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Abstract:

This study analyses the square diaphragm structure of a micro-electro-mechanical system (MEMS) pressure sensor
using the finite element method (FEM). The research investigates an enhancement in stress distribution achieved
by coating a silicon (Si) diaphragm with a thin layer of silicon carbide (3C-SiC). Applying a thin layer of 3C-SiC
material onto a Si diaphragm enhances the stress distribution of MEMS pressure sensors. The design structure
of the square diaphragm of a MEMS pressure sensor is simulated and analysed using 3D FEM in COMSOL
multiphysics. Four piezo-resistors are configured in a Wheatstone bridge to translate resistance variations into
an output voltage. Then, the stress distributions are calculated by solving the 3D structures of MEMS pressure
sensors in the stationary solver of the solid mechanics module in COMSOL multiphysics. The findings indicate a
significantly higher stress distribution in the 3C-SiC layer compared to a solely silicon diaphragm. Consequently, it
is posited that the stress distribution in MEMS pressure sensors could be considerably augmented with increasing
pressure, increasing diaphragm length, and decreasing diaphragm thickness. Also, the output voltage of more than
20 mV can be achievable with this design for using the thin layer of 3C-SiC material on a Si diaphragm in designing
MEMS piezoresistive pressure sensors.
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1. Introduction sensitivity, substantial temperature dependence, and high
power consumption. Consequently, metal strain sensors
have been substituted by semiconducting materials like
silicon (Si) [19, 20], polysilicon (Poly-Si) [21], silicon
carbide (3C-SiC) [22, 23], graphene [24], and diamond
[25], enhancing the stress distribution and sensitivity of
MEMS piezoresistive pressure sensors. Silicon carbide
(3C-SiC) is particularly suited for MEMS piezoresistive
pressure sensors in harsh environmental conditions due to
its wide bandgap, corrosion resistance, excellent chemical
inertness, and high Young’s modulus. Recently, MEMS

Pressure sensors are extensively utilised in various
technical applications including medical [1], automotive
[2], wearable devices [3], and aerospace sectors [4]. Micro-
electro-mechanical systems (MEMS) pressure sensors
offer numerous advantages, such as compact size, reduced
power consumption, high sensitivity, and linearity [1].
Based on their working principles, pressure sensors can be
categorised into piezoresistive [5-7], capacitive [8], optical
fibre [9], resonant [10], and piezoelectric types [11]. For

the enhancement of stress amplification, sensitivity, and " ; X ;
linearity in MEMS pressure sensors, piezoresistivity [, 6] silicon carbide (SiC) pressure sensors have been operational

is favoured. This involves converting the applied pressure under high pressure and high-temperature conditions, where
signal into an electrical output signal, i.e., resistance, conventional silicon sensors are ineffective [26-29]. The use
to measure the stress states in materials. An increase in  Of square diaphragms made of SiC materials, which show

material stress amplification leads to heightened sensitivity ~ greater stress distribution, can lead to higher sensitivity in
in MEMS pressure sensors. MEMS piezoresistive pressure sensors [30, 31]. However,

the combination of a thin 3C-SiC layer on a Si diaphragm
(3C-SiC/Si wafer) has not been previously explored for
enhancing the stress distribution in MEMS piezoresistive
pressure sensors.

Various electrical materials’ piezoresistive properties
are explored to measure stress states in materials [12].
Literature reviews suggest that conventional piezoresistive
sensors, constructed using metal films (such as Au [13], Cu
[14], Mn [15]), alloy films (like Bi-Sb [16]), and cermet This study investigates the application of a 3C-SiC layer
films (such as Au-glass [17], RuO, [18]), exhibit limited on a Si diaphragm to achieve higher stress amplification
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and robust performance in MEMS piezoresistive pressure
sensors. A square-shaped diaphragm of a MEMS pressure
sensor is modelled using the finite element method (FEM)
in COMSOL multiphysics [32] to calculate its stress
states. A thin layer of silicon carbide (3C-SiC) is applied
atop a (100) plane Si wafer to augment the diaphragm’s
stress. Subsequently, four piezoresistors, configured in a
Wheatstone bridge, are employed to translate resistance
variations into the output voltage. The resulting output
voltage from the 3C-SiC on the Si square diaphragm is
then evaluated across a broad spectrum of pressure (p) and
diaphragm dimensions.

