~ = ¥ o

Encineering Journal e~ o 5

Article

Mechanical Diaphragm Structure Design of a MEMS-
Based Piezoresistive Pressure Sensor for Sensitivity
and Linearity Enhancement

Phongsakorn Thawornsathit'®, Ekachai Juntasaro'™’, Hwanjit Rattanasonti’’,
Putapon Pengpad>, Karoon Saejok™, Chana Leepattarapongpan™,
Ekalak Chaowicharat™, and Wutthinan Jeamsaksiti*"

1 Mechanical Engineering Simulation and Design Group, The Sirindhorn International Thai-German
Graduate School of Engineering (TGGS), King Mongkut’s University of Technology North Bangkok
(KMUTNB), Bangkok 10800, Thailand

2'Thai Microelectrics Center (TMEC), National Electronics and Computer Technology Center, National
Science and Technology Development Agency, Chachoengsao 24000, Thailand

E-mail: 2620909196001 6@email.kmutnb.ac.th, b*ckachai.j@tggs. kmutnb.ac.th (Corresponding authot),
chwanjit.rattanasonti@nectec.ot.th, dputapon.pengpad@nectec.or.th, ckaroon.sacjok@nectec.or.th,
fchana.leepattarapongpan@nectec.or.th, gekalak.chaowicharat@nectec.or.th,
hbwutthinan.jeamsaksiri@nectec.ot.th

Abstract. An improved design of the micro-electromechanical system (MEMS)
piezoresistive pressure sensor with a combination of a petal edge, a beam, a peninsula, three
cross beams and a center boss is proposed in this work for an operating range of low
pressure in order to improve the sensor performance, i.e. the sensitivity and the linearity.
The finite element method (FEM) is utilized to predict the stress and the deflection of the
MEMS piezoresistive pressure sensor under the applied pressure of 1-5 kPa. The functional
forms of the longitudinal stress, the transverse stress and the deflection are formulated by
using the power law and then are used to optimize the geometry of the proposed design.
The simulation results show that the proposed design is able to produce the high sensitivity
up to 34 mV /kPa with the low nonlinearity of 0.11% full-scale span (FSS). The nonlinearity
error is lowered by the proposed design of the peninsula, three cross beams and the center
boss. The sensitivity is enhanced by increasing the petal edge width. The sensor performance
of the proposed design is also compared to that of the previous design in the literature. The
comparison reveals that the proposed design can perform better than the previous one.

Keywords: MEMS, piezoresistive pressure sensor, finite element method, sensitivity,
linearity.
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1. Introduction

Micro-electromechanical system (MEMS) pressure sensor
is one of the most widely used devices in MEMS industry
[1-3]. It is attractive because it is small in size, requires a
low power supply, provides high efficiency/performance
and is suitable for mass production [2-3]. Based on sensing
principles, there are mainly four types of MEMS pressure
sensor that are widely used in the community: capacitive,
resonant, optical and piezoresistive sensors [1]. Each
sensor type has its own advantage and disadvantage. The
capacitive pressure sensor has the advantage of high
precision and accuracy but the applied pressure range is
limited due to the nonlinearity output and the strict
environmental requirement [4]. The resonant pressure
sensor has the advantage of its long-term stability [5]. It
can directly output digital signals with high precision and
accuracy, high sensitivity and low temperature sensitivity
but it needs high-quality materials for vibrator and a
complex fabrication process leading to high cost and a
time-consuming fabrication process [1, 5, 6]. The optical
pressure sensor has high stability and accuracy without any
problem in electromagnetic interface (EMI) but it often
suffers from temperature sensitivity and has strict
installation limit [1, 7, 8]. The piezoresistive pressure
sensor has a smaller size and high performance [2, 9, 10,
11] so that it has been most widely used in vatious
applications such as automobile, aerospace [9, 12],
biomedical equipment [3, 9] and process control units in
petrochemical industry [8]. As reported in [13, 14|, the
MEMS piezoresistive pressure sensor is highly needed in
the pressure sensor market. The main factors considered
for designing the MEMS piezoresistive pressure sensor are
high accuracy, high pressure sensitivity, high linearity and
[15]. To improve the
performance of piezoresistive pressure sensors, there are
three possible approaches to achieve this goal: application
of new material for the sensing elements, design of new
electrical circuit and design of new diaphragm structure.

low temperature sensitivity

First approach, the piezoresistive effect on nanotubes was
studied and applied to the piezoresistor, where the
pressure sensitivity was significantly increased [16, 17].
Second approach, instead of the Wheatstone bridge, the
PDA-NFL circuit was used to help increase the sensitivity
and reduce the sensor size [18, 19]. Third approach,
several research groups attempted to improve the
sensitivity and the linearity by changing diaphragm
geometry. Figure 1 shows the development of the
diaphragm structure from 1993 to 2018. Sandmaier and
Kuhl (1993) [20] proposed a square diaphragm with a
rectangular central boss that significantly improved the
linearity and the sensitivity. Tian et al. (2010) [4] designed
a cross-beam structure on the diaphragm that improved
both the sensitivity and the linearity compared to the flat
diaphragm but their design gained the low sensitivity with
the high nonlinearity error, i.e. 7.359 mV/kPa and 0.19%

