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Abstract: The optimal groove design of a MEMS piezoresistive pressure sensor for ultra-low pressure
measurement is proposed in this work. Two designs of the local groove and one design of the
annular groove are investigated. The sensitivity and linearity of the sensor are investigated due
to the variations of two dimensionless geometric parameters of these grooves. The finite element
method is used to determine the stress and deflection of the diaphragm in order to find the sensor
performances. The sensor performances can be enhanced by creating the annular or local groove on
the diaphragm with the optimal dimensionless groove depth and length. In contrast, the performances
are diminished when the local groove is created on the beam at the piezoresistor. The sensitivity can
be increased by increasing the dimensionless groove length and depth. However, to maintain low
nonlinearity error, the annular and local grooves should be created on the top of the diaphragm. With
the optimal designs of annular and local grooves, the net volume of the annular groove is four times
greater than that of the local groove. Finally, the functional forms of the stress and deflection of the
diaphragm are constructed for both annular and local groove cases.

Keywords: MEMS piezoresistive pressure sensor; groove; sensitivity; linearity; FEM

1. Introduction

Microelectromechanical system (MEMS) pressure sensors occupy the largest market
share in the world market of MEMS devices [1-3]. They have been widely used in various
fields, such as the automotive industry [4,5], the aerospace industry [6,7], biomedical
applications [8,9] and the household appliances [10,11]. From the market trends, the report
of MEMS pressure sensors shows that from 2019 to 2026, the demands of MEMS pressure
sensors in biomedical applications (invasive measurements) and the industrial market
(factory automation, process control systems and smart meters) will be expanding by
around 30% and 50%, respectively, which are the top two expansion rates of demand in the
MEMS pressure sensor market, according to Damianos and Mouly (2021) [12]. The ultra-
low pressure measurement is required in both biomedical applications (2—4 kPa) [13] and
process control systems such as HVAC (heating, ventilation and air conditioning) controls
(0.1-1 kPa) [11]. There are two main types of MEMS pressure sensors that are widely used
for the ultra-low pressure measurement, i.e., the piezoresistive pressure sensor and the
capacitive one. To measure ultra-low pressure, high sensitivity, high linearity and stability
are required in the MEMS pressure sensors [2,11]. The MEMS capacitive pressure sensor
has the advantages of the simplicity of the technological route, high sensitivity, low energy
consumption and low temperature sensitivity, but low linearity, low stability and high
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vibration sensitivity are its main disadvantages [14,15]. Moreover, the external processing
circuit or application-specific integrated circuit (ASIC) is also required for converting the
capacitance to voltage. Although the MEMS capacitive pressure sensor for low pressure
range was able to give a high sensitivity of about 260 aF /Pa with a fine resolution of about
0.025% in full-scale range, its nonlinearity error was found to be quite high, i.e., around
—2% FSS [15]. Therefore, for ultra-low pressure measurements, when high accuracy is
required, the MEMS piezoresistive pressure sensor is preferred. The MEMS piezoresistive
pressure sensor has the advantages of high linearity and stability [2], while its sensitivity
can be improved by changing the diaphragm geometry, as reported in several previous
works. Zhao et al. (2016) [16] proposed a bossed diaphragm with a peninsula-island
structure, which was able to give sensitivity of 0.066 mV /V /kPa and nonlinearity error of
0.42% FSS. Guan et al. (2016) [17] obtained sensitivity of 4.72 mV /V /kPa and nonlinearity
error of 0.18% FSS by designing the shuriken-structure diaphragm. Xu et al. (2017) [18]
proposed the diaphragm with groove and peninsula island, which provided sensitivity
of 60 mV/V/kPa and nonlinearity error of 0.36% FSS. Tran et al. (2018a) [19] proposed a
combination of the cross-beam membrane and the peninsula (CBMP), which gave sensitivity
of 5.4 mV/V /kPa and nonlinearity error of 0.28% FSS. Tran et al. (2018b) [20] proposed
the diaphragm with a combination of the petal edge, the narrow beam, the center boss
and the groove, which provided sensitivity of 6.93 mV/V/kPa and nonlinearity error of
0.23% FSS. Li et al. (2020) [21] proposed the diaphragm with groove and rood beam, which
provided sensitivity of 4.48 mV /V/kPa and nonlinearity error of 0.25% FSS. Zoheir et al.
(2020) [22] proposed the diaphragm with a patterned groove, which was able to provide
sensitivity of 2.1 mV/V /kPa. Basov and Prigodskiy (2020) [23] proposed the diaphragm
with multirigid islands, which gave sensitivity of 34.5 mV/V /kPa and nonlinearity error of
0.81% FSS. Basov (2021) [24] proposed the novel electrical circuit, which was able to provide
sensitivity of 44.9 mV/V /kPa and nonlinearity error of 1.2% FSS. The main challenge of
the diaphragm design of the MEMS piezoresistive pressure sensor is to achieve a tradeoff
between sensitivity and linearity. There are several techniques for the diaphragm design
to improve sensitivity with less of a negative effect on linearity, as will be described in
Section 2.2 (design considerations). The groove design is one of the interesting techniques
for the diaphragm design that is investigated in the present work in order to find the
optimal groove design(s) for the MEMS piezoresistive pressure sensor for ultra-low pressure
measurements.

2. Background
2.1. Working Principle of MEMS Piezoresistive Pressure Sensors

The MEMS piezoresistive pressure sensor can detect pressure by realizing the effect of
piezoresistance on the piezoresistors, where the relative change in resistance (AR/Ry) can
be expressed as [25]

AR
- = 017+ 01T )
Ro
where 07 and 0 are the longitudinal and transverse stresses within the piezoresistor, re-
spectively, and 7; and 71; are the longitudinal and transverse piezoresistance coefficients,
respectively. In the present work, four p-type piezoresistors are fabricated on the (100) ori-
ented plane along the <110> direction. Therefore, AR/ R in Equation (1) can be expressed,
according to [26], as
AR _ my(0p —01) _ 7aa(A0) o)
Ro 2 2
where Ac is the stress difference between the longitudinal and transverse stresses within
the piezoresistor and 7144 = 138.1 X 10~ 11Pal, according to Bao (2005) [27]. In the present
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work, four silicon piezoresistors are arranged in the full Wheatstone bridge circuit, and the
output voltage (Vout) can be described as

Aoy — Aoy

V =
M (&) 7tgg) + Aoy + Aoy

Vin ®)

where V;,, is the supply voltage and subscripts 1 and 2 denote the variables of the resistor
Rj and R, respectively.

2.2. Design Considerations

The MEMS piezoresistive pressure sensor for ultra-low pressure measurement in
applications, such as biomedical devices and HVAC systems, requires high sensitivity (S)
and low nonlinearity error (NL). The sensitivity is defined as the ratio of the full-span
scale output voltage (Vrss) to the pressure difference (AP) between the maximum applied
pressure (Py4x) and the reference pressure (FPy) divided by V;,,, which can be expressed as

Vmax_voffset o VFSS

S = =
(Pmax - PO)’Vin AP‘Vin

(4)

The nonlinearity error represents the accuracy of the sensor, whose definition is
the percentage of the output voltage difference (AV) between the output voltage at the
measurement point (V,,;;) and the ideal output voltage (Vj4.,;) normalized by Vrggs. The
nonlinearity error can be written as

Vouti — Vi
NL = 100% x Vot = Videal] _ 1000, , AV ®)
VEss FSs

where Vigear = Vosser + (P — Po) (‘Xff ) The highest nonlinearity error of all measurement

points is used to represent the nonlinearity error of the sensor in this work.

On the basis of the basic design of the flat diaphragm, sensitivity is higher when
the width to thickness ratio (b/) of the square diaphragm is increased but nonlinearity
error is also increased as a consequence, where b is the diaphragm width and j is the
diaphragm thickness. There are two main sources of nonlinearity error. The first source is
the nonlinearity of stress when the balloon effect occurs [8]; it is well known that the stiffness
at the diaphragm edge is higher than that in the middle of the diaphragm. Therefore, when
the thin diaphragm is exerted by high pressure, the balloon effect can occur. The second
source is the unbalanced stresses between Ry and R; (|Acy| # |Aos|). The difference in the
mechanical stresses of the resistors can be caused by the inappropriate placement of the
piezoresistors or technological errors, such as the method of diaphragm etching, the error in
lithography in displacement of Wheatstone bridge branches, the quality of the orientation
of the crystallographic plane and the direction in the original wafers as a material, which
leads to uneven etching, asymmetry in the stepped arrangement of the dielectric layers on
chip surface, etc. According to Equation (3), if Aoy + Aoy is nonzero, V,y; is not linearly
proportional to the stress even though Aoy and Ao, change linearly with the pressure [28].
To alleviate the balloon effect, the local stiffness of the diaphragm is taken into account
when the diaphragm is designed. The flexural stiffness (D) of the diaphragm is a function
of the diaphragm thickness (j), which is described as [29]

Ej3

D=—— _
12(1—1?)