2. Materials and methods

2.1. Stress-strain relations for single crystal Si and SiC
materials

To examine the linear elastic behaviour of orthotropic
and homogeneous materials, such as silicon (Si) and silicon
carbide (SiC), it is essential to understand how an external
force acting upon a solid body generates internal forces that
cause deformation, stress, and strain. Fig. 1 illustrates the
stress components within a small segment of a solid body.
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Fig. 1. Stress components in a small cubic element of a
material. Variables o o, o,arme the normal stress
components in the x, y, and z dlrectlon respectively. Variables
o- O 0 . represent the shear stress components in the
X, y and zdlrectlon respectively.

A linear relationship between stress and strain is
established by Hooke’s Law [33], as shown in Eq. (1):

M-v v v 0 0 0
o, v 1-v v 0 0 0 &, 1
o, v v 1-v 0 0 . 1
=|_pl 0 0 0 1-2 0 0 ;| EaAT|1 (1)
o 2 2¢ 1-2v |0
o 0 0 0 0 1’22" 0 | 2. 0
a, =2y 2, 0
0 0 0 0 0 5

where £- E and v are Young’s modulus and

B
I+v)1-2v)’
Poisson’s ratio of the material, respectively, o is the
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coefficient of thermal expansion and AT is the change in
temperature of the solid, €, €,,, &_ are the normal strain
components in the x, y, and z directions, respectively, and
<€txy, §‘XZ &, are the shear strain components in x, y, and z
directions, respectlvely.

Considering that a thin plate is only subjected to load
forces in the x-y directions, the plane stress assumption
((5 =c_=c_=0) is applied. Therefore, the stress components
in Eq (1) are simplified as shown in Eq. (2):

- 1 v 0 £ FOuAT

a
B v 1 0 g, - 1 2)
o, 0 0 1-v i 2¢, 0

Si and SiC are known to be anisotropic materials [34-
36]. Thus, the relationship between stress and strain for
these materials, considering their anisotropic coefficients,
can be generally expressed as shown in Eq. (3):

o.] [C, C, €, 0 0 0 e,]
o, |C, G, C, 0 0 0 |e,
o.| |Gy Cy G 0 0 0 e 3)
o, 0 0 0 C, 0 0|e,
o, 0 0 0 0 C, 0 |eé.
o,/ Lo 0 0o 0o o C.le,]
where C,, C,,, and C,, are components in a 6x6 matrix,

often referred to as the coefficients of elasticity for
anisotropic materials.

The specific stress-strain relationship for anisotropic Si
in the <100> direction on a (100) plane Si wafer is expressed
in Eq. (4) [33]:

o.] 1657 639 639 0 0 0 e,
o, | 639 1657 639 0 0 g,
o.| | 639 639 1657 0 0 e
=|_ | [GPa] (4
o, 0 0 0 796 0 €, [GPa] (4)
. 0 0 0 0 796 0 |e.
lo,] Lo o 0o 0o 0 796]¢,]

Similarly, for anisotropic 3C-SiC in the <100> direction
on a (100) plane Si wafer, the relationship is given in
Eq. (5) [36, 37]:

(o] [395 132 132 0 0 0 |[e.]
o,| 132 395 132 0 0 0 |s¢,
o.| |132 132 395 0 0 0 [e&.
o7l 0o 0 o 236 0 ole |CPHO)
o, 0 0 0 0 23 0 [e&.
o, ] LO 0 0 0 0 23]e,]
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Table 1 lists the Young’s modulus (£), shear modulus
(G), Poisson’s ratio (v), and mass density (p) of Si and
3C-SiC materials in the (100) plane Si wafer. These values
are incorporated in the finite element method (FEM) in
COMSOL multiphysics [32] for calculating the stress and
strain of Si and 3C-SiC diaphragms in MEMS pressure
Sensors.

Table 1. The mechanical properties of silicon (Si) and
silicon carbide (SiC) in the <100> orientation on the (100)
plane of an Si wafer [35-37].

. L Young’s modulus ~ Shear modulus ~ Poisson’s Mass density
Materials  Orientation (GPa) (GPa) ratio (kg/m)
Si <100> 1298 79.5 0278 2330
3C-SiC <100> 395 236 025 3210

For calculating stress and strain in homogeneous

anisotropic materials like Si and 3C-SiC, solutions to the
system equations of Eq. (1) are provided for 3D problems
without body force, applied load, and boundary conditions.
However, to simulate the complex structure of MEMS
pressure sensors, FEM is required, incorporating specific
boundary conditions such as applied pressure (p) and
clamped boundaries. After solving, the stress and strain
distributions in MEMS pressure sensors can be evaluated.