ESS respectively. Huang and Zhang (2014) [21] proposed
a peninsula-structure diaphragm that highly enhanced the
sensitivity compared to the cross-beam one but the higher
nonlinearity error was obtained in return, i.e. 0.36% FSS.
Guan et al. (2017) [22] proposed a shuriken-structure
diaphragm that gained the sensitivity 28% higher and
reduced the nonlinearity error 100% lower compared to
the peninsula-structure one. Zhu et al. (2017) [23]
designed a diaphragm structure by using the topology
optimization in order to obtain the diaphragm geometry
that was able to produce high stress at the piezoresistor
placement with low deflection at the center of the
diaphragm. Tran et al. (2018a) [24] proposed a diaphragm
structure that comprised cross-beam and peninsula
structures. Although the sensitivity was found to be 6.5%
lower than that of the peninsula-structure diaphragm, the
nonlinearity error was decreased over 50%. In the same
year, Tran et al. (2018b) [25] proposed a petal-edge
diaphragm combined with a cross bream, a peninsula
structure and a center boss that significantly improved the
sensitivity without the negative effect on the linearity
compared to the diaphragm structure of Tran etal. (2018a)
[24]. The temperature sensitivity was decreased by using
the base resistance of a MOSFET as the piezoresistor in
the Wheatstone bridge circuit [19, 206].
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Fig. 1. Development of the diaphragm structure from
1993 to 2018.

To improve the performance of the MEMS
piezoresistive pressure sensor, design of the diaphragm
geometry is considered because it can be done routinely
by simulation to improve both sensitivity and linearity. In
this paper, the MEMS piezoresistive pressure sensor of
Tran et al. (2018b) [25] is further developed to improve
the sensitivity and the linearity. A combination of a petal
edge, a beam, a peninsula, three cross beam and a center
designed
improvement. The finite element method (FEM) is used
to calculate the stress and the deflection in order to
evaluate the performance of the proposed MEMS
piezoresistive pressure sensor under the applied pressure
of 1-5 kPa. The variations of the longitudinal stress, the
transverse stress and the deflection with twelve geometric

boss is carefully together for sensor
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parameters are determined and formulated by using the
power law in order to create their functional forms. Then,
the functional forms of the longitudinal stress, the
transverse stress and the deflection are used to optimize
the presently designed MEMS piezoresistive pressure
sensor. Finally, the sensitivity and the nonlinearity error of
this optimal design are compared to those of Tran et al.

(2018b) [25].
2. Methodology
2.1. Piezoresistivity

Piezoresistivity is the material property that indicates
the electrical resistivity change when strain occurs in
material. When the material used is highly piezoresistive,
the sensor will thus be highly sensitive to the applied
pressure. Silicon is one of the materials that is highly
piezoresistive and therefore is widely used to fabricate
many types of MEMS sensor, including MEMS
piezoresistive pressure sensor, by using micro-machining
techniques. Because of the complicated fabrication
process and the difficulty with mechanical testing, it leads
to the difficulty with design of sensor structure to achieve
high efficiency. The finite element method (FEM) is used
together with the mathematical model of silicon
piezoresistivity to design the MEMS piezoresistive
pressure sensor in several previous works [4, 21 - 20].

Johns (2006) [27] reported that the change in the
silicon resistivity per unit of resistivity is directly
proportional to the stress and the piezoresistive
coefficient is the proportionality constant as follows:

Ap, n, 7w, 7T, 0 0 0 | o
Ap, T, wy, m, 0 0 0o,
1| Ap, T, m, m, 0 0 0 |o
slap | o 0 0z, 0 0| ®
Ap, 0 0 0 =z, 0o,
Apg) 1O 0 0 0 0 7m,]o]

where © , T and O

piezoresistive coefficient and the stress respectively. The

are the silicon resistivity, the

resistance change per unit of resistance becomes a
function of stress that occurs on the piezoresistor [28] as
follows:

AR

?:O-/ﬂ-/ —O,7%, (2)
where the subscript / denotes the direction of stress that
is parallel to the current direction which is called
“longitudinal stress” and the subscript # denotes the
direction of stress that is perpendicular to the current
direction which is called “transverse stress”. The direction
of the crystallographic plane of silicon on the piezoresistor

affects the calculations of 7, and 7, which depend on the

strain direction as shown by Messina et al. (2018) [28] in
Table 1.

NL, =100%x
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Table 1. The formular of longitudinal and transverse
piezoresistive coefficient for the difference in the
configurations of the piezoresistor.

Directif)n Direction Configuration Formula

of Strain of Current

<100> | <100> 7T, Ty,

<100> | <010> 7, T,

<110> <110> 7, (7T + 7T, + 7))/ 2
<110> <110> 7T, (7w, + 7w, — 7))/ 2
<111> <111> 7T, (7, + 27, + 7))/ 2

The values of piezoresistive coefficients (7, T,,, 7T,,)

of silicon p-type and n-type are provided in Table 2 [29].

Table 2. Values of piezoresistive coefficients of single-
crystal silicon.

i | e | popecad
Ty -102.2x10-11 6.6x10-1
T, 53.4x10-11 -1.1x10-1
Ty -13.6x10-11 138.1x10-11

2.2. Working Principle of the Piezoresistive Pressure
Sensor

The flexible layer of the MEMS piezoresistive
pressure sensor is a diaphragm. When the pressure is
applied, the diaphragm will deform and the piezoresistors
that are arranged in a Wheatstone bridge will be subjected
to the longitudinal stress and the transverse stress causing
the change in the piezoresistor resistance because of the
piezoresistive effect. To evaluate the performance of the
MEMS piezoresistive pressure sensor, there are two
important parameters used: the sensitivity (§) and the
nonlinearity error (NL).