(6)

where E is Young’s modulus and v is Poisson’s ratio. Therefore, the diaphragm thickness is
a key geometric parameter for the diaphragm design. Sandmaier (1991) [30] increased the
local thickness in the middle of the diaphragm by additionally attaching the boss. The boss
can help reduce deflection (4), and as a result, the balloon effect and the nonlinearity error
are reduced. To obtain higher sensitivity, the diaphragm width (b) must be made larger.
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Therefore, the diaphragm width is one of the key factors in design of MEMS piezoresistive
pressure sensors, especially in biomedical devices. Instead of having the boss in the middle
of the diaphragm, using the cross-beam on the diaphragm was proposed by Tian et al.
(2010) [31]. For the diaphragm with the cross-beam, the diaphragm width becomes smaller
without loss of sensitivity and linearity, compared with the diaphragm with boss. With
the same diaphragm width as in Tian et al. (2010) [31], Huang and Zhang (2014) [28]
proposed the peninsula structures that are located at four sides of the diaphragm edge. The
diaphragm with the peninsula structures can achieve twice the sensitivity with slightly
increased nonlinearity error, compared with the diaphragm with the cross-beam. To obtain
higher sensitivity, the stress within SCR, where the piezoresistors are placed, must be
increased. SCR is commonly created by an abrupt change in the geometry’s cross-sectional
area, typically around a sharp corner, hole, notch or groove. When the size of SCR is
reduced, the strain energy is generated within the smaller volume of SCR, and hence,
higher strain-energy density occurs in SCR, leading to the increased stress [32]. Many
research works reported that higher sensitivity could be achieved by creating a groove.
Shimazoe and Matsuoka (1982) [33] reported that a combination of the circular diaphragm
with center boss and annular groove significantly improved both sensitivity and linearity
compared with the conventional diaphragm. However, the chip size was large and the
demand on higher sensitivity was still required. Zhang et al. (2014) [34] reported that the
annular groove diaphragm with embedded silicon nanowires could boost sensitivity by
1.78 times compared with their previous work [35], but the effect of the annular groove
on sensitivity and linearity was not presented. Xu et al. (2016) [36] proposed the high-
sensitivity pressure sensor for the pressure range of 0-500 Pa. To obtain higher sensitivity,
the annular groove depth was optimized by factoring in the averaged stress difference and
the frequency of the first resonance mode, but the effect of the groove depth on nonlinearity
error was not presented. Li et al. (2017) [37] proposed the annular groove diaphragm with
the rood beam, which could improve sensitivity, but the effect of the groove dimensions
on sensitivity and linearity was not clearly reported. Sahay et al. (2021) [38] proposed a
combination of the annular groove diaphragm with center boss, which helped improve
both sensitivity and linearity, but the information on how to obtain the proposed groove
dimension was not presented. Zoheir and Sajjad (2018) [39] investigated the groove design
for the MEMS cantilever-based energy harvester, in which the position and configuration
of groove were the main factors that significantly affected the output voltage. Tran et al.
(2018b) [20] increased the stress in SCR by changing the diaphragm edge to the petal shape
and also added the local groove in order to increase sensitivity. It was found that the
local groove at the longitudinal piezoresistor was the best configuration to acquire the best
sensor performance, but the effect of the groove dimension on sensitivity and linearity was
not presented. Zoheir et al. (2020) [22] proposed a diaphragm with a patterned groove,
which could significantly improve sensitivity, but the nonlinearity error of the sensor was
not presented. According to previous works [20,22,33,34,36-39], it was found that the
diaphragm with groove was able to achieve higher sensitivity. However, how the groove
is to be properly designed was not yet clear in previous works. Therefore, three groove
designs are investigated in the present work.

2.3. Groove Designs

Because the MEMS piezoresistive pressure sensor for ultra-low pressure measurements
with optimized geometric parameters of boss, cross-beam, peninsular structures and petal
edge was proposed by Thawornsathit et al. (2022) [40], as shown in Figure 1, each groove
design in the present work is investigated on the framework of the MEMS piezoresistive
pressure sensor of Thawornsathit et al. (2022) [40].
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Figure 1. MEMS piezoresistive pressure sensor for ultra-low pressure measurements with optimized
geometric parameters, proposed by Thawornsathit et al. (2022) [40].

To design the groove, there are three important geometric parameters, i.e., the groove
width (wy), the groove depth (dg) and the groove length (Ig), that should be consid-
ered for how they affect the stress () in the piezoresistor and the maximum deflection
of the diaphragm (J4x ). In order to determine the significant geometric parameters for
the analysis and construction of the scaling law, the geometric parameters are expressed
in dimensionless forms. The reasoning for constructing each dimensionless geometric
parameter is explained as follows. The dimensionless groove width is expressed as
wWg = wgq/ly, where [}, is the beam length. Because the purpose of making the groove
is to increase ¢ in SCR with effect on d;,4x as less as possible, the groove area should be
kept as small as possible. SCR is found on the beam where the piezoresistor is placed so
that we should be bounded by /;,. In the present work, all groove designs are investigated
in case of Wy = 1 when [;, = 100 pum, as shown in Figure 1. To construct the dimensionless
groove depth (@), dg is nondimensionalized by the thickness of the layer upon which the
groove is created so that d is varied between 0 and 1 for all case studies. The dimensionless
groove length (I = g /wy) is constructed by nondimensionalizing I, with the beam width
(wp)—in other words, the ratio of the groove length to the length of SCR. ¢ and 6,y are
also considered in dimensionless forms of & and 6, respectively, which are explained as
follows. According to the Kirchoff-Love plate theory [41], the governing equation of the
diaphragm deflections can be written in the Cartesian coordinates as

945 945 945 p
(5 232 +a1) = 7

where J is governed by D and P. Intuitively, J is also dependent on b because in principle
b is used to nondimensionalize the coordinates (x, y). According to this observation and
the aid of the definition of D in Equation (6), Clark and Wise (1979) [29] proposed the
dimensionless diaphragm deflection as

Ej35

o _to
12(1 — v2) Pb*

®)

This dimensionless diaphragm deflection is adopted in this work. The stress com-
ponents 0y and oy in the x and y directions, respectively, and the shear stress 7,y on the
diaphragm can be defined as

B Ej 9% 9%
o= g2 (5 2 ©
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o=~z 2 (" * o) 10
[ 9%

where G is the shear modulus. These stresses are dependent on 5. Hence, these stresses are
also dependent on D, P and b. When the buckling diaphragm is considered, the stresses
depend on the square of the ratio of the diaphragm thickness to its width (j2/b?), according
to Clark and Wise (1979) [29]. Therefore, o can be nondimensionalized as

oj?

7T

(12)

Because Wy is fixed as a constant in all case studies in the present work, the behaviors
of § and 7 are investigated as the functions of only two dimensionless parameters, i.e., @
and ;. Moreover, the effects of d, and I, on the sensitivity and nonlinearity of the MEMS
piezoresistive pressure sensor are also investigated in each groove design.

According to several previous works [20,22,33,34,36-39], two groove types were found
in the MEMS piezoresistive pressure sensor: the local groove and the annular groove.
Therefore, two designs of the local groove and one design of the annular groove are
investigated in this work. The first design is the local groove LG1, proposed by Tran et al.
(2018b) [20], where grooves are created at the locations of the piezoresistors, as shown in
Figure 2.

Top View

(a (b)

Figure 2. Local groove design 1: (a) grooves at longitudinal piezoresistors (LG1 — L0), (b) grooves at
transverse piezoresistors (LG1 — 0T) and (c) grooves at locations of both longitudinal and transverse
piezoresistors (LG1 — LT ). (Note: not to scale.)

