Microsyst Technol (2017) 23:5677-5687
DOI 10.1007/s00542-017-3427-4

@ CrossMark

TECHNICAL PAPER

The design and analysis of a novel structural piezoresistive
pressure sensor for low pressure measurement

Chuang Li'*® - Francisco Cordovilla' - José L. Ocaiia’

Received: 26 January 2017 / Accepted: 27 April 2017 / Published online: 4 May 2017

© Springer-Verlag Berlin Heidelberg 2017

Abstract A micro electromechanical system piezoresis-
tive pressure sensor with annularly grooved membrane
combined with rood beam has been proposed for low pres-
sure measurements based on silicon substrate. The model
design, geometry analysis and performance prediction of
the novel structure sensor are presented. Compared with
other structural membranes, the proposed sensor achieves
several advantages such as micro size, high sensitivity,
low nonlinearity and stable dynamic behavior. Through
analyzing the stress distribution of sensitive elements and
the deflection of membrane by finite element method, the
proposed structure can alleviate the contradiction between
sensitivity and linearity to realize a device with high accu-
racy. The reasons why the proposed sensor can maximize
sensitivity and minimize nonlinearity are also discussed.
By localizing more strain energy in the high concentrated
stress profile and creating partially stiffened membrane,
the proposed sensor has achieved a high sensitivity of
34.5 mV/V/psi and a low nonlinearity of 0.25% FSS. Thus,
the proposed structural sensor will be a better choice for
low pressure applications less than 1 psi.
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1 Introduction

Based on the transduction mechanisms of converting pres-
sure input into electrical signal, pressure sensors are always
classified as piezoresistive, capacitive, piezoelectric and
resonant (Kumar and Pant 2014). Piezoresistive pressure
sensors, due to their low cost, simple reading circuit, low
energy consumption and mass producibility capability,
have a wide range of applications leading to the highest
amount of sales volume in the pressure sensor arena (Zhang
et al. 2016). Especially for silicon piezoresistive pressure
sensors, they constitute a large share in the micro electro-
mechanical system (MEMS) mechanical sensor market
(Li et al. 2016). The sensors utilize the silicon piezoresis-
tive effect as the detection mechanism. Then a Wheatstone
bridge is built up through electric connections with four
P-type piezoresistors to transduce the resistance change
into output voltage (Kumar and Pant 2015).

With the rapid development of micro/nano processing
technology, recently, there is a strong demand trying to
reduce the sizes of conventional sensors and enhance their
sensitivity and linearity, namely getting a micro size sensor
with high accuracy (Park et al. 2016). In certain case, sensi-
tivity may be a more significant factor with not much con-
straint on linearity. For example, in case of a control switch
which must indicate whether the pressure has reached a
particular threshold value or not, linearity is not a critical
factor. On the contrary, applications like level/altitude sens-
ing using barometric sensors require a high degree of lin-
earity (Kumar and Pant 2016). This is because severe non-
linearization will cause a high-sensitivity device of little
practical value once nonlinearity is beyond a certain range
(Rajavelu et al. 2014). Unfortunately, the trade-off between
sensitivity and linearity is always irreconcilable for con-
ventional pizoresistive pressure sensors, especially for low/
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micro pressure measurement (Kumar et al. 2016; Yu and
Huang 2015). The higher sensitivity is for the pressure
measurement, the thinner membrane is for the sensor chip.
However, a thinner membrane will cause a large membrane
deflection which brings inferior linearity (Song et al. 2015).
To alleviate the contradiction between sensitivity and lin-
earity, previous efforts were mainly focused on (a) novel
structures, (b) new materials and (c) compensation circuit.

a. The structure of piezoresistive pressure sensors always
plays an important role in the performance. Design
a novel structure with stress concentration regions
(SCRs) and partially stiffened membrane (PSM) is
an efficient way to improve sensitivity and linearity,
simultaneously. To date, several new structural mem-
branes, such as cross-beam membrane (CBM) (Tian
et al. 2012), beam-membrane-mono-island (BMMI)
(Yu et al. 2013), beam-membrane- dual-island (BMDI)
(Meng and Zhao 2016), and beam-membrane-quad-
island (BMQI) (Yu et al. 2015), all have achieved
high sensitivity and linearity compared with the con-
ventional structure sensors. The SCRs allow more
strain energies to be utilized by piezoresistors, so the
sensitivity can be improved definitely when resistors
are placed on the SCRs (Sharma et al. 2013). Moreo-
ver, a low nonlinearity benefits from a small deflec-
tion because of the PSM, since the stiffness mutation
restricts the deformation but not weakens the stress in
the SCRs when the pressure is loaded on the surface of
the membrane.

