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This paper discusses the mechanical and electrical effects on 3C-SiC and Si thin film as a diaphragm for MEMS capacitive pressure
sensor operating for extreme temperature which is 1000K.This work compares the design of a diaphragm based MEMS capacitive
pressure sensor employing 3C-SiC and Si thin films. A 3C-SiC diaphragm was bonded with a thickness of 380𝜇m Si substrate, and
a cavity gap of 2.2 𝜇m is formed between the wafers.TheMEMS capacitive pressure sensor designs were simulated using COMSOL
ver 4.3 software to compare the diaphragm deflection, capacitive performance analysis, vonMises stress, and total electrical energy
performance. Both materials are designed with the same layout dimensional with different thicknesses of the diaphragm which
are 1.0 𝜇m, 1.6𝜇m, and 2.2 𝜇m. It is observed that the 3C-SiC thin film is far superior materials to Si thin film mechanically in
withstanding higher applied pressures and temperatures. For 3C-SiC and Si, the maximum vonMises stress achieved is 148.32MPa
and 125.48MPa corresponding to capacitance value which is 1.93 pF and 1.22 pF, respectively. In terms of electrical performance,
themaximum output capacitance of 1.93 pF is obtained with less total energy of 5.87 × 10−13 J, thus having a 50% saving as compared
to Si.

1. Introduction

More recent developments in the field of robust microme-
chanical system (MEMS) for extreme environment such as
MEMS pressure sensor have been widely used in airplanes,
submarines, gas turbine engine, automobiles, and biomedical
devices [1]. MEMS pressure sensor based silicon (Si) mate-
rials are not well suited, owing to its desirable and stable
material properties under extreme environment due to this
limited operating of mechanical and electrical properties
that can degrade below temperature of 300∘C [2]. There are
some significant challenges replacing the silicon with silicon
carbide (3C-SiC) materials for MEMS application. The 3C-
SiC is promising materials that have excellent mechanical
and thermal stability for the fabrication MEMS capacitive
pressure sensor operating for extreme environment [3]. In
improving the performance ofMEMSpressure sensor, the use

of 3C-SiC materials is an alternative offering a new approach
to overcome high temperature performance.

The mechanical and electrical properties of 3C-SiC show
great promise and effective materials that are highly wear
resistant with good mechanical and electrical properties
including high temperature strength, chemical stability, and
excellent thermal shock resistance applications. In a previous
study, Wijesundara and Azevedo have investigated electrical
properties of 3C-SiC which is one of the best materials for
extending the capabilities of excellent electrical properties
such as wide band-gap (2.3 eV), high breakdown field (1.8 ×
1017 cm−3), high-saturated drift velocity (2.5 × 107 cms−1),
higher thermal conductivity (5W/cm-K), and electrically
robust materials that have been adequately applied in a high
temperature, harsh environment, and high power density for
MEMS application [4]. The 3C-SiC provides a mechanically
superior material compared to Si that can remain constant
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up to temperature above 500∘C with relatively high Young’s
modulus of 450GPa, higher density (3.2 × 10−15 kg/𝜇m−3),
and higher yield strength (21 GPa) and Poisson’s ration of 0.22
can be operated effectively at extremely high temperature [5].

In this paper, specifically, we focus on the comparison
of the movable diaphragm utilizing both materials 3C-SiC
and Si at changes of diaphragm thickness which is 1.0 𝜇m,
1.6 𝜇m, and 2.2𝜇m despite having similar layout size when
pressures and temperatures are applied to the diaphragms.
The MEMS capacitive pressure sensor was designed and
simulated using COMSOL Multiphysics software ver. 4.3 via
its process simulator tool. The effects of mechanical and
electrical of MEMS capacitive pressure sensor is introduced
and compared in terms of deflection of the diaphragm,
capacitance performance, vonMises stresses distribution into
loaded diaphragm and total electric energy in response to
applied pressures.

2. Methodology

2.1. Modeling of MEMS Capacitive Pressure Sensor Design.
In order to design and optimize the dimensional layout of
MEMS sensor, both 3C-SiC and Si designs were simulated
using COMSOL Multiphysics ver. 4.3 software as shown in
Figure 1. The structure was created using 2D model from
cross section of 3D geometries with functional part for
MEMS capacitive pressure sensor, as depicted in Figure 2. A
thin diaphragm is held at a fixed potential of 1.0 Volt. The
MEMS capacitive pressure sensor consists of 3C-SiC, silicon
nitride (SiN), and Si layers. The structure was initiated by
setting 3C-SiC as diaphragm, SiN as an insulator, and Si as
a substrate. The 3C-SiC diaphragm comprises an Si substrate
to form a cavity with the thickness of 2.2 𝜇m. The height
of the cavity is relative to the external pressure suspended
over a reference vacuum cavity. The SiN as insulating layer
is deposited to avoid the conductor losses from the metal
connection between the diaphragm and the substrate.