Figure 2 shows the variables used to calculate the
sensitivity and the nonlinearity error of the MEMS
piezoresistive pressure sensor. The sensitivity is defined
as the change in the output signal due to the applied
pressure and can be calculated by using the following
expression [25]:

§= Vit =Vt _ Vi )
Pmax B Pmin Pmax o Pmin
where P and P, are the maximum and minimum

applied pressures in the range of pressure measurements

and 1/

respectively. T/W,J)m ut,p,. are the measured

output voltages due to P_  and P . respectively.

I/} is the full-scale output. The nonlinearity error can be
calculated by using the following expression [25]:

V.
Vo -V, )| —E— P

m;

AV w

ES

[V, =100%x
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where the subscript 7 denotes the value of the parameter
at the location of interest.
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Fig. 2. Variables used to calculate the sensor performance:
sensitivity (a) and the nonlinearity error (b) of the MEMS
piezoresistive pressure sensor.

In this study, the full Wheatstone bridge is used in the
electrical circuit of the proposed MEMS piezoresistive
pressure sensor. The Wheatstone bridge is composed of

two longitudinal piezoresistors (R, and R;) and two

transverse piezoresistors ( R, and K, ) where the

fractional resistance changes of two longitudinal
piezoresistors are equal (AR, /R, = AR, /R,) and the
fractional resistance changes of two transverse

piezoresistors are equal (AR, /R, = AR, /R,). Therefore,
the output voltage can be described as [25]

_ (AR1/R1)_(AR2/R2) 1%
“ | 24+(AR, /R)+(AR, /R, | "

®)

where V.

m

is the input voltage. On the n-type (100)-
oriented plane of a silicon layer, the p-type piezoresistors
are fabricated in the <110> direction. (AR, /R,) and
(AR, /R,) can be expressed, according to Eq. (2), as
&_”44(0'/_0';) 6

= ©)

R 2
where 7, and 7, are neglected due to their very low value

when compared to 7, as shown in Table 2. The

nonlinearity error of the MEMS piezoresistive pressure
sensor is used to evaluate the accuracy of the MEMS
piezoresistive pressure sensor.

2.3. MEMS Piezoresistive Pressure Sensor Design

Connecting Arm

Transverse Piezoresistor

Longitudinal Piezoresistor

Beam

Cross Beam

Petal Edge

Designed Layer
+—— Diaphragm

.4— Silicon Substrate

Center Boss

Fig. 3. MEMS piezoresistive pressure sensor designed
and proposed in this work. (not to scale).

Figure 3 shows the proposed MEMS piezoresistive
pressure sensor designed in this study. There are three
main layers designed to improve the sensitivity and the
linearity: the designed layer, the diaphragm and the center
boss. The designed layer comprises four edges and four
bars. Each designed layer edge is divided into two petal
edges, according to Tran et al. (2018b) [25], because the
petal edge can help induce the longitudinal stress higher
on the top surface of the beam leading to higher sensitivity.

Four bars are connected to each other at the center of the
designed layer. Each bar consists of three specific
structures: one beam, one peninsula and three cross beams.
The beam that is located in the middle of two petal edges
can generate high longitudinal stress on its top surface.
Therefore, both the longitudinal piezoresistors (R, and
R,) and the transverse piezoresistors (R, and R,) are
placed on the top surface of the beam in order to gain
increasing sensitivity. Moreover, the beam can reduce the
deflection by increasing the diaphragm stiffness leading to
lower nonlinearity error. The peninsula is placed between
the beam and the cross beams. The peninsula can increase
the sensitivity with slightly decreasing nonlinearity error.
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Table 3. List of case studies for the proposed MEMS piezoresistive pressure sensor.
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Parameters
Unit pm degree | kPa
CaseNo. | 4 b c d e i £ h 7 J £ 0 V2
1 100 | 2900 | 500 100 | 400 | 650 170 57 12 16 200 45 1-5
2 125 | 2900 | 500 100 | 400 | 650 170 57 12 16 200 45 1-5
3 150 | 2900 | 500 100 | 400 650 170 57 12 16 200 45 1-5
4 175 | 2900 | 500 100 | 400 | 650 170 57 12 16 200 45 1-5
5 100 | 3200 | 500 100 | 400 | 650 170 57 12 16 200 45 1-5
6 100 | 3500 | 500 100 | 400 | 650 170 57 12 16 200 45 1-5
7 100 | 3800 500 100 400 650 170 57 12 16 200 45 1-5
8 100 | 2900 | 250 100 | 400 | 650 170 57 12 16 200 45 1-5
9 100 | 2900 | 375 100 | 400 | 650 170 57 12 16 200 45 1-5
10 100 | 2900 | 625 100 | 400 | 650 170 57 12 16 200 45 1-5
11 100 | 2900 | 500 125 | 400 | 650 170 57 12 16 200 45 1-5
12 100 | 2900 | 500 150 | 400 | 650 170 57 12 16 200 45 1-5
13 100 | 2900 | 500 175 | 400 | 650 170 57 12 16 200 45 1-5
14 100 | 2900 | 500 100 | 525 650 170 57 12 16 200 45 1-5
15 100 | 2900 | 500 100 | 650 | 650 170 57 12 16 200 45 1-5
16 100 | 2900 500 100 775 650 170 57 12 16 200 45 1-5
17 100 | 2900 | 500 100 | 400 810 170 57 12 16 200 45 1-5
18 100 | 2900 | 500 100 | 400 | 975 170 57 12 16 200 45 1-5
19 100 | 2900 | 500 100 | 400 | 1140 | 170 57 12 16 200 45 1-5
20 100 | 2900 | 500 100 | 400 | 650 | 210 57 12 16 200 45 1-5
21 100 | 2900 | 500 100 | 400 | 650 | 250 57 12 16 200 45 1-5
22 100 | 2900 | 500 100 | 400 | 650 | 290 57 12 16 200 45 1-5
23 100 | 2900 | 500 100 | 400 | 650 170 70 12 16 200 45 1-5
24 100 | 2900 | 500 100 | 400 | 650 170 85 12 16 200 45 1-5
25 100 | 2900 | 500 100 | 400 | 650 170 100 2 16 200 45 1-5
26 100 | 2900 | 500 100 | 400 | 650 170 57 13 16 200 45 1-5
27 100 | 2900 | 500 100 | 400 | 650 170 57 15 16 200 45 1-5
28 100 | 2900 | 500 100 | 400 | 650 170 57 16 16 200 45 1-5
29 100 | 2900 | 500 100 | 400 | 650 170 57 12 18 200 45 1-5
30 100 | 2900 | 500 100 | 400 | 650 170 57 12 24 200 45 1-5
31 100 | 2900 | 500 100 | 400 | 650 170 57 12 28 200 45 1-5
32 100 | 2900 | 500 100 | 400 | 650 170 57 12 16 250 45 1-5
33 100 | 2900 | 500 100 | 400 | 650 170 57 12 16 300 45 1-5
34 100 | 2900 | 500 100 | 400 | 650 170 57 12 16 350 45 1-5
35 100 | 2900 | 500 100 | 400 | 650 170 57 12 16 200 30 1-5
36 100 | 2900 | 500 100 | 400 | 650 170 57 12 16 200 60 1-5