The second design is also the local groove LG2, proposed in this work, where grooves
are created on the diaphragm along both sides of the beams, as shown in Figure 3. To
find the proper design of the local groove LG2 that is comparable to the local groove LG1
on the same basic, two criteria for the dimensions of local groove LG2 are specified in
the present work, as follows: (1) E = 0.175, which is specified when the dimensionless

net groove volume of LG2, i.e., for eight grooves (8 X g X @ X w_g), is equal to that of
LG1, i.e., for four grooves (4 X g X @ X w_g) ,and (2) g = 0.35, which is specified when the

dimensionless groove volume of LG2 (E X dg x w_g) is equal to that of LG1 (E X dg x w_g>.
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Bottom View

Bottom View

(e) ()
Figure 3. Local groove design 2: (a) grooves on top of diaphragm at longitudinal piezore-
sistors (LG2 — L0 — Top), (b) grooves at bottom of diaphragm at longitudinal piezoresistors
(LG2 — L0 — Bottom), (c) grooves on top of diaphragm at transverse piezoresistors (LG2 — 0T — Top),
(d) grooves at bottom of diaphragm at transverse piezoresistors (LG2 — 0T — Bottom), (e) grooves on
top of diaphragm at both longitudinal and transverse piezoresistors (LG2 — LT — Top ) and (f) grooves
at bottom of diaphragm at both longitudinal and transverse piezoresistors (LG2 — LT — bottom ).
(Note: not to scale.)

The third design is the annular groove AG, where grooves are created along the
diaphragm edge, as shown in Figure 4. For LG1 and LG2, grooves are created at three loca-
tions, as follows: (1) grooves only at longitudinal piezoresistors (LGX — L0), (2) grooves
only at transverse piezoresistor locations (LGX — 0T) and (3) grooves created at both longi-
tudinal and transverse piezoresistors (LGX — LT). The comparison of sensor performances
of grooves on the top of the diaphragm with grooves at the bottom of the diaphragm are
also investigated in this work, as shown in Figures 3 and 4. Therefore, there are 11 groove
configurations investigated in this work, as listed in Table 1.

Top View

Bottom View
Figure 4. Annular groove: (a) grooves on top of diaphragm (AG — Top) and (b) grooves at bottom of
diaphragm (AG — Bottom). (Note: not to scale.)

(b)
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Table 1. List of groove configurations investigated in the present work.
Configuration Groo:;g ])Depth Groov((%g I;ength
LG1—-LO 0.2,0.4,0.6 and 0.8 0.35
LG1-0T 0.2,04,0.6 and 0.8 0.35
LG1—-LT 0.2,0.4,0.6 and 0.8 0.35
LG2 - L0 —Top 0.2,0.4,0.6 and 0.8 0.175 and 0.35
LG2 - 0T — Top 0.2,0.4,0.6 and 0.8 0.175 and 0.35
LG2 — LT — Top 0.2,0.4,0.6 and 0.8 0.175 and 0.35
LG2 — L0 — Bottom 0.2,0.4,0.6 and 0.8 0.175 and 0.35
LG2 — 0T — Bottom 0.2,0.4,0.6 and 0.8 0.175 and 0.35
LG2 — LT — Bottom 0.2,0.4,0.6 and 0.8 0.175 and 0.35

AG —Top 0.2,0.4,0.6 and 0.8 8.0

AG — Bottom 0.2,0.4,0.6 and 0.8 8.0

3. Finite Element Analysis

To determine the stress and deflection of the diaphragm over a range of the applied
pressures of 1-5 kPa, the finite element method is performed by using the commercial
software ANSYS Mechanical version 18.1. Because of the symmetry in the middle of the
sensor, only a quarter of the sensor is created for the finite element model, as shown in
Figure 5a. The hexahedral cell type with a quadratic element order is used for all case
studies, as shown in Figure 5b—f. The grids are set with the same type in all case studies
where there are differences only in the thickness of the grid when the groove depth is
changed. Because of the nonlinear mechanical behavior, the large deflection model is used
to acquire an accurate result, following Thawornsathit et al. (2022) [40]. For the material
properties of silicon used in the simulation for both diaphragm and beam layers, Young’s
modulus and Poisson’s ratio are 160 GPa and 0.22, respectively [42,43].

3.1. Stress Distribution of the Sensor with the Local Groove LG1

Figure 6 shows the comparison of the equivalent stress distributions at the applied
pressure of 5 kPa between the sensor without groove and the sensor with the local groove
LG1 — LT. The equivalent stress distributions reveal that the stresses at the piezoresis-
tors decrease when the local groove LG1 — LT is created. The distributions of the stress
difference (07 — o) at the piezoresistors with and without groove are studied in detail in
Figure 7. Because of the bending moment (M), the compression stress (o¢) is generated
above the neutral axis, whereas the tension stress (0;) is generated below the neutral axis.
Figure 7 reveals that the stress difference is close to zero near the neutral axis. Therefore, the
stress difference at the piezoresistor placed in the local groove LG1 — LT decreases because
the piezoresistor is located closer to the neutral axis so that the sensitivity of the sensor
with the local groove LG1 — LT is decreased, as can be seen in Figure 8a. Figure 8b shows
that the nonlinearity error of the sensor with the local groove LG1 drastically increases
when aTg is increased in the case when the local groove LG1 is created at the longitudinal
piezoresistors, i.e., LG1 — L0 and LG1 — LT, whereas the effect of @ on the nonlinearity
error is negligible when the local groove LG1 is created at the transverse piezoresistors, i.e.,
LG1 — 0T. Because sensitivity and nonlinearity error are required to be maximized and

minimized, respectively, the maximum ratio of sensitivity to nonlinearity error (%)
max

is used as a criterion to determine the optimal design of the sensor with groove. Figure 9
reveals that LG1 — L0 at d¢ = 0.2 is the optimal design of the local groove LG1.
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J =~ Symmetry
Plane

Symmetry

Plane

Fixed
Support

LG2-Bottom

Groove

AG-Bottom

(e) ()

Figure 5. Computational domain for finite element analysis: (a) boundary conditions, (b) mesh
distribution for LG1, (c) mesh distribution for LG2-Top, (d) mesh distribution for LG2-Bottom,
(e) mesh distribution for AG-Top and (f) mesh distribution for AG-Bottom.

With local groove

Without / dy,
ithout groove LG1-LT (d, =0.8)

Stress concentration at the beams

\[ o

Piezoresistors and grooves —= g

Stress concentration at the'beams

*———— Piezoresistors ————="%

Equivalent stress (MPa) Equivalent stress (MPa)

80889 71901 62913 53906 44938 5395 26963 15975 BIT6 ¢ pr3exios 89.188 79715 69314 59417 4951 394608 29706 19804 99021 30317,q07

(a) (b)

Figure 6. Equivalent stress distributions at the applied pressure of 5 kPa: (a) sensor without groove

and (b) sensor with local groove LG1 — LT (@ =0.8). (Only one-fourth of the domain is displayed.)
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Figure 7. Stress difference distributions at the longitudinal piezoresistor without groove and with
local groove LG1 — LT (dg = 0.8) at the applied pressure of 5 kPa. (Only one-half of the domain is

displayed.)

0.50

30 O LGI-LO
@/ LGI-0T
10 |LGI-LT

Sensitivity (mV/V/kPa)
S
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Nonlinearity Error (%)
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@ LGI-0T
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1.0
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(b)

Figure 8. Variations of (a) sensitivity and (b) nonlinearity error with dimensionless groove depth of

sensor with local grove LG1.

Optimal design

|LGI-OT

WLGI-LT

0.8 L0

Figure 9. Variation of ratio of sensitivity to nonlinearity error (%) with dimensionless groove depth
of sensor with local grove LG1.

3.2. Stress Distribution of the Sensor with the Local Groove LG2

Figure 10 shows the distributions of 0; — ¢} at the transverse and longitudinal piezore-
sistors of the sensor with the local groove LG2 — LT on the top of the diaphragm. The
increment of dg slightly affects the magnitude of 0; — o7, leading to the small change in
sensitivity and nonlinearity error, as shown in Figure 11. When the local groove LG2 is
created at only the longitudinal piezoresistors (LG2 — LO — Top), the worst nonlinearity

error is found.
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Figure 10. Stress difference distributions at the applied pressure of 5 kPa: (a) transverse piezoresistor
and (b) longitudinal piezoresistor for LG2 — LT — Top (@ = 0.8). (Only one-half of the domain is

displayed.)
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Figure 11. Variations of (a) sensitivity and (b) nonlinearity error with dimensionless groove depth of
sensor with local grove LG2 on the top of diaphragm at E = 0.175.