The diaphragm deflects under an increasing external
pressure contacting its substrate. The distance between the
diaphragm and substrate exhibits an increase in the MEMS
device capacitance value. At a certain pressure, the diaphragm
starts to touch the substrate. Due to the change of touched
area, the capacitance increases with increasing pressures [6].
Any variation in diaphragm thickness, insulator, and a sealed
cavity has a significant impact on the resulting deflection
performance that can be manipulated by simulating the
MEMS capacitive pressure sensors to perform accurate and
reliable output.

2.2. Simulation Methodology

2.2.1. Deflection of Diaphragm for 3C-SiC and Si. For the pur-
pose of studying the effects of the diaphragm deflection for
3C-SiC and Si, COMSOL ver 4.3 software was performed on
MEMS capacitive pressure sensor with varying thicknesses
which are 1.0 𝜇m, 1.6 𝜇m, and 2.2 𝜇m.The gap cavity between
the diaphragm and substrate was fixed at 2.2𝜇m. The square
shaped diaphragm structure with length andwidth of 2.0mm
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Figure 1: Modeling of 3D MEMS capacitive pressure sensor.
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Insulator

CavityDiaphragm

Figure 2: Cross section through the MEMS capacitive pressure
sensor.

is designed.The performance of diaphragm is analyzed using
model builder solver in terms of deflections in response to
pressure and temperature changes. The centre deflection of
diaphragm 𝑤(𝑥, 𝑦) for square shape of MEMS capacitive
pressure sensor can be defined as [7]

𝑤max = 0.01512 (1 − V2) 𝑃𝐿4𝐸ℎ3 , (1)

where 𝐿 is the diaphragm length, ℎ is the diaphragm thick-
ness, Young’s modulus 𝐸 and Poisson’s ratio, V, are subjected
to uniform pressure, 𝑃, and the maximum diaphragm deflec-
tion is 𝑤max.

2.2.2. Comparison Capacitance for 3C-SiC and Si. The basic
operation to analyze the capacitance performances of both
3C-SiC and Si materials is using a movable top plate in order
to create a variable capacitance. MEMS capacitive pressure
sensor is simulated to uniformly distribute the pressure on the
surface of the diaphragm.The design of the proposedMEMS
pressure sensor diaphragm of width and length was fixed at
2.0mm and 2.0mm, respectively. The capacitance equation
can be defined as [8]

𝐶 = 𝜀𝑟𝜀0𝐴𝑑 , (2)

where 𝐶 is the capacitance between the two electrodes, 𝜀𝑟
is the permittivity of the dielectric medium used between
the two electrodes, 𝜀0 is the permittivity for air (8.854 ×
10−14 F/cm), and 𝑑 is the distance or separation between two
electrodes. To analyze the capacitance performance for both
materials, the differential thicknesses varying from 1.0 𝜇m,
1.6 𝜇m, and 2.2 𝜇m and the resulting capacitances between
two materials were compared.
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Figure 3: 2D stress components.

2.2.3. von Mises Stress. The diaphragm is assumed to be
capable of large deformation and once the diaphragm is
applied to high increasing pressure loads, the diaphragm
will eventually break which generates high levels of stress.
The von Mises stresses were obtained after simulation in
order to evaluate both 3C-SiC and Si materials performance
by its mechanical strength. The maximum von Mises stress
criterion is according to Von Mises-Hencky theory, also
known as the shear-energy theory or maximum distortion
energy theory [9]. Figure 3 shows the 2D state of stress
with the independent stress components of 𝜎𝑥 and 𝜎𝑦.
The third stress component 𝜎3 can exist on the 𝑧-axis. In
the context of a complicated stress system, the initial step
would be to determine the principle stresses 𝜎𝑥, 𝜎𝑦, and 𝜎𝑧.
Three important stress indicators are derived: principle stress,
maximum shear stress, and von Mises stress [10].

The principle stresses 𝜎1, 𝜎2, and 𝜎3 are found to be

𝜎1, 𝜎2 = 𝜎𝑥 + 𝜎𝑦2 ± √(𝜎𝑥 − 𝜎𝑦2 )2 + 𝜏2𝑥𝑦,
𝜎3 = 0.

(3)

The maximum shear stress is calculated as

𝜏max,1,2 = 𝜎1 − 𝜎22 ,
𝜏max,1,3 = 𝜎1 − 𝜎32 ,
𝜏max,2,3 = 𝜎2 − 𝜎32 .