2.2. Piezoresistive effect for single crystal Si and SiC
materials

Figure 2 demonstrates the alignment of all piezoresistors
in the n-type SiC/p-type Si diaphragm. These are arranged in a

(A) (B)

rotated square diaphragm at 45° for the <100> crystallographic
orientation, which has the highest piezoresistive gauge
factors for n-type SiC [36]. The change in resistivity of the
piezoresistive sensing element is given by:

Ap AR
—— = =70, 70, =71,0,+7,,0, (6)
Yol R
where p is the resistivity of the material, R is the resistance
of the material, o, and o, are the longitudinal and transverse
stresses in the piezoresistors, respectively, #, and =, are
the longitudinal and transverse piezoresistive coefficients,
respectively, and x, and z,, are the fundamental
piezoresistive coefficients of the single crystal 3C-SiC and
Si materials [33, 34].

Table 2. The piezoresistive coefficients (1
<100> direction of (100) silicon (Si) [35].

10 Ty T,,) in the

Resistivity, p m,, (107""/Pa) n,,(107""/Pa) m,,(107""/Pa)
p-Si(78Q.cm) 6.6 -1.1 -138.1

n-Si(11.7 Q.em)  -102.2 53.4 -13.6
Table 3. The piezoresistive coefficients (mw , mw , m, ) in

direction <100> of (100) silicon carbide (3C-SiC) [34, 35].

Resistivity, p m,, (10™/Pa) 7, (107"/Pa) 7, (107"/Pa)
p-3C-SiC (0.14 Q.cm) 1.5 -1.4 18.1
n-3C-SiC (0.7 Q.cm) 9.6 5.8 1.6

For the design of the sensing element, the opposing
signs of m,, and =, as presented in Tables 2 and 3, suggest
that it is advantageous to maximise the longitudinal stress

(0,) while minimising the transverse

Pressure

YYVYVYVY

SiC

Si

stress (o). This approach facilitates a
more significant change in the resistance
(AR) of the piezoresistors. Consequently,
the sensing elements are subjected to a
simple uniaxial loading beam along the
longitudinal axis. Under these conditions,
only the longitudinal stress component g,
is considered, and the transverse stress

Fixed N Outer Anchor
(€) (D)
Bl s
Bl sic 0., L
' -
20

Unit in Micro-meter

Fig. 2. (A) Schematic of the working principle of the device; (B) top-down view
of maximum distributed stresses; (C) arrangement of the four piezoresistors;
and (D) circuit diagram of resistors in full Wheatstone bridge forming the
square diaphragm of the MEMS piezoresistive pressure sensors.
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component o, is disregarded. Thus, Eq.
(6) can be simplified to Eq. (7):

Ap AR

— = =70, =70 (7)

o R

This simplification underscores that
the resistance of the sensing elements
will increase under compressive stress
(indicated by a positive sign) and decrease
under tensile stress (indicated by a
negative sign). This relationship between
stress and resistance change is crucial for
the effective functioning of the sensing
elements in piezoresistive applications.
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2.3. Sensor design and working principles

As depicted in Fig. 2A, a thin square diaphragm is
supported by a thick Si substrate. A rotated square diaphragm
of 45 degrees is proposed to maximise sensitivity, designed for
the <100> direction on a (100) plane n-type 3C-SiC/p-type Si
wafer. Additionally, a thin layer of 3C-SiC (approximately 500
nm) is applied on top of the Si diaphragm to enhance its stress
distribution, as shown in Fig. 2A. Upon the application of
pressure (p) to the diaphragm, stress concentrates at the corners
of the thin SiC on Si diaphragm. This results in maximum
distributed stresses (0, and 6 along the edges of the diaphragm
and the substrate of the MEMS pressure sensor, as illustrated in
Fig. 2B. Fig. 2C displays the placement of four piezoresistors
(R, R, R, R, at these points of maximum stress on the
diaphragm. When pressure is applied to the sensor diaphragm,
the pairs of piezoresistors (R, R,) and (R, R,) undergo an
equal and opposite change in resistance [35]. Subsequently,
the piezoresistors R, R,, R, and R, are interconnected in
a Wheatstone bridge formation, as shown in Fig. 2D, to
transform the resistance changes into an output voltage. The
output voltage (¥ ) of the Wheatstone bridge, resulting from
bridge unbalance, is given by Eq. (8):

RR.—R,R
V =Vt—y = 113 214
out (R+R)(R,+R,) '

®)

where V| is the output voltage and V, is the source voltage.