ENGINEERING JOURNAL Volume 26 Issue 5, ISSN 0125-8281 (https://engj.org/)

47




DOI:10.4186/¢j.2022.26.5.43

Three cross beams are proposed in this study, instead of
one cross beam proposed by Zhu et al. (2017) [23],
because the linearity can be significantly improved without
the negative effect on the sensitivity when one cross beam
is divided equally into three cross beams. The diaphragm
is placed between the designed layer and the n-type silicon
substrate. The cavity is an empty space below the
diaphragm and is enclosed by the substrate. Inside the
cavity, the center boss is fixed under the center of the
diaphragm, which can help increase the diaphragm
stiffness leading to lower nonlinearity error.

g} b

Top View

7 .
Side View /

Fig. 4. Geometric parameters of the proposed MEMS
piezoresistive pressure sensor: Grey is the designed layer,
Red is the diaphragm, Blue is the center boss, Gold is the
piezoresistor and Orange is the substrate. (not to scale).

In Fig. 4, there are twelve geometric parameters that
are necessary for formulating the functional forms of the

maximum longitudinal stress (o) , the maximum

transverse stress (o) and the maximum diaphragm

deflection (§) of this MEMS piezoresistive pressure
sensor: the petal edge width (4), the diaphragm width (4),
the peninsula width (f) , the beam length (d) , the
peninsula length (6’) , the center boss width (f), the beam
width (g) , the cross beam width (4) , the designed layer
thickness (Z) , the diaphragm thickness (/), the center

boss thickness (&) and the inclined angle between the
beam and the peninsula (6) where the radius of the petal

edge (r) depends on «, b and £ ,and can be expressed
as r={az +[(b—g)/4]2}/2a.

The functional forms of o,, o, and § can be

determined by applying the power law to each geometric
parameter as follows:

48

o, =Z\]1 'ﬂ% ,baz ,[0‘3 ,ﬂl% '€a5 ,f"{, ,gav ,bas ,l'ao _]'am ,/éan ,9‘112 ,paB (7)
O'[ =N2 ,ﬂﬂl .bﬁz [ﬂ) ,dﬂs '€ﬂ5 ,fﬂa gﬂv bﬂx ,2‘59 ,/'ﬂm ./éﬂu 0512 ,pﬂm (8)
5:N3 'd}/‘ ,b}’z ,L.Vs ,dh ,6,75 ,an ,g}’" ,/773 ,Z'}’o .]‘Vm ,/é}/u ,0712 ,p}ﬁs ,E’1 (9)

where an additional parameter p is the applied pressure
and [ is Young’s modulus which is set to £ = 160 GPa
according to Sharpe et al. (1999) [30]. IN,, (m = 1,2 and

3) are the coefficients while &, , B, and » (7 =1,

2, ..., 12 and 13) are the exponents. To find the coefficients
and exponents of Eq. (7), (8) and (9), one parameter is
varied at a time for each case study while the other
parameters are kept constant as shown in Table 3. For each
case study, five applied pressure values of p =1,2, 3, and

5 kPa are tested while case no.1 is used as a reference case.
2.4. Piezoresistor Design

The piezoresistor design is crucial for enhancing the
performance of the MEMS piezoresistive pressure sensor.
In this study, there are three factors that need to be
determined in order to improve the sensitivity and the
linearity: the placement, the dimension and the
configuration of the piezoresistor.