The performances of the sensor with the local groove LG2 at the bottom of diaphragm
is also investigated, as shown in Figure 12. The sensor with the local groove LG2 at the
bottom of diaphragm experiences the same effect of d, on sensitivity as the sensor with the
local groove LG2 on the top of diaphragm; however, its nonlinearity error is worse in all
case studies. Therefore, the effect of I, on the sensor performances is worth investigating in
the case of the sensor with the local groove LG2 on the top of diaphragm only.
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Figure 12. Variations of (a) sensitivity and (b) nonlinearity error with dimensionless groove depth of
sensor with local grove LG2 at the bottom of diaphragm at g = 0.175.
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Figure 13 shows the effect of I, on the performances of the sensor with the local groove
LG2 on the top of the diaphragm. With the double increment of I, the sensitivity can be
increased by 0.6% for the local groove LG2 at the longitudinal or transverse piezoresistors,
ie., LG2 — L0 — Top or LG2 — 0T — Top, respectively, and 1% for the local groove LG2 at
both the longitudinal and transverse piezoresistors, i.e., LG2 — LT — Top, and the nonlin-

earity error is lower in all case studies, especially when the local groove LG2 is created with
04 <d; <0.6.
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Figure 13. Effects of E on (a) sensitivity and (b) nonlinearity error of sensor with local groove LG2
on the top of diaphragm.

Figure 14 shows the performance comparisons between the sensor with the local
groove LG2 and g = 0.35 on the top and the same at the bottom of the diaphragm. The
sensitivity in case of LG2 on the top of diaphragm is higher than that of LG2 at the bottom of
diaphragm when dg > 0.4, whereas the linearity in the case of LG2 on the top of diaphragm
is better than that of LG2 at the bottom of diaphragm in all case studies.

Figure 14. Comparisons of (a) sensitivity and (b) nonlinearity error between sensors with local groove

LG2 and g =0.35 on top and at bottom of diaphragm.
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Therefore, the sensor with the local groove LG2 on the top of diaphragm and E =0.35
is investigated further to determine its optimal design by considering (%) . Figure 15
max

reveals that LG2 — LT — Top at dg = 0.6 is the optimal design of the local groove LG2.

120.0

1000 Optimal design

80.0 _ ‘/
S - ~_©

— 600 ° o
400 £ (o] L(?Z-LO-Top (@]
@ LG2-0T-Top
200 ¢ i_-.-LGZ-LT-TopE
0.0 " " " '
0.0 02 0.4 0.6 0.8 1.0
dg

Figure 15. Variation of ratio of sensitivity to nonlinearity error (%) with dimensionless groove

depth of sensor with local grove LG2 at [ = 0.35.

3.3. Stress Distribution of the Sensor with the Annular Groove AG

The stress difference distributions of the sensor with the annular groove AG on the
top of the diaphragm (AG — Top) is investigated in Figure 16 where the distributions of
07 — oy at the transverse and longitudinal piezoresistors are displayed.

. o — o, (MPa
Diaphragm "9 « (MPa) %0 S
—d, =0,
edge —_— v
-} ;=08 B
- 70 e @y =02
- dy=02
== Without groove --~_ ...... == Without groove
.-
Distance (um) (R1)
5 Longitudinal L1
piezoresistor
™ (R2) Diaphragm  .....
Transverse edge
piezoresistor
= Annular groove AG
g - - . =30
BRI gy R gy P oo ST s 0 o7 % s 0 nae Y e 42125
(@) (b)

Figure 16. Stress difference distributions at the applied pressure of 5 kPa: (a) transverse piezoresistor
and (b) longitudinal piezoresistor in case of AG- Top (dg = 0.8). (Only one-half of the domain
displayed).

It clearly shows that the increment of @ causes the magnitude of 0; — 0} higher leading
to the higher sensitivity of the sensor as shown in Figure 17. However, the increment of dg
also makes the nonlinearity error higher with the faster rate compared with the sensitivity,
meaning that the tradeoff between sensitivity and linearity is acute with the annular
groove AG.
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Figure 17. Variations of (a) sensitivity and (b) nonlinearity error with dimensionless groove depth
of sensors with annular grove AG created on the top (solid line) and at the bottom (dotted line) of
diaphragm.

The performances of the sensor with the annular groove AG at the bottom of the
diaphragm are also investigated. The simulation results reveal that both sensitivity and
nonlinearity error are worse compared with those on the top of the diaphragm as shown in
Figure 17. Obviously, the optimal design of the annular groove AG is AG — Top at dg = 0.2

as indicated by the (%) in Figure 18.
max

120

+— Optimal design
100
A-AG-Top

80 +
S A-AG-Bottom

NL 60 1T

40 §

0.0 0.2 0.4 0.6 0.8 1.0

Figure 18. Variations of ratios of sensitivity to nonlinearity error (%) with dimensionless groove
depth of sensors with annular groove AG.

4. Groove Design Comparison

The performances of the sensors with three optimal groove designs, i.e., LG1 — L0 with
@ =0.2, LG2 — LT — Top with @ =0.6and g =0.35and AG — Top at @ =0.2, are compared
in this section. According to Equation (3), the output voltage at each measurement point
(Vout,i) can be calculated by

AO’U — AO’z,l‘

Vouti = Vi
out,i (4/7_[44) i A‘Tl,i I AUZ,i in

(13)

where the subscript i denotes the values of any parameter at each measurement point of
the applied pressure (P =1, 2, 3, 4 and 5 kPa), and the input voltage (V;,) of 5 V is used in

the present work. Therefore, the sensitivity can be calculated by substituting V,,; 5 into

. . . Vina *Vu sel
Vinax in Equation (4),i.e., S = ﬁ, where the values of V, fFets Pyax and Py are 0V,

5 kPa and 0 kPa, respectively.
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Figure 19a shows the variation of the output voltage with the applied pressures of
1-5 kPa of the sensors with and without groove. When the value of V, ¢ is zero, the
highest full-span scale output voltage (Vrss) is given by the sensor with AG — Top at
VEss = 194 mV, where the sensor with LG2 — LT — Top, the sensor without groove and the
sensor with LG1 — L0 give Vrgs = 189 mV, 170 mV and 168 mV, respectively.

V
[mV]

200

150 +

out 199 |

50 +

0.20

| 8 LGI-Lo 189 o LG1-L0
170 N
r -e-LG2-LT-Top 168 015 -o-LG2-LT-Top
-4 AG-Top -+ AG-Top /0.11
”””” Without groove 0.10 _; -----Without groove ","’ I 0.099
NL 0.075
[%] 0905 f °
0.00 "/ t
) 1 2 3 4
[ o
-0.05 +
-0.071
t f t -0.10 L

1 2 3 4 5
Applied Pressure [kPa]

Applied Pressure [kPa]

(a) (b)

Figure 19. Variations of (a) output voltage and (b) nonlinearity error with the applied pressures of
1-5 kPa of sensors with three optimal groove designs (LG1 — L0 with dg = 0.2, LG2 — LT — Top with
dg = 0.6 and I, = 0.35 and AG — Top with dy = 0.2) and without groove.

The nonlinearity error at each measurement point (NL;) in Figure 19b can be calculated
Vinax — Voffset

by
Pmax_PO ):|

In Figure 19b, the sensor with AG — Top gives the lowest value of the maximum
nonlinearity error of 0.071%, where the sensors with LG1 — L0 and LG2 — LT — Top and
the sensor without groove give the maximum nonlinearity error of 0.075% FSS, 0.099%
FSS and 0.11% FSS, respectively. The sensitivity and nonlinearity error of the sensors
with three optimal groove designs are compared with those of the sensor without groove
in Table 2. The sensitivity values of the sensors with AG — Top (7.774 mV /V /kPa) and
LG2 — LT — Top (7.547 mV /V /kPa) are 14% and 11% higher than that of the sensor without
groove, respectively, where the sensitivity of the sensor with LG1 — L0 (6.707 mV /V /kPa)
is 1.4% lower than that of the sensor without groove. According to the nonlinearity error
comparison, the nonlinearity errors of these three sensors with AG — Top, LG1 — L0 and
LG2 — LT — Top are 35%, 32% and 10% lower than that of the sensor without groove,
respectively.