When R, and R, experience stress, their relative change
in resistance is given by:

AR, AR,

—=—==r,0, +7m,0, =0+7,0 =¢ 9)

Rl R3 1 1 1

where 0, (= Oy) and O, (~ -0, ) are the longitudinal
and transverse stress components at the locations of R, or
R, respectively.

Similarly, the relative change in resistance for R, and R,
is given by:

ARZ _AR4
R, R,

=m0, +n,0, =m0, +0=-a, (10)

where o, = O-xy) and o, (~ —0o_ ) are the longitudinal
and transverse stress components taken at the locations of
R, or R, respectively.

The relative change of voltage at the bridge output (or
bridge sensitivity) can be rewritten as:
AV o +a,
Vo 2+a-a,

(1)

Since the quantity ¢, — ¢, is sufficiently small, Eq.
(11) can be simplified by
AV o +a,

vV 2 (12)
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2.4. Finite element simulation in COMSOL
multiphysics
(A)

Fig. 3. (A) Proposed rotated square structures; (B) materials
settings for silicon, silicon carbide (3C-SiC), and applied
pressure; (C) mesh settings; and (D) clamping boundary
conditions used for FEM in COMSOL multiphysics [32].

In Fig. 3, the finite element method (FEM) model in
COMSOL multiphysics [32] is employed to calculate
the stress and strain on the square diaphragm of MEMS
pressure sensors. The simulated FEM model for the square
structure involves four steps to determine the stress in the
MEMS pressure sensor. Initially, a square structure of the
MEMS pressure sensor is proposed, as shown in Fig. 3A.
Subsequently, a thin layer of 3C-SiC material is applied to
the top of a Si (100) wafer, as depicted in Fig. 3B. The
anisotropic properties of Si and 3C-SiC materials, detailed
in Table 1, along with the geometric conditions listed in
Table 2, are incorporated. Additionally, pressure (p) is
applied to create stress distribution on the thin diaphragm. In
the mesh setting, a tetrahedral mesh density with 1,468,130
elements is employed throughout the sensor structure. An
extremely high mesh density is specifically designated for
the thin diaphragm, where stress concentration occurs,
as illustrated in Fig. 3C. The fourth step involves setting
a clamping boundary for the substrate, as shown in
Fig. 3D. Ultimately, the stress distributions are obtained
by solving the 3D structure of MEMS pressure sensors
in the stationary solver of the solid mechanics module in
COMSOL multiphysics [32].

Vietnam Journal of Science,
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3. Results and discussion

Figure 4 presents the stress distributions of square and
circular diaphragm structures of MEMS pressure sensors,
plotted using FEM in COMSOL multiphysics [32]. The results
indicate that maximum stress concentrates along the corners of
the thin diaphragm and the thick substrate. The stress distribution
of the square diaphragm (see Fig. 4A) is higher than that of the
circular diaphragm (see Fig. 4B) for MEMS pressure sensor
diaphragms, as demonstrated in Table 4. Furthermore, the stress
distributions of 3C-SiC on Si diaphragms are considerably
higher than those of Si diaphragms alone, as indicated in Table

Surface: von Mises stress (N/m?)

(A)

00

- %107 um

Fig. 4. The von Mises stress distribution (o

mises

Table 4. Basic geometric and operating conditions used in
COMSOL multiphysics [32].

Parameters Name Value
Wafer length Si (100) L, 5000 pm
Wafer thickness Si (100) ; 380 um
Diaphragm length Si (100) L, 3000 pm
Diaphragm thickness Si (100) T, 50 um
3C-SiC layer thickness Tige 500 nm
Applied pressure p 50 kPa
Young’s modulus of (100) Si E; 130 GPa
Poisson’s ratio of (100) Si Vg, 0.28
Density of materials of (100) Si Py 2330 kg/m’
Young’s modulus of 3C-SiC Eg. 394 GPa
Poisson’s ratio of 3C-SiC Vie 0.25
Density of materials of 3C-SiC o 3210 kg/m*
Elastic limit of Si - 180 MPa
Strain limit of Si & i 1385 pe
Elastic limit of 3C-SiC (SS;C - 1245 MPa
Strain limit of 3C-SiC Brers

Technology and Engineering’

Table 5. Resultant von Mises stress (o, ) for a square
diaphragm of a MEMS piezoresistive pressure sensor with
Si only and Si with 3C-SiC.