The piezoresistor placement should be located in the
area that high longitudinal stress occurs as shown in Fig.
5. Therefore, four piezoresistors are placed in the middle
of four beams in this study. The gap between the
piezoresistor and the designed layer edge, known as the
edge offset as shown in Fig. 6, is optimized to be equal to
1 pm, according to Tran et al. (2018a) [24], in order to
achieve the highest sensitivity.

The resistance change in the piezoresistor is
dependent on the piezoresistor dimensions, especially the
piezoresistor length. The piezoresistor length is properly
designed to suit the fabrication technique and to fit the
space in the high longitudinal stress zone while the effect
of the piezoresistor width is not significant according to
Tran et al. (2018a) [24]. In this work, the piezoresistor
length and width are 67 pm and 12 pm respectively
adopted from Tran et al. (2018a) [24].

The two-turn piezoresistor configuration can
enhance the sensitivity and the linearity, according to Tran
(2018a) [24]. Therefore, the two-turn configuration is
adopted to the proposed piezoresistor as shown in Fig. 6.

For p-type silicon, the piezoresistive coefficient 7T, is

dependent on the doping concentration of the material
and the temperature [31]. In the present work, the
piezoresistors are operated at room temperature (300 K)

and the doping concentration of the piezoresistor is 3x10-
18 N/cm? according to Bao (2005) [31] so that, in this

study, the piezoresistive coefficient 7, is equal to
138.1x10-'! Pa'l.
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The material properties of silicon used in the
simulation are taken from Sharpe et al. (1999) [30]:
Young’s modulus is 160 GPa and Poisson’s ratio is 0.22.

Fig. 7. Mesh distribution of case study no. 1. (Only one
fourth of the domain is displayed.)

Fig. 6. Details of two-turn piezoresistor configuration.
(not to scale)

3. Simulation
3.1. Simulation Setup

In this study, FEM is used to find the normal stresses
in the longitudinal and transverse directions and also the
deflection normal to the diaphragm of the proposed
MEMS piezoresistive pressure sensor by using the
commercial software ANSYS Mechanical version 18.1.
The iterative solver is used for calculation. The bonded
contact is specified at the contact surface between two
adjacent layers. Due to the symmetry about the center,
only one-fourth (top left) part of the mesh distribution of
one case study, case study no.1, is shown as an example in
Fig. 7. The hexahedral cell type with quadratic element
order is generated in all computational domains where the
numbers of nodes and elements used for each case study
are approximately 1,700,000 and 370,000 respectively. The
high-density mesh is generated within the beam region,
where the drastic change in the stress occurs, in order to
obtain the accurate result. The mesh with at least 4 layers
is generated along the heights of both the designed layer
and the diaphragm while the mesh with at least 20 layers
is required along the height of the center boss.

Figure 8 shows the boundary conditions that are
used in the present work. Pressure of 1-5 kPa is applied at
the top surfaces of the designed layer and the diaphragm.
At the bottom surface, the outer edge of the diaphragm in
blue is fixed.

Fig. 8. Boundary conditions for simulation.

3.2. Validation of Simulation

2900 pm
210 pm
550 pm
100 pm

Des:gned layer thickness of 12 ym
Diaphragm thickness of 18 ym

Longitudinal piezoresistor

Transverse piezoresistor

Fig. 9. MEMS piezoresistive pressure sensor of Tran et al.
(2018a) [24] used as a validation case.

The MEMS piezoresistive pressure sensor of Tran et
al. (2018a) [24] in Fig. 9 is used as a validation case for this

ENGINEERING JOURNAL Volume 26 Issue 5, ISSN 0125-8281 (https://engj.org/) 49




DOI:10.4186/¢j.2022.26.5.43

simulation work. Figure 10 shows the mesh distribution of
the validation case where the numbers of nodes and
elements are 1,705,465 and 360,244 respectively.

Fig. 10. Mesh distribution of a validation case (Only one
fourth of the domain is displayed.)
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Fig. 11. Comparison of the output voltage.
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Fig. 12. Comparison of the nonlinearity error.

Under the applied pressure of 0-5 kPa and the input
voltage of 5V, the simulation cases with and without the
large deflection model are evaluated in order to find the
proper mathematical model to be used for the assessment
of the proposed MEMS piezoresistive pressure sensor. To
compare the present simulation results with the

experimental data of Tran et al. (2018a) [24], the initial
zero output offset of 7.9 mV is specified in the present
simulation results. Figures 11 and 12 show the
comparisons of the output voltage and the nonlinearity
error respectively obtained from the present simulations
and the experiment as well as the simulation of Tran et al
(2018a) [24]. The sensitivity of the experimental data is
257 mV/kPa while the sensitivity of the present
simulation results with and without the large deflection
model are 25.74 mV /kPa and 28.23 mV /kPa respectively.
The maximum nonlinearity of the experimental data is -
0.28% FSS whereas the maximum nonlinearity of the
present simulation results with and without the large
deflection model are -0.235% FSS and -0.194% FSS
respectively. It is obvious that the simulation result with
the large deflection model is closer to the experimental
data than the one without the large deflection model.
Therefore, the large deflection model is employed
hereafter in the present study.