Figure 20 shows the comparison of the % of the sensors with and without groove,
where the annular groove AG — Top gives the highest % of 109.49, whereas the sensor
with LG1 — L0, the sensor with LG2 — LT — Top and the sensor without groove give those
of 89.43, 76.23 and 61.82, respectively. The comparison of % indicates that all the sensors
with three optimal groove designs in the present work provide higher performance than
that of the sensor without groove. When LG1 — L0 is created, the sensitivity is reduced
because of the reduction of the averaged stress difference on the piezoresistors. Therefore,
there are only two optimal groove designs, i.e., AG — Top with @ =02and LG2 - LT — Top

1
L; =100% X —— ; — — (P — P, 14
NL; 00% x Viss Vout,i Voffset (P; 0)( (14)

with dg = 0.6 and I, = 0.35, that can improve both sensitivity and linearity over that of the
sensor without a groove.
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Table 2. Comparisons between sensitivity and nonlinearity of the sensors with three optimal groove
designs and those of the sensor without groove.

Groove Design [mV/\s/'/kPa] [I;CL%?]
LG1— L0 6.707 0.075
with dg = 0.2 Decrease (—1.4%) Decrease (—32%)
LG2 — LT — Top 7.547 0.09
with d¢= 0.6 and I, = 0.35 Increase (11%) Decrease (—10%)
AG — Top 7.774 0.071
with dg = 0.2 Increase (14%) Decrease (—35%)
Without a groove, according to 6.8 0.11

Thawornsathit et al., 2022 [41]

120

A
100
m}
80
[
S
e 60
NL
OLGI-LO
01 @ LG2-LT-Top
A AG-Top

20 ---Without groove

0.0 0.2 0.4 0.6 0.8 1.0

=

Figure 20. Ratios of sensitivity to nonlinearity error (%) of sensors with three optimal groove
designs (LG1 — LO with dg = 0.2, LG2 — LT — Top with dg = 0.6 and I = 0.35 and AG — Top with
@ =0.2) and without a groove.

Table 3 summarizes the performances of MEMS piezoresistive pressure sensors in
the present work and previous works. Compared with the MEMS piezoresistive pressure
sensors with groove in the previous works, the MEMS piezoresistive pressure sensors with
the optimal groove design of LG2 — LT — Top and AG — Top in the present work have
higher sensitivity and linearity.

Table 3. Comparison of performance parameters of different MEMS piezoresistive pressure sensors.

Pressure Range Diaphragm S NL

MEMS Piezoresistive Pressure Sensor (kPa) Width (mV/V/kPa) (% FSS) S/NL
Tran et al. (2018b) [20] (Local groove) 0-5 2900 pm 6.93 0.23 30.15
Li et al. (2020) [21] (Annular groove) 0-6.895 3600 pm 4.48 0.25 17.92
Sahay et al. (2021) [38] (Annular groove) 0-5 3600 um 4.061 0.15 27.07
Present work, LG1 —

— — 1-5 2900 6.707 0.075 89.43
L0 (Iy = 035 and dg = 02) -
Present work, LG2 — LT —
— - 1-5 2900 7.547 0.099 76.23
Top (lg =0.35 and d; = 0.6) Hm
Present work, AG 1-5 2900 um 7.774 0.071 109.49

Top (Ig = 8 and dg = 0.2)
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5. Functional Forms of Averaged Stress Difference and Maximum Deflection of Sensor
with Groove

The functional forms of the averaged stress difference of R; and Ry, i.e., Aoy and
A0, and the maximum deflection (,,4x ) are constructed for the sensors with two groove
designs that obtain higher sensitivity and lower nonlinearity error than the sensor without
groove, i.e., AG — Top with dy = 0.2 and LG2 — LT — Top with dy = 0.6 and I, = 0.35.
According to Equations (9)-(11), the stresses are governed by the deflection. Therefore,
the functional form of the deflection of the sensor with groove in each design must be
obtained first. For the sensor with the local groove LG2 — LT — Top with dg = 0.6 and
E = 0.35, the dimensional analysis is used to determine the dimensionless form of J;;4x.
With groove, dpay is a function of P and dg, but only these three variables are not able
to form the dimensionless parameter. According to Equation (6), without groove, the

flexural stiffness (D = %) and the diaphragm width (b) are used to construct the

dimensionless deflection parameter. Therefore, these five variables, i.e., dyqx, P, dg, D and
b, can be used in the case of having groove to form three dimensionless parameters, as

follows: s
Smax _f E 12P(1—1/ )dg
dg dg’ Ej3

(15)

12P(1-v?)d3 ,
% changes lin-

12P(1 v2)d3

Figure 21 (upper) shows that in the variation of ‘5’"% with di,

early with ’”“" at each particular point of Therefore, dmex can be divided by

‘5maxE]

to simply form a function involving only two dlmensmnless parameters, i.e., P

% will represent the dimensionless maximum deflection (8y,x) here-

after. The curve is then constructed to fit through a set of data on these two dimensionless
parameters by using the power law, as shown in Figure 21 (lower), where the exponent and
the coefficient of % are 3.99 and 5.6 x 1074, respectively. Therefore, the functional form of

and dl' and
8

Smax of the sensor with the local groove LG2 — LT — Top with g = 0.35 can be expressed as

b3.99d§.01p (1 _ 1/2) >

Ej3

Omax, LG2—LT—Top= 6.72 X 10_3( (16)

where the unit of length is pm and the units of the applied pressure and Young’s modulus
are MPa. Equation (16) shows that the exponent of d, is very small because the effect of d¢
on the maximum deflection is very low in this case study. However, d, cannot be neglected
because the groove is present and the effect of dg on .y 18 needed.

Similarly, the functional form of ;4 of the sensor with the annular groove AG — Top
can be expressed, according to Figure 22, as

(17)

5max, AG—Top=— 10.71 x 10_3<

b3'93dg'07p (1 _ 1/2) )

Ej3

Before constructing the dimensionless forms of Agy and Ao, with groove, the dimen-
sionless form of the stress without groove, in Equation (12), should be considered first.
Because P and d, are the main input parameters when groove is involved, the ratio of the
diaphragm thickness to the diaphragm width (j/b) is replaced by 1/d, or j/d, because the
magnitude of Ao increases as d, is increased, according to Figures 23a and 24a. Therefore,
the dimensionless form of Ao can be written as

— Ao (] 2
=% (4)
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Figure 21. Variations of three dimensionless parameters in the case of sensor with local groove
LG2— LT — Top at I, = 0.35.
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Figure 22. Variations of three dimensionless parameters in the case of sensor with annular groove

AG — Top.
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Figure 23. (a) Variations of averaged stress differences of longitudinal piezoresistor (Acy) and
transverse piezoresistor (Ao ) with maximum deflection (4,4x ) and (b) variations of dimension-
less averaged stress differences of longitudinal piezoresistor (Acy ) and transverse piezoresistor
(Ac,) with dimensionless maximum deflection (&ax) from two datasets (each with 20 points) in each
averaged stress difference in the case of sensor with local groove LG2 — LT — Top at [ = 0.35.
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Figure 24. (a) Variations of averaged stress differences of longitudinal piezoresistor (Acy) and
transverse piezoresistor (Acy) with maximum deflection (6yqx ) and (b) variations of dimension-
less averaged stress differences of longitudinal piezoresistor (Acy ) and transverse piezoresistor
(Acy) with dimensionless maximum deflection (%) from two datasets (each with 20 points) in each
averaged stress difference in the case of sensor with annular groove AG — Top.

To determine the variation of Aoy with 8,4y, Figure 23a shows a dataset of twenty
points of Aoy versus Jy,4x in the case of the sensor with the local groove LG2 — LT — Top

— - 2
at lo = 0.35, where the data can collapse into four points when Aoy = %A;—% is plotted
SmaxEP . .
P17 in Figure 23b. The power law is used to construct the curve to
fit through the data in order to find the coefficient and the exponent of d,4x, as shown in
Figure 23b, where Aoy can be expressed as a function of dyx as

against ;0 =

—~—0.49
)

A70—1,LG2—LT—T0p =16.8 x (5max (19)

which can be rewritten as

poy P S 0.49

1 _ max

( P d§> =168 <1ZP(1 - v2)d4> (20)
LG2—LT—Top f

According to Equation (16), after substituting d,x, LG2—LT—Top INtO dmax in Equa-
tion (20), the functional form of Aoy, 1G2— 17— T0p iS €xpressed as

0.045},1.955
Aoy, 1G2-1T-Top = 043 X P lg]z] (21)
According to Figure 23b, i;:z = —1.01 so that Aoy G2 17— Top Can be determined as a
function of Aoy 12— LT T0p @S
Aoy 162-1T-Top = —1.01 X A0y 162 LT Top (22)

The functional forms of the stress differences of the sensor with the annular groove
AG — Top, i.e., Aoy, a6 -Top and A0 AG-Top, can also be found in the same way as those of
A01,1G2-LT-Top and Ao 16217 Top- The datasets of Aoy and Ao, versus dpay in Figure 24a

are used to construct Aoy 4G 1op and Avp AG—Top VErsus dmay in Figure 24b.