b. In order to improve the performance, many new raw
materials for sensor chips were developed. For exam-
ple, nanomaterials were not only adopted for the
transistor design, but also applied as new sensing ele-
ment or detection platform (Pramanik et al. 2006;
Dau et al. 2013). Besides, some other novel materials,
such as polysilicon (Wang and Li 2014), SiC (Fraga
et al. 2010), diamond (Zhang et al. 2014b) and silicon
nanowires (Zhang et al. 2014a) were all chosen to fab-
ricate sensor chips to obtain high precision. Although
the performance of those sensors has been improved
by choosing these new materials, there are still some
practical difficulties in mass production like immature
technology, instable structure, unreasonable cost, etc.

c. To increase the accuracy of measurements, various
kinds of compensation circuits and conditioning cir-
cuits were introduced to the packaging of sensors to
improve the signal-to-noise ratio and measurement
accuracy in practical applications of long-term trans-
mission (Yao et al. 2016; Aryafar et al. 2015; Hao
et al. 2014). However, this way not only adds the cost
of the single device due to its complex fabrication pro-
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cess, but also lowers the overall reliability of the sen-
sor, since a more complicated structure is easier to lose
efficacy, so it can not fundamentally solve the contra-
diction between sensitivity and linearity. Besides, a
complex circuit has to increase the cost of the device,
which will lead to a decline in drastic market competi-
tiveness (Li et al. 2014).

In consideration of above methods, it is found that
design an integrated structure and finding out a balance
between excellent sensing resolution and optimum linear-
ity are the key concern (Mishra et al. 2015). As it is known,
creating stress concentration regions, or even high con-
centrated stress profile (HCSP), are beneficial to gather
the strain energy. The more strain energy concentration
is, the higher sensitivity results. To solve the contradiction
between sensitivity and linearity, a corrective measure is to
locally stiffen the membrane thereby restricting partially
the deformation, but not affecting the stress concentration.
Moreover, the proposed structure should possess a smaller
size compared with conventional C-type and E-type mem-
brane structures. Then, the proposed sensor can satisfy the
requirements of low pressure measurement for biomedical
applications typically for body implanted with micro size
(Alpuim et al. 2011).

This paper develops a novel structure annularly grooved
membrane combined with rood beam to predict the elec-
tromechanical behavior of a piezoresistive pressure sensor
under pressure of 1 psi (6.895 kPa). To reflect the advan-
tages of the proposed structure, different membrane struc-
tures are modeled and compared by finite element method
using COMSOL Multiphysics software to calculate the
stress distribution, analyze the deflection of inherent struc-
ture and define the size of sensor. Based on the simulation
results, the proposed structure can alleviate the contradic-
tion between sensitivity and linearity to realize a device
with high precision, micro size and stable machinery
behavior. Therefore, the proposed structure sensor will be
widely applied for low pressure applications.

2 Design and analysis
2.1 Design principle

The performance of sensors is determined by the maximum
stress and linearity output. For the same membrane thick-
ness, larger membranes offer high sensitivity with poor
linearity and vice versa are true for smaller membranes. A
square membrane, in pressure sensors, is chosen on account
of its higher stress compared with rectangular and circular
ones in the same conditions. On the basis of the theory of
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elasticity, the maximum stress of the square, rectangular
and circular membranes is given by the following equations
(Hsu 2008):

L\? >
ogm = 0.308P( — | (1 —u%) 6]
H
B\? 5
om =0383P( =) (1—p) )
H
—osp( X i 1—pu? 3
oem = 0. ) =8 3
where o, 0, and o, are the maximum stresses for the

square, rectangular and circular membranes, respectively.
P the applied pressure; H the thickness of the membrane;
w the Poisson ratio; L the side length of the square mem-
brane, B the width of the rectangular membrane, and R the
radius of the circular membrane. By assuming that they
have same membrane thickness H and identical applied
pressure P, and that additionally, L is 1.2 times B and 2
times R, respectively, the following relationships can be
obtained:

Ogm = 1.160'rm = 1.64O'Cm (4)

which means an ~15 and ~60% higher stress can be
achieved by utilizing square membrane rather than the
other two types.