4. Results and Discussion

4.1. Optimal Design of MEMS Piezoresistive

Pressure Sensor

The method used to find all the exponents of the
geometric parameters in Eq. (7), (8) and (9) is explained
here. The exponents of the pedal edge width are
determined as an example. Under the applied pressure of
5 kPa, Fig. 13 illustrates the variations of the maximum
longitudinal stress (o, ) , the maximum transverse stress

(0, ) and the maximum deflection (&) with the pedal
edge width obtained from simulations of case study no. 1,
2, 3 and 4 in Table 3 where only the pedal edge width is
varied. Three curves are constructed to fit through three
sets of simulation results using the power law in order to
find the exponents of the pedal edge width that indicate
the influences of the petal edge width on the maximum
longitudinal stress, the maximum transverse stress and the

maximum deflection, ie. &; = 0.186, g = 0.239 and

¥, = 0.097 respectively. The coefficients (27.882, 4.617

and 2.164) are not used.

After all the exponents are determined, 12 geometric
parameters with their exponents and the applied pressure
are combined to formulate the functional forms for the

calculation of ¢U/ s ¢0/ and ¢5 as follows:

0.186 2.20 0.009 0.030
P R A

¢0' = 0.017 0.052  0.094 0213 0418 0.087 -0414  .2923 (1 0)
/ 6‘ . d > . e . f . g . b . Z . j

0.239 2.015 0.012 0.046
P ey L )

¢0' = 0.015 0.082  0.083 0.198 0203 ;0077 -0485  .2.892 (1 1)
’ 6‘ . d . e . f . g . b . Z . ]

0.097 7 4.167 0.057 0.024
0T LT gO0ST | p002e

¢5 = 0.089  0.050 0.704 0.232 0135  -0.845  .2.349 0.027 (1 2)
6‘ . e . f . g . b > . Z . / . H
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Fig. 13. Variations of the maximum longitudinal stress, the
maximum transverse stress and the maximum deflection

with the pedal edge width.
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Fig. 14. Variation of the maximum longitudinal stress with
12 geometric parameters and the applied pressure (kPa).
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Fig. 15. Variation of the maximum transverse stress with
12 geometric parameters and the applied pressure (kPa).
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Fig. 16. Variation of the maximum deflection with 12
geometric parameters and the applied pressure (kPa).

To determine the maximum longitudinal stress
(0,) in Eq. (7), Eq. (10) is calculated by using all the
input data from 36 case studies in Table 3 for the applied
pressure of 1-5 kPa. Then, the computed results of the
maximum longitudinal stress are plotted versus @, as

shown in Fig. 14 where there are 180 points. The power
law is used to fit through these 180 points in order to

obtain the coefficient IN| of Eq. (7), i.e. IN; = 0.1298,
and the exponent correction of 0.992 for Eq. (10). For the
maximum transverse stress ( O, ) in Eq. (8) and the
maximum deflection (0) in Eq. (9), Eq. (11) and (12) are
used in the same way in order to find [N, =0.0307 with
the exponent correction of 0.99 for Eq. (11) as shown in

Fig. 15 and N3=1-415X1O_6 with the exponent

correction of 0.998 for Eq. (12) as shown in Fig. 16
respectively. Finally, Eq. (7), (8) and (9) can be formulated
in the functional forms as follows:

0.184 2.187 0.009 0.030 0.992
pHIST L 0000 gooso

0.017 0.052  0.093 0.211 0.414 0.087  -0.410 -2.901
2 -d ce . f Y b ol ©]

o, :0.1298[

0.237 1.995 0.011 0.046 0.990
PO OO o046

P (14)

0.015 0.081  0.082 0.1959 0.201 0.076  -0.481 -2.864
(O OO 0B P01 0200, 00T G048,

o, = 0.0307[

0.097 4.161 0.057 0.024 0.998
AT O

0.089  0.050 0.703 0231 70135 0844  .2345 0.027
A AR Sy Y A SR Ay o

15)

5:1.415x10“[
A

where the unit of longitudinal and transverse stresses is
MPa, the unit of deflection is pm, the unit of the geometric

patameters is pm, the unit of the angle (0) is degtee, the
unit of the applied pressure is kPa and the unit of Young’s
modulus is GPa.

The R squared (R*) is calculated to measure the
accuracy of Eq. (13), (14) and (15), where R* of 0, O,
and O are all equal to 0.998. However, Eq. (13) and (14)
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underpredict O, and O, when the diaphragm

thickness is larger than 20 pm. Eq. (13), (14) and (15) later
are used to design the optimal MEMS piezoresistive
pressure sensor proposed in this work. Since the MEMS
piezoresistive pressure sensor proposed in this work is
developed further from that of Trans et al. (2018b) [25],
the key geometric parameters such as the diaphragm width
( &), the designed layer thickness (7 ) and the diaphragm
thickness ( /) are specified following Tran et al. (2018b)
[25],ie. & =2900 um, 7 =12 pumand j = 16 pm. In
Eq. (13), (14) and (15), besides the aforementioned key
geometric parameters, the maximum longitudinal stress,
the maximum transverse stress and the maximum
deflection are highly dependent on the petal edge width
(a), the center boss width ( /), the beam width ( £) and

the cross beam width (/) while the other geometric
parameters have very little effect. Therefore, only four

d,f,gandb,are

optimized while the other geometric parameters are fixed
as specified in the case study no. 1 in Table 3.

Figure 17 shows the maximum deflection versus the
maximum stress difference under the applied pressure of
5 kPa evaluated by Eq. (13), (14) and (15) for 256 case
studies. The optimal design is selected based on two
conditions: 1) the case studies qualified within the design
region in Fig. 17 give the maximum deflection less than
20% of the diaphragm thickness, according to the
condition of Timoshenko (1989) [32], in order to maintain
the linearity of the MEMS piezoresistive pressure sensot.
2) within the design region in Fig. 17, the case study that
gives the highest value for the maximum stress difference
is chosen as the optimal design in order to achieve highest
sensitivity for the MEMS piezoresistive pressure sensor.