(4)

The vonMises stress in (5) can bewritten in terms of principal
stress as

𝜎V = √ (𝜎1 − 𝜎2)
2 + (𝜎2 − 𝜎3)2+ (𝜎1 − 𝜎3)22 . (5)

When 𝜎3 = 0, the von Mises stress is

𝜎V = √𝜎21 + 𝜎22 − 𝜎1𝜎2. (6)
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Figure 4: The electric field in MEMS pressure sensor.

Note that, when only 𝜎𝑥 and 𝜏𝑥𝑦 are present, the von Mises
stress is

𝜎V = √𝜎2𝑥 + 3𝜏2𝑥𝑦. (7)

2.2.4. Total Electric Energy Performance. The capacitance
describes the space between two electrodes which will be
affected by an electric field. If two metal plates are placed
with a gap between them and a voltage is applied to one of
the plates, an electric field will exist between the plates. The
electric field will experience a force from pressure when it is
in a region where an electric field exists. From the definition
of the electric field, this force is given by [11]

�⃗� = 𝑞⇀𝐸, (8)

where �⃗�, the force, is exerted on the electrode diaphragm,
𝑞 is the charge of the particle between electrodes, and ⇀𝐸
is the electric field. When an electron (𝑞 = −𝑒) is in an
electric field, the electron experiences a force in the direction
opposite to the electric field by applying a potential difference𝑉acc between two electrodes. 𝑚 is the mass of the electron.
Electrons entering the deflection plates have a velocity V𝑥
given by (9)

V𝑥 = √2𝑒𝑉acc𝑚 . (9)

After electrons leave to another electrode, the electric field
in between the plates is approximately uniform by applied
voltage, 𝑉𝑑 = 1 Volt, across the plates, as depicted in Figure 4
[12].

A measure of the deflecting electric field is given by

𝐸deflect𝑦 = −𝑑𝑉𝑑𝑦 = −𝑉𝑑𝑑 . (10)

The average field by replacing the derivative with the
voltage difference is divided by 𝑑, the distance between the
plates. However, for large deflection, diaphragm plates are
applied by different uniform pressure; thus the average field
and the local field are quite close in value. The electric
field which will exert a force on the electron with opposite
direction of the arrow in Figure 4 can cause the trajectory of
the electron to be altered, as depicted in Figure 5. A negatively
charged electron is deflected in an electric field. It is repelled
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Figure 5: Effect deflection plates with electrical energy.

Figure 6: Structure surface deflection of diaphragm with applied
pressure.

from the negative plate and attracted towards the positive
plate [13].

Using Newton’s second law and the kinematic equations,
the distance in which the electron is deflected, 𝑦, is given by
[14]

𝑦 = 𝑒𝐸deflect𝑦 𝐿
𝑚V2𝑥 (𝐷 + 𝐿2) , (11)

where 𝐿 is the length of the plates, 𝑑 is their separation, and𝐷 is the distance from the end of the plates to the viewing
screen.

3. Results and Discussions

3.1. Deflection versus Pressure of the Diaphragm. Initially, the
COMSOL 4.3 simulation is simplified and performed on
MEMS capacitive pressure sensor diaphragm as depicted in
Figures 6 and 7. Figure 8 represents the centre deflection
of the diaphragm as a function of the external pressure.
It is observed that the deflection is distributed throughout
the center of the diaphragm due to applied pressure on its
surface. Approximately, the pressure applied on diaphragm

Figure 7: Plot of deflection of the diaphragm versus pressure.
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Figure 8: Comparison of deflection versus pressure for 3C-SiC and
Si with differential thicknesses of diaphragm.

surface is between 0 kPa and 120 kPa. The verification of
3C-SiC result for pressure-deflection was obtained the small
deflection increases linearly that two surfaces were not
touching to the substrate. The thicknesses of 1.0𝜇m, 1.6 𝜇m
and 2.0 𝜇m is deflect at 0.609𝜇m, 1.596 𝜇m and 2.184 𝜇m,
respectively. Compared to Si, the diaphragm thickness of
1.0 𝜇m and 1.6 𝜇m starts to touch the substrate at the pressure
of 80 kPa and 50 kPa, respectively, due to the mechanical
properties such that Young’s modulus and Poisson’s ratio of
Si cannot withstand the higher pressure when referring to (1).
The performance diaphragm thickness of a 2.2 𝜇m of Si
demonstrated that the deflection was increased linearly and
not in contact with substrate.

Therefore, we concluded that the simulation results
presented in Figure 8 indicated that the thickness of the
diaphragm is strongly affected by the deflection of MEMS
pressure sensor. A thin diaphragm is more sensitive than a
thick diaphragm. It can be seen that the diaphragm deflection
increases with the increase of applied pressure. Comparing
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Figure 9: Plot of capacitance of the diaphragm versus pressure.

the simulation results between 3C-SiC and Si with different
thicknesses, the pressure-deflection was observed such that
the 3C-SiC is capable of withstanding higher applied pres-
sures up to 120 kPa. Replacing 3C-SiC in MEMS applications
exhibits excellent mechanical and electrical properties com-
pared to Si materials.