Geometries Materials von Mises stress (G, )
Si G, e = 38279 (MPa)
Square Diaphragm
Si with 3C-SiC = 95.579 (MPa)
Si e = 28.678 (MPa)
Circular Diaphragm
Si with 3C-SiC G = 81.560 (MPa)

x107

0 2 A 2

) for (A) square and (B) circular diaphragms for MEMS pressure sensors.

5. Therefore, the principal stress distribution of the square
structure of 3C-SiC on the Si diaphragm is investigated over a
wide range of applied pressures (p) and diaphragm dimensions
(i.e., length (L ) and thickness (7)) to design for higher stress
amplification in MEMS piezoresistive pressure sensors.

In Fig. 5, the principal stress (g, ) is plotted against the
thickness (7)) and length (L)) of the diaphragm for varying
applied pressures (p). Fig. SA shows that the principal stress
(c) increases significantly as the thickness (7)) decreases. In
Fig. 5B, the stress (o) increases as the length (L) increases
and rises linearly with increasing pressure (p). Consequently,
the stress distribution of MEMS pressure sensors can be
significantly enhanced by increasing pressure, extending the
length of the diaphragm, and reducing its thickness. Moreover,
the elastic limit of 3C-SiC (o, . = 1245 MPa) is listed in
Table 2. The observed stress (o) levels remain within the
elastic limit of 3C-SiC materials, ensuring the safe operation
of MEMS pressure sensors. Thus, the stress distribution in
MEMS pressure sensors can be considerably amplified across a

SEPTEMBER 2024 « VOLUME 66 NUMBER 3
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Fig. 5. Principle stress, o,  (MPa), versus (A) thickness
of diaphragm (T)) and (B) length of diaphragm (L) for
different applied pressures (p) of MEMS pressure sensors.
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Fig. 6. Output voltage, AV (mV), versus applied pressure, p
(Pa), for different diaphragm lengths (L ) of MEMS pressure
sensors.
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wide range of diaphragm dimensions and pressure conditions.

In Fig. 6, the output voltage (AV) is calculated using Eq.
(12) with varying applied pressure (p) for different lengths
(L) of the diaphragm. The results indicate a linear increase in
the output voltage (AV) as the pressure (p) rises. Additionally,
there is an observed increase in the output voltage (AV) with
an increase in the length (L)) of the diaphragm. Consequently,
a high output voltage (AV), exceeding 20 mV, can be achieved
across a wide range of diaphragm lengths and thicknesses
at an input voltage (V) of 5 V. Thus, the sensitivity of the
MEMS piezoresistive pressure sensor, featuring a combination
of a thin layer of 3C-SiC material on a Si diaphragm, can be
significantly enhanced over a broad spectrum of diaphragm
dimensions and pressure conditions.

4. Conclusions

This study has simulated and analysed the square diaphragm
structure of a MEMS pressure sensor using 3D FEM in
COMSOL multiphysics. A thin layer of 3C-SiC material,
applied onto a Si diaphragm, enhances the stress distribution of
MEMS pressure sensors. The stress distributions are calculated
by solving the 3D structures of MEMS pressure sensors in the
stationary solver of the solid mechanics module in COMSOL
multiphysics. Notable results from this study include:

1. The stress distribution of the 3C-SiC material on a Si
square diaphragm is considerably enhanced compared to that
of a Si-only diaphragm for MEMS pressure sensors.

2. The stress distribution of the 3C-SiC material on a Si square
diaphragm significantly increases under higher pressure, greater
diaphragm length, and reduced diaphragm thickness. These stress
values do not exceed the elastic limit of 3C-SiC materials. Hence,
the stress distributions in MEMS pressure sensors with 3C-SiC
on Si square diaphragms can be significantly amplified. An output
voltage of more than 20 mV is achievable with this design. The
results, demonstrating the utility of the thin layer of 3C-SiC
material on a Si diaphragm, are pivotal for designing MEMS
piezoresistive pressure sensors with enhanced stress amplification
and robust performance, particularly in hazardous environments.
Future work will involve the design and fabrication process of
the 3C-SiC on Si square diaphragm for MEMS piezoresistive
pressure sensors, employing MEMS technologies.
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