There are two reasons for non-linearization of the pres-
sure sensor, one is related to the excessive load on the
membrane which directly destroys the linearity principle
of the piezoresistive effect, and another is the oversized
membrane deflection that changes linearity to nonlinearity
in the relation between pressure and deformation. The case
of excessive load on the membrane is not discussed in this
work, after all, it belongs to an accident. Therefore, the case
for oversized deflection will be the only discussed here.
When the deflection exceeds the definite value compared
to the thickness of membrane, the large deflection theories
work, and then, the linearity relationship between deflec-
tion and pressure will change to nonlinearity. To resolve the
problem of large deflection, a combination method devel-
oped by Foppl is adopted (Lin et al. 1999). This method
combines small deflection theories on clamped boundary
conditions and the membrane theories for large deflection
problems on simply supported boundary conditions. Then,
the total loading P is divided into two parts, namely, the
bending stress and shearing stress represented by P, and
membrane stress represented by P, (P = P, + P,).

The loading P, is derived from the small deflection
theory as:

wEH?
L4

P =713 )

The loading P, is derived from the large deflection
theory as:

o’EH

P, =31.1 i (6)

These two equations are deduced separately and com-
bined together in the end. For the large deflection, the
equation can be shown as below:

PL* w w\3
W_ﬂﬁ(ﬁ) +31'1(E> , %)
where PL*EH* is the relative load, w/H is the deflection
change relative to membrane thickness. By comparing
the small and large deflection theories, the dimensionless
deflection with respect to dimensionless load is presented
in Fig. 1.

From the large deflection curve, it can be seen the
relationship between the load and deflection is no longer
linear when the relative deflection w/H is exceeded 0.2.
It indicates that the small deflection theory works only
when the deflection is smaller than 1/5 thickness of mem-
brane. Thus, the maximum deflection should be less than
1/5 thickness of the membrane, which is beneficial for
obtaining low nonlinearity.

2.2 Structure design

A novel structure characterized by annularly grooved
membrane with rood beam structure is proposed to meas-
ure low pressure less than 1 psi (6.895 kPa). N-type sili-
con wafer is chosen as the substrate of the sensor chip
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Fig. 1 Dimensionless deflection-load diagram for square membrane
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owing to its desirable characteristics such as excellent
mechanical properties and reproducible elastic deforma-
tions (Timoshenko and Woinowsky-Krieger 1959).

On the front side of the membrane, there are four
grooves around the surface as shown in Fig. 2a. More-
over, four ribs are located between every two grooves
which are just on the top of the gap between each beam
and membrane edge. The membrane length and thickness
are 3600 and 30 pm. The groove width and depth are 60
and 10 wm. A wheatstone bridge is built up through elec-
tric connections with the four piezoresistors on the sur-
face of the rib regions.

On the rear side, a rood beam structure is placed as
shown in Fig. 2b. The end of each rood beam is not con-
nected with membrane edge, but remain at a 60 pm dis-
tance between them. The rood beam width is 200 wm and
the thickness is 35 pwm. An interesting phenomenon is
that the rib length and width are equal to rood beam width
and groove width respectively, which not only simplifies
the fabrication processes, but also facilitates the dimen-
sions optimization. By incorporating annular grooves and
rood beam into the membrane, HCSP is expected to be
formed to maximize the sensitivity; PSM is helpful for
reducing the membrane deflection, and then minimize the
nonlinearity.

Groove

Rood beam

Silicon substrate

Fig. 2 Scheme of the proposed membrane. a Front side; b rear side
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2.3 Geometry analysis

For the improved annularly grooved membrane combined
with rood beam, it belongs to the El-type sensor that is fea-
tured by grooved and bossed structure. Since the proposed
structure with four grooves and bossed membrane presents
a closed geometry with the El-type, the central deflection w
can be expressed as followings (Yasukawa et al. 1989):

Ll 3[1+Bg/H) ,

©= PEAT B A+ B ®)
_ 2gbE + g(mLE — 2bE)

p= 7 LbD ©)

po _EH _ 10
= 0@ 10

where w is the membrane deflection, f is the coefficient as
defined by Eq. (9), D is the flexural rigidity, g and b are
groove depth and width, L and H are membrane length and
thickness, respectively. P is the applied pressure, E is the
Young’s elastic modulus, and u is the Poisson ratio.

