0.5 mm) N-type silicon wafer oriented in 

the (100) direction with a resistivity of 10 Ω�cm are used as 
substrate of the FBBM chip. They are 300r5 μm thickness and 
double sides polished with a total thickness variation of <5 μm. 
The specific fabrication processes are illustrated in Fig. 6. The 
main steps are as follows: 

 
Fig. 6. Main fabrication processes used to manufacture the FBBM chip. 

(a) The first step in fabrication is to deposit a 500r20 nm 
silicon oxide on both sides of the substrate by thermal 
oxidation. This oxide layer is used to isolate the metallization 
from the silicon substrate.  

(b) Then, lithography is performed on the front side of silicon 
oxide to pattern piezoresistors. P-type resistors and heavy 
doping of contact regions are formed by solid source of 
boron thermal diffusion process.  

(c) Subsequently, the low pressure chemical vapor deposition 
(LPCVD) is adopted to deposit the passivation layers of 
Si3N4 to protect the piezoresistors.  

(d) In the following, SiO2 layers are deposited again by the 
plasma enhanced chemical vapor deposition (PECVD) to 
further improve insulation.  

(e) After that, the reactive ion etching (RIE) process is used 
to etch the ohm contact regions between the piezoresistors 
and the metal lead. The e-beam evaporation deposition is 
performed to sputter Al for the purpose of connecting of 
resistors and forming of bonding pads.  

(f) With the objective of creating a cavity and a central mass 
for producing the pressure-sensitive membrane, KOH wet 
etching process is used to deeply etch the bottom of the 

silicon wafer. Due to anisotropy of single crystal silicon, a 
54.7q inclined wall is left after deep etching.  

(g) Afterwards, the RIE is applied again to produce beams of 
the FBBM structure on the front side of the silicon wafer.  

(h) In order to obtain an absolute pressure reference chamber, 
the bottom side of the wafer is attached to the Pyrex 7740 
glass by the anodic bonding process under vacuum 
condition. 

IV. CONCLUSION 
In this study, a novel structural FBBM pressure sensor 

enhancing the sensitivity and linearity was proposed. A series 
of models for deducing the relative equations for these 
structures were established based on the simulation results. 
According to the curve fitting, the final relationships between 
the mechanical performance and dimension variables were 
determined, which could provide a guideline for designing the 
sensor with the FBBM structure. By altering the values in the 
equations, the optimized dimensions for the membrane could 
be found. This method was useful to design and fabricate the 
FBBM pressure sensor accurately. Through calculation and 
simulation, the proposed sensor possessed a high sensitivity of 
4.71 mV/V/kPa and a low pressure nonlinearity of 0.75% FSS 
after the geometrical optimization. Finally, the main fabrication 
processes of the sensor chip based on bulk-micromachining 
and anodic bonding technology were introduced. Future work 
will be devoted to the interconnecting and packaging of the 
FBBM sensor. After that, the testing will be carried out to 
testify the performance of the sensor. 
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