Micromachines 2022, 13, 2247 20 of 25
According to Figure 24b, the functional forms of Ay 4G 1op = 25.9 X ((Smux)0'49 and
ATy AG—Top = —26.4 X (5max)0'49 are obtained. Therefore, Aoy Ac—1op can be expressed as
40155185
A0, AG—Top = 0.956 x P [32] (23)
J

whereas Aoy oG- 1op can be expressed as

Aoy, aG-Top = —1.02 X A0, 4G-Top (24)

To validate the functional forms of 6,4y, Ay and Aoy, the comparisons between those
functional forms and the corresponding simulation results are shown in Figures 25 and 26
for the sensors with the local groove LG2 — LT — Top and with the annular groove AG — Top,
respectively. Figure 25a,b show that 84y, LG2—LT—Top, A01,L62-LT—Top a0d A02 162 LT Top,
calculated by Equations (16), (21) and (22) respectively, are in good agreement with the
simulation results, where the maximum error of 6,4y, LG2— LT Top, around 2%, is found at
@ = 0.2 at the applied pressure of 1 kPa, and the maximum errors of Aoy G2 17— T0p and

A0y, 162 LT Top, around 1.8%, are found at @ = 0.2 at the applied pressure of 3 kPa. Fig-
ure 26a,b show that 64y, AG—Top, A01AG—Top a0 A2 4G —Top, calculated by Equations (17),
(23) and (24) respectively, are also in good agreement with the simulation results, where the
maximum error of 64y, AG—Top, around 1.8%, is found at @ = 0.6 at the applied pressure of
3 kPa, and the maximum errors of Aoy, 4G 1op and Aoz 4G Top, around 1%, are found at @
= 0.6 at the applied pressure of 5 kPa.

& O Simulation 80 [ O Simulation
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........................... C 60— —o6—6—=0©
5 O....c e} o A Ay 1
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Qs (e Ser st Qsswiiaiiad o E o—o—o—0
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a
oe k Osasisiesay Ousisidsosen v SR O 1kPa 60 13 OC——O0—0—0 s51pa
0 + t + t -80 + + + t
0 0.2 04 _ 06 0.8 1 0 02 04 __ 086 0.8 1
dg, dg
(a) (b)

Figure 25. Comparisons of simulation results with (a) functional form of maximum deflec-
tion Sy, LG2—LT—Top @nd (b) functional forms of averaged stress differences Aoy 12— 17—T0p and
A0y, 1.G2—LT—Top-

The functional forms of the averaged stress differences in terms of dg in Equations (21)-
(24), i.e., Ao1,LG2— LT Tops D02, LG2—LT—Top, BU1, AG—Top and A0 AG—Top, TESPectively, can be
used to calculate V,,; ; by substituting Acy and Ao» in the case study of interest into Equation
(13). Therefore, sensitivity can be calculated by substituting V,ut,max into Equation (4) while
nonlinearity error can be calculated by substituting V,,,; ; and Vout,max into Equation (14).



Micromachines 2022, 13, 2247

21 of 25

A Simulation P=5kPa
A

4 tion
70 § —Functional form
) AP=3kPa
" Aoy 50 A,_,/A—"_H

(MPa)
3 [T NS ol
.......... A
. 1kPa
Smax 25 £ Ll s
(um) | A NS SR ]
0 2 10 e om
15 A A 30 a4
s Aa, A—a . .
. (MPa) 50 T —
Aoy 1kPa A\A\M
e 1 5kPa
0 t : t t o v # 4 #
0 02 04 _ 06 0.8 1 0 0.2 04 06 0.8 1
dgy .
(a) ®)

Figure 26. Comparisons of simulation results with (a) functional form of maximum deflection
Omax, AG2—Top and (b) functional forms of averaged stress differences Aoy 4G —1op and Aoz, AG—Top-

6. Discussion

Three selected groove designs, i.e., LG1 — LO with @ =0.2, LG2 — LT — Top with
dy = 0.6 and Iy = 0.35 and AG — Top at dg = 0.2, are investigated here. For the sensor with
the local groove LG1, creating groove at the piezoresistor reduces sensitivity because the
piezoresistor is moved closer to the neutral axis. Moreover, there are some concerns about
fabrication techniques, such as (1) the metallization process has a high chance of failure due
to the vertical deposition with high step size and (2) the geometric error due to the etching
process that deteriorates the performance of the sensor. Therefore, the local groove LG1
in the present work is not preferred for use in the MEMS piezoresistive pressure sensor.
However, the remaining area of the beam, where the local groove LG1 is not created, gains
higher stress, as shown in Figure 7. Therefore, moving the piezoresistor to that area is
preferable in order to increase the sensitivity of the sensor, but the alignment errors between
the piezoresistor and the beam layer due to the fabrication process should be carefully
treated, as reported by Huang and Zhang (2014) [28]. For the sensor with the local groove
LG2, the stress at the piezoresistor can be made higher by creating a groove along the
diaphragm edge, according to the simulation result of the annular groove AG. For the
sensor with the annular groove AG, the tradeoff between sensitivity and nonlinearity error
is the challenge that should be achieved. The main source of the nonlinearity error of
each groove design can be investigated in Figure 27. The ratio of the compression stress

to the tension stress < |Zéct| ) in the longitudinal stress direction, which occur in SCR on

the top of the beam and at the bottom of the diaphragm, respectively, can represent the
stretching effect on the piezoresistor, which is the main cause of linearity reduction. In the
case of the sensors with the local grooves LG1 — LO and LG2 — LT — Top, the stretching
effect on the piezoresistor is the main source of linearity reduction when the ratio of the
maximum deflection to the diaphragm thickness (Jy4x/]) is lower than 0.21, which can

be observed from the correlation between the nonlinearity error and |th| in Figure 27a,b.

When 6,45 /j > 0.21, the nonlinearity error is dominated by the balloon effect, which can be
observed from the correlation between the nonlinearity error and 6,4 /j in Figure 27f in the
case of the sensor with the annular groove AG — Top. Therefore, the further improvement
of linearity for the sensor with the annular groove AG — Top can be achieved by using the
local stiffness concept to reduce 6,4y at the center of the diaphragm to avoid the balloon
effect. In the future work, dielectric layers and thermal stress will also be investigated
as major concerns about high residual mechanical stresses that arise when the complex
diaphragm geometry is created.
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Figure 27. Variations of nonlinearity error with the ratio of the compression stress to the tension stress
( 1| ) versus @ in the longitudinal stress direction in the case of (a) LG1 — L0, (b) LG2 — LT — Top

ol t

atly = 0.35and (c) AG — Top. Variations of nonlinearity error and the ratio of maximum deflection to
diaphragm thickness (8;4x/j) versus @ in the case of (d) LG1 — L0, (e) LG2 — LT — Top at g =0.35,
and (f) AG — Top.