From the definition of the El-type membrane deflection,
o can be treated as a subtraction of the rib bending strain
[the 1st part of the Eq. (8)] minus the membrane deforming
strain [the 2nd portion of Eq. (8)] (Yasukawa et al. 1989).
It is noted that w will be decreased by reducing the groove
depth g and groove width b. In another word, the linear-
ity can be improved by reducing the volume of the annu-
lar groove. According to previous studies, several theories
should be considered: the membrane deformation should
be under 1/5 membrane thickness based on small deforma-
tion theory discussed above; a plate is called “thin” when
its ratio of thickness to the smaller span length is less than
1720 (Ugural 1981); the thickness is usually above 10 um
for a good linearity according to the literature (Albert
Chiou and Chen 2008), especially for those with the central
bossed structure (Marco et al. 1996). If all factors are taken
into consideration, the groove depth should be as close as
possible to half of central membrane (Bao et al. 1991).

Additionally, one of initial conditions in the equations
of bossed structure assumes a negligible bending moment
at the central bossed-region under a certain pressure. Thus,
the stiffness at the membrane center has to be much higher
than that of the groove region because of the different thick-
ness of the plate. Then, this stiffness mutation promotes the
appearance of the HCSP at the rib region, which makes it
possible to achieve high sensitivity. Since the thickness of
the membrane edge is thinner than the center, there will be
some losses in terms of stress. However, the introduction of
the rood beam at the rear side of the membrane not only can
compensate these losses, but also plays a role in partially
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stiffening the membrane. Thus, the proposed structure is
hopeful to alleviate the contradiction between sensitivity
and nonlinearity and achieve a high performance.

3 FEM analysis

The performance of the proposed sensor chip is calculated
by non-linear static analysis and modal analysis using the
commercially-available finite element method (FEM) soft-
ware COMSOL Multiphysics. The parameters of the sin-
gle crystal silicon are as follows: Young’s elastic modulus
is 1.66 x 10'" N/m?, Poisson ratio is 0.28. Figure 3 is the
parameters setting of the FEM analysis. A fixed boundary
conditions applied at the bonding site between the chip and
the glass, and the nominal scale of the designed pressure
sensor is set at 1 psi (6.895 kPa). In order to make the sim-
ulation results more accurate, there are 19,925 elements in
the finite element module.

A typical membrane size of 3600 pm x 3600 pm and
thickness of 30 wm are chosen for this study. Figure 4
depicts the von-Mises stress distribution and membrane
deflection of the sensor chip at full scale pressure of 1 psi
(6.895 kPa). The diagrams show that the maximum von-
Mises stress is concentrated at the rib area and the maxi-
mum deflection is happened at the center of the membrane.
In accordance with the previous discussion, the stress is
mainly concentrated at the hinge area which is located at
the rib surface, as indicated by the red area what is called
the HCSP. This kind of high stress concentration profile
just benefits from the unique structure for the membrane.

For the P-type [110] oriented silicon, the output (and
therefore the sensitivity) of the sensor is proportional to the
differential stress at the piezoresistor location and can be
deduced by the approximate expression (Hsu 2008):

1 1
Uour = 57744(0')6 - o—y)Uin = 57744A0'RUins 1rn

where 74, is the shear piezoresistive coefficient, o, is the
transversal stress and o, is the longitudinal stress. Thus it
can be seen that the differential stress Aoy is an important
indicator of the output voltage of the sensor. By the simu-
lation results, the differential stress along x direction is
shown in Fig. 5. The study region is closed to membrane
edge and extend 100 pm inside and outside of this edge.
The differential stress (o, — o,) are positively indicating
that the maximum stress is located at a distance of 35 pm
inside the membrane edge. Besides, it can be observed that
the stress are mainly focused within a relatively small range
(£100 pm), which means the strain energy is strictly lim-
ited in a narrow area on the surface of the rib region and the
energy is not spread easily outside the HCSP. If the longitu-
dinal piezoresistors are placed lengthwise along x direction