As a result, four geometric parameters optimized are

a =175 um, f =810 um, € =170 um and 4 = 57
um. Therefore, the geometric parameters of the optimal

design of the proposed MEMS piezoresistive pressure
sensor can be summarized in Table 4.

geometric parameters, i.e.

b “ o o’

20% of the diaphr hickns X b
[ 20% of the diaphragm t f.-esw M ALk AR——
3+ g-. '..'0 1
) o..\. L 1\
m‘-
5 TS s 2aeny goos™ " Opimal deign
o ®

o 2 '
(1) .o"‘a :’\" # H
2 .-i“h |
The highest maximum stress difference —bi
r 1
I Design region (green shaded area) 1
1 ; 1 : : 4

30 35 40 45 50 55 60

0 -0t

(MPa)

Fig. 17. Maximum deflection versus maximum stress
difference under the applied pressure of 5 kPa for 256 case
studies.

Table 4. Geometric parameters of the optimal design of
the proposed MEMS piezoresistive pressure sensor.

Parameter value
a (um) 175
b (um) 2900
¢ (um) 500
Ly | 10
€ (um) 400
fam | 810
8 (um) 170
b (um) >7
! (um) 12
J (um) 16
fam | 2w

% (degree) 45

4.2. Performance of the Present Design

175 pm

2900 pm
170 um

400 pm

Thickness of 12
Thickness of 200 pm

@)

2900 pm

100 pm

170

100 pm

400 pm

Thickness of 12
Thickness of 200 pm

(b)

Fig. 18. Dimensions of the MEMS piezoresistive pressure
sensors: (a) the proposed design and (b) the design by
Tran et al. (2018b) [25] (not to scale).
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The optimal design of the MEMS piezoresistive
pressure sensor in the present work is compared to that of
Tran et al. (2018b) [25] in Fig. 18. In order to evaluate the
sensor performance, FEM is used to calculate the stress
and the deflection of these MEMS piezoresistive pressure
sensors. Figure 19 shows the equivalent stress distribution
under the applied pressure of 5 kPa on the piezoresistor
placement areas of the proposed MEMS piezoresistive
pressure sensor where the equivalent stress of the
proposed MEMS piezoresistive pressure sensor is higher
than that of Trans et al. (2018b) [25]. Figure 20 shows the
comparison of the longitudinal stress and the transverse
stress between the MEMS piezoresistive pressure sensor
of the present work and that of Tran et al. (2018b) [25]
where the longitudinal stress and the transverse stress of
the proposed design are found to be higher.

Present

Tran et al. (2018b) [25]

Equivalent stress
(MPa)

87.882 Max
71.901

62.914

53.926
44.938

35.951

26.963

17.975

8.9877
2.144e-5 Min

Equivalent stress
(MPa)

76.919 Max
68373

59,826

51.28

42.733

34186

25.64

17.093

8.5466
5.0636e-5 Min

Fig. 19. Simulation results of the equivalent stress
distribution under the applied pressure of 5 kPa on the
MEMS piezoresistive pressure sensor.

0,

Pa)

Longitudinal Stress Transverse Stress 4

80.88 Max
72.874
L 57.666
H 42457
H 27.249
L 12.041
-3.1672
-18.375
-33.584
-48.792
-64
-79.208

Present

O-/
(MPa)

70.607 Max
56.88

43153
29426
15.699

1972
755
-25.482
-39.209
-52.936 Min

Tran et al. (2018b) [25]

Fig. 20. Simulation results of the longitudinal and
transverse stresses under the applied pressure of 5 kPa on
the MEMS piezoresistive pressure sensof.

DOI:10.4186/¢.2022.26.5.43

Figure 21 cleatly shows that the present design can
induce the longitudinal stress and the transverse stress in
the piezoresitors placement area higher than that of Tran
et al (2018b) [25]. Therefore, the sensitivity of the
proposed design is increased.

80 =
H —Longitudinal Stress-Present
— - Transverse Stress-Present
60 + - -Longitudinal Stress-Tran et al. (2018b) [25]
----- Transverse Stress-Tran et al. (2018b) [25]
~_ =
< I =
& 40 E
g | [i
w 20 1+ [
§ E-: .
= /i g
[97) ] HE
0TS
- =
iE
21 %
e
HE-
= Ug
40 ¢, ‘ ‘ ' ; ; ‘

-100 100 300 500 700 900 1100 1300

Distance from Diaphragm Edge (um)

Fig. 21. Distributions of the longitudinal stress and the
transverse stress along the line AB under the applied
pressure of 5 kPa.

Figure 22 shows the simulation results of the stress
difference between the longitudinal stress and the
transverse stress (o, — o, ) on the piezoresistors when

subjected to the applied pressure of 5 kPa. It is found that
the averaged stress difference on the piezoresistors of the
proposed design is significantly higher than that of Trans
et al. (2018b) [25] as summarized in Table 5.