7. Conclusions

Three groove designs for the MEMS piezoresistive pressure sensor were investigated
in the present work. There were two designs for the local groove type (LG1 and LG2) and
one design for the annular groove type (AG). Three configurations of the groove location
were investigated in LG1 and LG2, i.e., L0, 0T and LT. The effects of the groove location on
the top and at the bottom of the diaphragm were investigated in LG2 and AG. The effects
of the dimensionless groove depth variation, i.e., @ =0.2, 0.4, 0.6 and 0.8, on sensitivity
and nonlinearity error were investigated in all groove designs. Because of the limitation
of LG1 and AG, the effects of the dimensionless groove length variation, i.e., g =0.175
and 0.35, on sensitivity and nonlinearity error were investigated in LG2 only, while the
values of I; of LG1 and AG were fixed as 0.35 and 8.0, respectively. In this study, the effect
of the groove width was not included, so that the dimensionless groove width (wg) was
fixed as 1.0 in all case studies. The finite element method was used to determine the stress
and deflection of the sensor with groove, which were later used for calculating sensitivity
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and nonlinearity error. The simulation results revealed that the best configurations of the
groove locations for LG1 and LG2 were L0 and LT, respectively, because their % values
were higher than those of other groove locations in the same configuration. To obtain
higher sensitivity and lower nonlinearity error, the groove must be created at the top of
the diaphragm, which was the compression side, in this work. The increment of dg can
improve sensitivity in the case of LG2 and AG because of the higher stress difference at
the piezoresistor, while sensitivity decreased in case of LG1 because the piezoresistor was
moved closer to the neutral axis, leading to a lower stress difference at the piezoresistor.
For the effect of @ on nonlinearity error, the lowest nonlinearity error of the sensor with
each groove design was found at the particular value of @, ie., d; =0.2,0.6and 0.2 for LG1,
LG2 and AG, respectively. For the effect of I, on LG2, the double increment of I, (from
0.175 to 0.35) slightly improved both sensitivity and linearity. Therefore, the three optimal
groove designs in the present work were LG1 — L0, LG2 — LT — Top and AG — Top with
(@, E) = (0.2, 0.35), (0.6, 0.35) and (0.2, 8.0), respectively. In the case of the optimal
groove design, the sensitivity values of the sensors with LG1 — L0, LG2 — LT — Top and
AG — Top were 6.707 mV/V /kPa, 7.547 mV /V /kPa and 7.774 mV /V /kPa, respectively,
while the nonlinearity errors of those sensors were 0.075% FSS, 0.099% FSS and 0.071% FSS,
respectively. From the comparisons of the sensitivity and nonlinearity error of the sensors
with and without groove, there were only two optimal groove designs that helped to
improve both sensitivity and linearity, i.e., LG2 — LT — Top and AG — Top. The sensitivity
of the sensors with LG2 — LT — Top and AG — Top were 11% and 14% higher than that of
the sensor without groove, respectively, while the nonlinearity errors of those sensors were
10% and 35% lower than that of the sensor without groove, respectively. Although the
sensor performances of AG — Top were slightly better than those of LG2 — LT — Top, the
net groove volume of AG — Top (@gwfq x 4 = 6.4) was around four times greater than
that of LG2 — LT — Top (@gﬁg x 8 = 1.68), and hence, more effort in fabrication was
required. Finally, the functional forms of the averaged stress differences of the longitudinal
(Acy) and transverse (Acy) piezoresistors and the maximum deflection of the diaphragm
(6max) of the sensors with the optimal groove designs of LG2 — LT — Top and AG — Top
were constructed. By accounting for the exponent values of the groove depth (dg) in
the functional forms of Aoy and dyqy, it was found that dg increased the averaged stress
difference at the faster rate than d,,x in both sensors with LG2 — LT — Top and AG — Top.

Author Contributions: Conceptualization, P.T. and E.J.; methodology, P.T. and E.J.; software, PT,;
validation, P.T.; formal analysis, P.T. and E.J.; investigation, P.T.; resources, E.J., H.R. and W.J.; data
curation, PT. and E.J.; writing-original draft preparation, P.T.; writing-review and editing, P.T., E.J.,
HR,PP,KS,CL.,E.C.and W], visualization, P.T,; supervision, E.J. and H.R.; project administration,
P.T,; funding acquisition, P.T., E.J. and H.R. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Not applicable.

Acknowledgments: The first author (P.T.) is financially supported by the Thailand Graduate Institute
of Science and Technology (TGIST) scholarship of the National Science and Technology Development
Agency (NSTDA) [contract no: SCA-CO-2562-9707-TH] and the tuition-fee-waiving scholarship from
the Sirindhorn International Thai-German Graduate School of Engineering (TGGS), King Mongkut’s
University of Technology North Bangkok (KMUTNB).

Conflicts of Interest: The authors declare no conflict of interest.

1. Bryzek, J.; Roundy, S.; Bircumshaw, B.; Chung, C.; Castellino, K. Marvelous MEMS. IEEE Circuits Devices Mag. 2006, 22, 8-28.

[CrossRef]

2. Kumar, S.S.; Pant, B.D. Design principles and considerations for the ‘ideal” silicon piezoresistive pressure sensor: A focused
review. Microsyst. Technol. 2014, 20, 1213-1247. [CrossRef]


http://doi.org/10.1109/MCD.2006.1615241
http://doi.org/10.1007/s00542-014-2215-7

Micromachines 2022, 13, 2247 24 of 25

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

Bogue, R. Recent developments in MEMS sensors: A review of applications, markets and technologies. Sens. Rev. 2013, 33,
300-304. [CrossRef]

Flemimg, W.J. Overview of automotive sensors. IEEE Sens. J. 2001, 1, 296-308. [CrossRef]

Jena, S.; Gupta, A.; Pipapara, RK,; Pal, P; Adit. Wireless sensing systems: A review. In Sensors for Automotive and Aerospace
Applications, 1st ed.; Springer: Singapore, 2019; pp. 143-192.

Takahashi, H.; Matsumoto, K.; Shimoyama, I. Differential pressure distribution measurement of a free-flying butterfly wing. In
Proceedings of the 2011 16th International Solid-State Sensors, Actuators and Microsystems Conference, Beijing, China, 5-9 June
2011.

Berns, A.; Buder, U.; Obermeier, E.; Wolter, A.; Leder, A. Aero MEMS sensor array for high-resolution wall pressure measurements.
Sens. Actuators A: Phys. 2006, 132, 104-111. [CrossRef]

Marco, S.; Samitier, J.; Ruiz, O.; Morante, J.R.; Steve, ].E. High performance piezoresistive pressure sensors for biomedical
applications using very thin structured membrane. Meas. Sci. Technol. 1996, 7, 1195-1203. [CrossRef]

Ziaie, B.; Najafi, K. An implantable microsystem for tonometric blood pressure measurement. Biomed. Microdevices 2001, 3,
285-292. [CrossRef]

Ding, D.; Cooper, R.A.; Pasquina, P.F,; Pasquina, L.F. Sensor technology for smart homes. Maturitas 2011, 69, 131-136. [CrossRef]
Li, L.; Belov, N.; Klitzke, M.; Park, J.S. High Performance Piezoresistive Low Pressure Sensors. In Proceedings of the 2016 IEEE
Sensors, Orlando, FL, USA, 30 October-3 November 2016.

MEMS Pressure Sensors—Technology and Market Trends 2021. Available online: https:/ /s3.i-micronews.com/uploads/2021/0
4/YINTR21183-MEMS-Pressure-Sensors-Technology-and-Market-Trends-2021.pdf (accessed on 5 October 2021).

Jena, S.; Gupa, A. Review on pressure sensor: A perspective from mechanical to micro-electro-mechanical systems. Sens. Rev.
2021, 41, 320-329. [CrossRef]

Bao, M. Capacitive sensing and effects of electrical excitation. In Analysis and Design Principles of MEMS Devices, 1st ed.; Elsevier
B.V.: Amsterdam, The Netherlands, 2005; pp. 213-245.

Zhang, Y.; Howver, R.; Gogoi, B.; Yazdi, N. A high-sensitive ultra-thin MEMS capacitive vacuum sensor. In Proceedings of the
2011 16th International Solid-State Sensors, Actuators and Microsystems Conference, Beijing, China, 5-9 June 2011. [CrossRef]
Zhao, L.; Xu, T.; Hebibul, R.; Jiang, Z.; Ding, J.; Peng, N.; Guo, X.; Xu, Y.; Wang, H.; Zhao, Y. A bossed diaphragm piezoresistive
pressure with a peninsula-island structure for the ultra-low-pressure-range with high sensitivity. Meas. Sci. Technol. 2016, 27,
124012. [CrossRef]

Guan, T,; Yang, F.; Wang, W.; Huang, X,; Jiang, B.; He, J.; Zhang, L.; Fu, E; Li, D.; Li, R.; et al. A novel 0-3 kPa piezoresistive
pressure sensor based on a shuriken-structure diaphragm. In Proceedings of the 2016 IEEE 29th International Conference on
Micro Electro Mechanical Systems (MEMS), Shanghai, China, 24-28 January 2016. [CrossRef]

Xu, T.; Wang, H.; Xia, Y.; Zhao, Z.; Huang, M.; Wang, J.; Zhao, L.; Zhao, Y.; Jiang, Z. Piezoresistive pressure sensor with high
sensitivity for medical application using peninsula-island structure. Front. Mech. Eng. 2017, 12, 546-553. [CrossRef]

Tran, A.V,; Zhang, X.; Zhu, B. The development of a new piezoresistive pressure sensor for low pressures. IEEE Trans. Ind.
Electron. 2018, 65, 6487-6496. [CrossRef]

Tran, A.V,; Zhang, X.; Zhu, B. Mechanical structure design of a piezoresistive pressure sensor for low-pressure measurement: A
computational analysis by increases in the sensor sensitivity. Sensors 2018, 18, 2023. [CrossRef] [PubMed]

Li, C; Zhao, L.; Ocana, J.L.; Cordovilla, E; Yin, Z. Characterization and analysis of a novel structural SOI piezoresistive pressure
sensor with high sensitivity and linearity. Microsyst. Technol. 2020, 26, 2955-2960. [CrossRef]

Zoheir, K.; Kourosh, H.; Amir, A. MEMS piezoresistive pressure sensor with patterned thinning of diaphragm. Microelectron. Int.
2020, 37, 147-153.