(b

Pressure
Moment 1] 6.2138e-11
Moment of Inertia Ip2 | 6.2138e-11
[ Moment of Inerta Ip3 | 12.426e-11 | / \
Statistics
of vertex | 88 I |

| Numberofvertex |88 |
Number of edge | 1443
Number of boundary | 12334
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y
0002 o004(m) —— e ™0
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Fig. 3 Parameter setting of the FEM analysis. a Setting of mesh gen-
eration; b diagram of the fixed boundary condition and load

A: Static Structural
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Type: Equivalent von-Mises stress
Unit: MPa
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(b) A: Static Structural )
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Type: Total deformation
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0 0.002

0.004(m)
[ e

Fig. 4 Simulation results of the proposed membrane. a The stress
distribution; b the deflection

and the transversal piezoresistors are placed breadthwise
along y direction, the strain energy utilized by four piezore-
sistors will reach a maximum, which makes it possible to
obtain even higher sensitivity.

The material properties of the silicon, aluminum and
heavy doped silicon (piezoresistors) are listed in Table 1.
Figure 6 shows the electric potential distribution and cur-
rent density of the piezoresistors and wires with a 5 V
power supply on the Wheatstone bridge. The output voltage
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Fig. 5 Differential stress along x direction for the proposed mem-
brane

of the proposed sensor is 2.5326 V minus 2.3701 V as
shown in Fig. 6a, the output and sensitivity are equal to
172.5 mV and 34.5 mV/V/psi, respectively. In addition,
a terminal current of 0.21 A is obtained as presented in
Fig. 6b. The current flow “spreading out” into the sense
electrodes (resistor place), this phenomena is defined as
the “short circuit” effect (Bao 2005). The asymmetry in
the potential, which is induced by the silicon piezoresistive
effect, is also apparent in this figure.

4 Result and discussion
4.1 Membrane size

To prove the proposed structure can achieve a smaller size,
the mechanical performance comparisons among proposed
membrane, C- type and E-type membranes are studied
under 1 psi uniform pressure, include maximum transver-
sal stress and deflection by COMSOL. The three structures
have the same membrane length and thickness as shown in
Fig. 7a. Compared with the other two structures, the pro-
posed structure has the highest stress and an intermediate
deflection.

When the three membranes length and thickness are all
set as the same dimensions, the C-type structure gets the

Table 1 Parameters of the proposed membrane

lowest stress, which means a small output (or sensitivity)
for C-type. To obtain high stress, an efficient method is to
increase the ration of membrane length/membrane thick-
ness. For example, the membrane length of C-type has to
be 5776 wm, the stress can reach 65.1 MPa that is close
to the proposed structure (see Fig. 7b), but the deflection
will sharply increase to 15.7 wm which has exceeded 1/5
thickness of the membrane and not fit the small deflection
principle anymore.

A kind of E-type structure pressure sensor is designed
to decrease the large deflection of the C-type caused. As
shown in Fig. 7c, the deflection is reduced to 1.84 pum by
the introduction of the central mass. It can be concluded
that the deflection of the E-type is smaller than C-type
but the stress is also declined because of the hard core. It
means the E-type has to sacrifice sensitivity when a low
nonlinearity is achieved. If the maximum stress of E-type
reaches the level of the proposed membrane, the membrane
length should be at least 6752 pm. Then, the deflection for
the E-type structure is 3.6 pm, which will lead to a worse
linearity than the proposed membrane.

According to the above analysis, the proposed mem-
brane possesses the advantage in size. The size of the sen-
sor is decided by the membrane length and depth of the
cavity. No matter for C- or E-type, the membrane is formed
by chemical etching with 54.7° inclined walls, moreover,
the etching cavity process is executed on one side of the
silicon wafer (Hsu 2008). From Table 2, all the membranes
are under 1 psi pressure. Cavity represents the etching
depth, thickness is the membrane thickness and stress is the
maximum transversal stress simulated by COMSOL. The
table indicates, for example, when the membrane thickness
is 30 wm, to achieve 65.1 MPa maximum stress, the mem-
brane length of C- or E-type structures need almost 1.8
times the proposed structure, but the proposed structure just
needs 3600 wm. It means that the proposed structure only
requires approximate half size of the C- or E-type mem-
branes for gaining the same stress.