RlandR3 O, — O, R2 and R4 c, -0,
‘ (MPa)  (MPa)
SBOTIMx — ey
| = 54538 — e
5277 -agst
. 51.006 _ -50.282
[ ] s o
47474 53477
45,708 -55.075
43.842 . -56.672
42.175Min -58.27 Min
Present
RlandR3 9/ 9 R2 and R4 g, 79,
\ / (MPa) (MPa)
52867 Max n — 41,96 Max
! -43.07
. :Sﬁ; _ -44.074
- -45.132
- 46395 -
et —— i
44,267 -
43103 —:i:::
41.939 50419
40.775Min -52.371 Min
Tran et al. (2018b) [25]

Fig. 22. Distribution of stress difference between the
longitudinal stress and the transverse stress (o, — o, )

on the piezoresistors under the applied pressure of 5 kPa.

For the input voltage of 5 V the averaged stress
difference of the longitudinal piezoresistor and the
transverse piezoresistor are used in Eq. (0) to calculate

AR, /R, and AR, /R, respectively. Therefore, the

ENGINEERING JOURNAL Volume 26 Issue 5, ISSN 0125-8281 (https://engj.org/) 53



DOI:10.4186/¢j.2022.26.5.43

output voltage can be determined by Eq. (5) and the
sensitivity and the nonlinearity error are calculated by Eq.
(3) and (4) respectively.

Table 5. Averaged stress difference of the longitudinal
piezoresistor and the transverse piezoresistor under the
applied pressure of 5 kPa.

Averaced Present Tran et al. % Increase
stresgs design (2018b) in averaged
. [25] stress
difference (MPa) (MPa) difference
R, and R, 48.98 429 14.17
R,and R, -49.69 -42.39 -17.22

Under the applied pressure of 0-5 kPa and the input
voltage of 5 V, Fig. 23 shows the variation of the output
voltage versus the applied pressure of the proposed
MEMS piezoresistive pressure sensor compared to that of
Trans et al. (2018b) [25]. The result shows that the
sensitivity of the proposed MEMS piezoresistive pressute
sensor, i.e. 34 mV/kPa, is 14.7% higher than that of Tran
et al. (2018b) [25], i.e. 29 mV /kPa.

180
160 L —Present Design
140 | —=Tran et al. (2018b) [25] N g
» QL\(S‘?‘/
120 ¢ Z .-@‘S?"
Vout 1% | ".»"“
(mV) 80 | -
60 | J,/"
40 f ‘,-""
wt A
0 .
0 1 2 3 4 5
Applied Pressure (kPa)

Fig. 23. Variation of the output voltage versus the
applied pressure and the input voltage of 5 V.

Total Deflection

(um)
32481 Max
2.8872
25263
21654
1.8045
14436
10827
072181
036091
0 Min

Total Deflection

(nm)
3.3731 Max
29083
26235
2.2487
1.874
1.4992
11244
0.74958
037479
0 Min

Tran et al. (2018b) [25]

Present

Fig. 24. Simulation results of the total deflection of the
MEMS piezoresistive pressure sensor under the applied
pressure of 5 kPa.

The total deflection of the diaphragm can be used to
determine the linearity of the sensor where the small

deflection can help maintain the linearity of the sensor.
Figures 24 and 25 clearly show that, under the applied
pressure of 5 kPa, the present design can reduce the
maximum deflection at the center of the diaphragm much
more than that of Trans et al. (2018b) [25] so that the
nonlinearity error of the present design can maintain a low
linearity error of 0.11% FSS which is 41.8% lower than
that of Tran et al. (2018b) [25], i.e. 0.19% FSS, as shown
in Fig. 26.
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Fig. 25. Distributions of the total deflection along the line
OB under the applied pressure of 5 kPa.
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(D/n) B
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Fig. 26. Variation of the nonlinearity error versus the
applied pressure and the input voltage of 5 V.

For this design of the MEMS piezoresistive pressure
sensor, three cross beams and the new dimension of the
center boss width proposed here can reduce the maximum
deflection. Therefore, the linearity is improved, compared
to design of Tran et al. (2018b) [25]. For the sensitivity
improvement, the petal edge width is intended to be
increased from that of Tran et al. (2018b) [25], i.e. from
100 um to 175 pum, in order to increase the stress at the
piezoresistor placement area and hence the increase in the
sensitivity.
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5. Conclusions

The MEMS piezoresistive pressure sensor of Tran et
al. (2018b) [25] is improved in this work. FEM is used to
calculate the stress and the deflection of the MEMS
piezoresistive pressure sensor under the applied pressure
of 1-5 kPa. The relations of the maximum longitudinal
stress, the maximum transverse stress and the maximum
deflection with twelve geometric parameters are
formulated using the power law. The maximum
longitudinal stress, the maximum transverse stress and the
maximum deflection are strongly dependent on six
geometric parameters: the petal edge width (@ ), the

diaphragm width (&), the center boss width ( /), the
beam width ( £ ), the design layer thickness (/) and the

diaphragm thickness ( 7 ). The cross beam width (/)

significantly affects the maximum deflection only. The
simulation results show that, compared to Tran et al.
(2018b) [25], the sensitivity of the optimal design of the
proposed MEMS piezoresistive pressure sensor is
increased up to 14.7% while its nonlinearity error is
reduced to 41.8%. However, the proposed MEMS
piezoresistive pressure sensor is studied at room
temperature (300 K). Therefore, the sensitivity and
linearity may be reduced when the proposed sensor is used
at higher temperature environment. The temperature
sensitivity can be reduced by using the base resistance of
a MOSFET as the piezoresistor in the Wheatstone bridge
circuit. For further development of the present MEMS
piezoresistive pressure sensor, a groove along the
diaphragm edge is of future interest.
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