Basoc, M.; Prigodskiy, D. Development of high-sensitivity piezoresistive pressure sensors for -0.5 ... +0.5 kPa. J. Micromach.
Microeng. 2020, 30, 105006. [CrossRef]

Basoc, M. Ultra-high sensitivity MEMS pressure sensor utilizing bipolar junction transistor for pressure ranging from -1 to 1 kPa.
IEEE Sens. |. 2021, 4, 4357-4364.

Smith, C.S. Piezoresistance effect in germanium and silicon. Phys. Rev. 1954, 94, 42-49. [CrossRef]

Kanda, Y. Piezoresistance effect of silicon. Sens. Actuators A: Phys. 1991, 28, 83-91. [CrossRef]

Bao, M. Piezoresistive sensing. In Analysis and Design Principles of MEMS Devices, 1st ed.; Elsevier B.V.: Amsterdam, The
Netherlands, 2005; pp. 247-304.

Huang, X.; Zhang, D. A high sensitivity and high linearity pressure sensor based on a peninsula-structured diaphragm for
low-pressure ranges. Sens. Actuators A Phys. 2014, 216, 176-189. [CrossRef]

Clark, S.K.; Wise, K.D. Pressure sensitivity in anisotropically etched thin-diaphragm pressure sensors. IEEE Trans. Electron.
Devices 1979, 26, 1887-1896. [CrossRef]

Sandmaier, H. Non-linear analytical modelling of bossed diaphragm for pressure sensor. Sens. Actuators A: Phys. 1991, 27,
815-819. [CrossRef]

Tian, B.; Zhao, Y,; Fiang, Z. The novel structure design for pressure sensor. Sens. Rev. 2010, 30, 305-313. [CrossRef]

Ferdinand, P.B.; Jognston, E.R.; DeWolf, ].T.; Mazurek, D.E. Energy methods. In Mechanics of Materials, 5th ed.; McGraw Hill: New
York, NY, USA, 2009; pp. 670-725.


http://doi.org/10.1108/SR-05-2013-678
http://doi.org/10.1109/7361.983469
http://doi.org/10.1016/j.sna.2006.04.056
http://doi.org/10.1088/0957-0233/7/9/002
http://doi.org/10.1023/A:1012452613720
http://doi.org/10.1016/j.maturitas.2011.03.016
https://s3.i-micronews.com/uploads/2021/04/YINTR21183-MEMS-Pressure-Sensors-Technology-and-Market-Trends-2021.pdf
https://s3.i-micronews.com/uploads/2021/04/YINTR21183-MEMS-Pressure-Sensors-Technology-and-Market-Trends-2021.pdf
http://doi.org/10.1108/SR-03-2021-0106
http://doi.org/10.1109/TRANSDUCERS.2011.5969151
http://doi.org/10.1088/0957-0233/27/12/124012
http://doi.org/10.1109/MEMSYS.2016.7421754
http://doi.org/10.1007/s11465-017-0447-9
http://doi.org/10.1109/TIE.2017.2784341
http://doi.org/10.3390/s18072023
http://www.ncbi.nlm.nih.gov/pubmed/29937534
http://doi.org/10.1007/s00542-020-04917-3
http://doi.org/10.1088/1361-6439/ab9581
http://doi.org/10.1103/PhysRev.94.42
http://doi.org/10.1016/0924-4247(91)85017-I
http://doi.org/10.1016/j.sna.2014.05.031
http://doi.org/10.1109/T-ED.1979.19792
http://doi.org/10.1016/0924-4247(91)87092-H
http://doi.org/10.1108/02602281011072189

Micromachines 2022, 13, 2247 25 of 25

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

Shimazoe, M.; Matsuoka, Y. A special silicon diaphragm pressure sensor with high output and high accuracy. Sens. Actuators
1982, 2, 275-282. [CrossRef]

Zhang, S.; Wang, T.; Lou, L.; Tsang, W.M. Annularly grooved diaphragm pressure sensor with embedded silicon nanowires for
low pressure application. J. Microelectromech. Syst. 2014, 23, 1396-1407. [CrossRef]

Lou, L.; Zhang, S.; Park, W.T.; Tsai, ].M.; Kwong, D.L.; Lee, C. Optimization of NEMS pressure sensors with a multilayered
diaphragm using silicon nanowires as piezoresistive sensing elements. . Micromach. Microeng. 2012, 22, 055015. [CrossRef]

Xu, T.; Zhao, L.; Jiang, Z.; Guo, X.; Ding, J.; Xiang, W.; Zhao, Y. A high sensitive pressure sensor with the novel bossed diaphragm
combined with peninsula-island structure. Sens. Actuators A Phys. 2016, 244, 66-76. [CrossRef]

Li, C,; Cordovilla, F; Ocafia, ].L. Annularly grooved membrane combined with rood beam piezoresistive pressure sensor for low
pressure applications. Rev. Sci. Instrum. 2017, 88, 035002. [CrossRef]

Sahay, R.; Hirwani, J.; Jindal, S.K.; Sreekanth, PK.; Kumar, A. Design and analysis of a novel MEMS piezoresistive pressure sensor
with annular groove membrane and center mass for low pressure measurements. Res. Sq. 2021, preprint. [CrossRef]

Zoheir, K.; Sajjad, R. A groove engineered ultralow frequency piezoemems energy harvester with ultrahigh output voltage. Int. J.
Mod. Phys. B 2018, 32, 185-208.

Thawornsathit, P; Juntasaro, E.; Rattanasonti, H.; Pengpad, P; Saejok, K.; Leepattarapongpan, C.; Chaowicharat, E.; Jeamsaksiri, W.
Mechanical diaphragm structure design of a MEMS-based piezoresistive pressure sensor for sensitivity and linearity enhancement.
Eng. J. 2022, 26, 43-57. [CrossRef]

Fung, Y.C. Finite deformation. In Foundations of Solid Mechanics; Prentice-Hall: Englewood Cliffs, NJ, USA, 1956; pp. 436—439.
Sharpe, W.N.; Turner, K.T.; Edwards, R.L. Tensile testing of polysilicon. Exp. Mech. 1999, 39, 162-170. [CrossRef]

Hopcroft, M.A.; Nix, W.D.; Kenny, T.W. What is the Young’s Modulus of Silicon. ]J. Microelectromech. Syst. 2010, 19, 229-238.
[CrossRef]


http://doi.org/10.1016/0250-6874(81)80047-9
http://doi.org/10.1109/JMEMS.2014.2313635
http://doi.org/10.1088/0960-1317/22/5/055012
http://doi.org/10.1016/j.sna.2016.04.027
http://doi.org/10.1063/1.4977222
http://doi.org/10.21203/rs.3.rs-430347/v1
http://doi.org/10.4186/ej.2022.26.5.43
http://doi.org/10.1007/BF02323548
http://doi.org/10.1109/JMEMS.2009.2039697

	Introduction 
	Background 
	Working Principle of MEMS Piezoresistive Pressure Sensors 
	Design Considerations 
	Groove Designs 

	Finite Element Analysis 
	Stress Distribution of the Sensor with the Local Groove LG1 
	Stress Distribution of the Sensor with the Local Groove LG2 
	Stress Distribution of the Sensor with the Annular Groove AG 

	Groove Design Comparison 
	Functional Forms of Averaged Stress Difference and Maximum Deflection of Sensor with Groove 
	Discussion 
	Conclusions 
	References