4.2 Static performance

The static performance of the annularly grooved mem-
brane combined with rood beam is compared with that of
CBM structure (Tian et al. 2010) and BMQI structure (Yu
and Huang 2015) under 1 psi (6.895 kPa) load as shown in

Material Young’s modulus (GPa) Resistivity (£2-cm) Density (g/cm3) Piezoresistive coefficient (10~!'/Pa)
Silicon 166 2.3 2.3 -
Al 74 4.8 x 1073 2.7 -
P-doped silicon 168 2.3 23 my, =6.6; ), =—1.1; my, = 138.1
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Fig. 8. The piezoresistive pressure sensors with CBM and
BMQI structures also achieved a high accuracy to detect
the low pressure. In this comparison, the materials, applied
pressure and main dimensions of the three models are
same. Compared with other two types, the sensitivity of the
proposed structure reaches the largest value of 34.5 mV/V/
psi (see Fig. 8d), which almost improves 36.2 and 22.5%
compared with CBM and BMQI structures. The main rea-
son is illustrated by the stress distribution shown in Fig. 8a.
The stress of the proposed structure is concentrated in a
smaller area than other two structures, even form a HCSP
on the rib between every two grooves, so, the stress pro-
duced by the membrane deformation is also much bigger
than other two types (see Fig. 8c). It indicates that the strain
energy utilized by the resistors for the proposed structure is
larger than others.

Based on the definition of the strain energy U, the U
stored in the membrane under load can be expressed by
Eq. (12) when the effective membrane area is substituted
by the elementary area (Herrera-May et al. 2009):

2
D 2w 92w
U= 5 // <3x2 + Byz> dxdy — //a)p(x,}’)dXd)’- (12)
” A

In Eq. (12), the potential energy U can be treated as a
subtraction of the membrane bending strain [the 1st por-
tion of the Eq. (12)] minus the surface load strain [the 2nd
portion of Eq. (12)]. According to the small deformation
theory, the transversal stress o, and longitudinal stress o,
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Fig. 7 Comparisons with C- and E-type structural membranes
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Table 2 Comparison of
structure size among various

structures

Cavity (wm)  Thickness (um) Stress (MPa) Clength (wm) E length (wm) Proposed length (Lm)
275 25 101.2 6028 7068 3600
270 30 65.1 5776 6752 3600
265 35 479 5525 6541 3600
260 40 41.8 5411 6322 3600
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Fig. 8 Comparisons with the other two structural membranes

can be described as follows (Timoshenko and Woinowsky-

Krieger 1959):

6D [ 9*w N 3w ;3
oy =——|— —

6D (3w N 0w
oy=——|—= — .
Y H2\ 9y? Hox2 (14)
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Introducing Eqgs. (13) and (14) into Eq. (12) yields:
D 2(n—1 —
U= 5 / (2(n )(0x Oy)]dxdy - // wp(x,y)dxdy,
A A

Eh

s)

where H is the membrane thickness, A is the effective
area of the membrane, and w is the membrane deflection.
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Through the comparison among different structures around
the stress concentration region, the stress for the proposed
membrane is much larger than other structures as seen in
Fig. 8c. It also can be interpreted as the level of stress con-
centration for the proposed structure is higher than others
as shown in Fig. 8a. In addition, the deflection for El-type
sensor is always smaller than traditional structures. Thus,
the difference value between the 1st part and 2nd part of
the Eq. (15) for the proposed sensor is relatively big.

In this improved membrane, the sensitivity is maximized
by concentrating more strain energy at the position of the
piezoresistors. This is successful achieved by two ways. On
the one hand, the piezoresistors are placed on the narrow
rib, which, due to its greater thickness than annular groove,
provides a major portion of the support for the membrane.
The function of the groove is to transfer more strain energy
to the rib region, so the sensitivity will be improved. On
the other hand, there is a gap between the rood beam and
the membrane edge, which results in a stiffness mutation
on the reverse side of the membrane. When the membrane
experiences a deformation, the strain energy will reach to
the gap place along the rood beam. With the piezoresis-
tors near the highest stress surface of this rib, sensitivity is
secondary to be enhanced. Thus, the proposed sensor can
obtain the highest sensitivity compared with the other two
structures.

From the Fig. 8e, it is noted that CBM, BMQI and pro-
posed structures all achieve a low nonlinearity value less
than 0.3%. Especially for the BMQI structure, it gets the
lowest nonlinearity of 0.12% FSS. This is because the
deflection for BMQI reaches the smallest value of 1.2 pm
as presented in Fig. 8b. And yet, for the CBM, the nonlin-
earity is relative high due to the deflection almost reaching
3 pm. Non-linearization in the diaphragm-type piezore-
sistive pressure transducers happens when the diaphragm
is deflected enough that it stretches. Then the geometry
is deflected enough that the membrane starts to stretch in
a non-linear manner and resists the applied pressure with
membrane stress as in a balloon effect (Johnson et al.
1992).

In general, as the linearity improves, there is always
some reduction in sensitivity. For the proposed mem-
brane, the annular grooves are not only conducive to con-
centrate strain energy within a small area, but also create
a greater deformation due to the stiffness change between
the membrane center and edge. This is useful to obtain
HCSP and then enhance the sensitivity, but, deteriorating
linearity. However, the effect of rood beam on linearity
assumes that it works like a strengthening rib. The rood
beam reduces stretching of the rib at larger deflections,
which in turn improves linearity. In contrast, the large
open membrane area is relatively weak and free to stretch
with minimum impact on linearity. Therefore, the conflict

between high sensitivity and low nonlinearity is resolved
by introducing annular groove on the front side and rood
beam on the rear side. Eventually, a high accuracy sensor
with maximum sensitivity and minimum nonlinearity has
been achieved.

4.3 Dynamic performance

In the field of high accuracy measurement, besides the
sensitivity and linearity, the mechanical stability is also
of significant factor for micro-high sensitive pressure sen-
sors. The mechanical stability is depended upon the first
natural frequency (1st) of the membrane structure (Huang
and Zhang 2014). To stabilize the membrane, normally a
higher first natural frequency is often expected. This is
because the structure of the sensor will be damaged due
to the resonance effect when its natural frequency and
measured signal are approximate (Jia and Seshia 2016).
As shown in Fig. 9, the dynamic behavior analysis results
show that a high first resonance frequency of 42.1 kHz is
achieved for the proposed membrane with an increment
of 32.8 and 12.3% compared with the C-type and BMQI
structures, respectively; while for the CBM structure the
first resonance frequencies almost equal with each other.
The results mean that the proposed membrane is as good
as the CBM structure and is better in comparison with the
C-type and BMQI membranes in terms of stability.

C: Modal C: Modal
G Type: Total Deformation

Type: Total Deformation ype

Frequency: 42133 E’equeno{ 31684 Hz

Unit: um nit: um

A553 A 51x10°
x10% P

1
1

|-
31.7 kHz
C-type structure

C: Modal

Type: Total Deformation
Frequency: 42898 Hz
Unit: pm

A 3.72x0
x10%

CBM structure

Fig. 9 Dynamic behavior of different membranes in the working
range of 01 psi (6.895 kPa)
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5 Conclusions

In this paper, it has been analyzed and compared the
static and dynamic performance of different membrane
structures for piezoresistive pressure sensors through
FEM, including the C-, E-type, CBM, BMQI and pro-
posed membranes. In comparison with CBM and BMQI
structures, the proposed structure not only stiffened par-
tially the membrane to reduce the nonlinearity and keep
high first natural frequency, but also transferred more
strain energy to the HCSP to guarantee even higher
sensing sensitivity. Besides, the proposed membrane
would minimize the size of the sensor chip while hav-
ing same maximum stress than C- and E-type. Based on
the simulation results, the proposed sensor achieved a
high sensitivity of 34.5 mV/V/psi and a low nonlinear-
ity of 0.25% FSS with the pressure range 0-1 psi. In
terms of sensitivity, precision and linearization, these
results suggested that the proposed structure had stable
performance in micro-size, and it was a better choice
for measuring micro-pressure in the field of biomedical
applications.
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