3.2. Capacitance versus Pressure and Operating Temperature.
Figure 9 shows the plots of capacitance with operating tem-
peratures of both 3C-SiC and Si. In MEMS pressure sensor,
the diaphragm capacitance is measured by applying pressure
on diaphragm’s surface. In our case, the working pressure
was applied on the diaphragm between 0 kPa and 100 kPa.
FromFigure 10, it could be seen that the capacitance increases
linearly for 3C-SiC with the pressure up to 100 kPa, while
Si materials inherently nonlinear characteristic have been
demonstrated due to shear stress and strain distribution on
the diaphragm caused by external high pressure [15]. The
diaphragm based 3C-SiC materials for the thicknesses of
1.0 𝜇m, 1.6 𝜇m, and 2.2 𝜇mwas evaluated with higher capaci-
tance value with comparative performance of good linearity,
large operating pressure range of 0 kPa to 100 kPa with the
maximum capacitance of 1.34 pF, 1.65 pF, and 1.93 pF, respec-
tively. In contrast, Si materials were performed nonlinearly
with lower capacitance value of 0.90 pF, 1.10 pF, and 1.22 pF,
respectively. It is demonstrated that 3C-SiC has excellent
materials with incredibly high pressure. Nonlinear response
of a capacitance-pressure is due to the Si materials could
not enduring at high pressures in predicting the damage or
fracture of the diaphragm [16].

Figure 11 shows the effects of 3D modeling MEMS
capacitive pressure sensor of 3C-SiC with pressure applied
of 120 kPa and temperatures of 1000K. The simulation of
capacitance versus operating temperature for 3C-SiC and
Si from COMSOL ver. 4.3 software is plotted in Figure 12.
In Figure 13 the comparison of capacitance versus pressure
for 3C-SiC and Si materials with varying thicknesses of
the diaphragm with applied pressure between 0 kPa and
120 kPa with temperatures from 290K to 1000K could be
seen. For 3C-SiC, the simulation result shows that the
capacitance performance decreases linearly with increasing
operating temperature. Compared to Si materials, it was
found that capacitance-operating temperature response is
non-linear. It is revealed that non-linear at the temperature
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Figure 10: Comparison of capacitance versus pressure for 3C-SiC
and Si with differential thicknesses of diaphragm.

Figure 11: Structure surface of diaphragm with maximum applied
pressure and temperature.

Figure 12: Plot of capacitance versus operating temperature in
MEMS capacitive pressure sensor.
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Figure 13: Comparison of capacitance versus operating temperature
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extremes indicate the stress distribution on the diaphragm.
The diaphragmbased 3C-SiCmaterials exhibits large changes
in capacitance at high temperature of 1000K with varying
thicknesses of 1.0 𝜇m, 1.6 𝜇m, and 2.2𝜇mwith the capacitance
value of 0.56 pF, 0.64 pF, and 0.71 pF, respectively. Si has lower
capacitance value with maximum capacitance of 0.49 pF,
0.57 pF, and 0.65 pF due to its relatively superior thermal and
electrical properties.

It is evident that 3C-SiC is capable of functioning for
extreme temperature; high power conditions enable produc-
ing high performance enhancement to a wide variety of
systems and applications [17]. In contrast, Si materials show
that the capacitance decrease nonlinearity with operating
temperature due to the limitation ofmechanical and electrical
properties does not endure extreme temperature. This is
because of the dielectric losses caused by change in the
field of mechanical properties such as elastic modulus which
decreases with increasing temperature [18]. The simulation
results revealed that Si is not suitable materials to be applied
for extreme temperature applications.

3.3.Maximum vonMises Stress versus Pressures andOperating
Temperatures. Figure 14 illustrated the maximum von Mises
stress distribution on the MEMS capacitive pressure sensor
diaphragm as the applied pressure and temperature due to the
effect of friction heat and elastic deformation on the surface of
the diaphragm. It can be found that as the pressure and oper-
ating temperature increase, the maximum von Mises stress
linearly increases for 3C-SiC, while nonlinearity increases
for Si materials shown in Figure 15. The main reason can be
that vonMises stress distribution on the diaphragm increases
linearity which has proven that 3C-SiCmaterials can generate
some amount of thermal energy.

Figure 14: Structure surface of diaphragm with maximum von
Mises stress with applied pressure.
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of diaphragm.

The results also show the effect of strain and stress which
appear on the surface of diaphragm at the point of loading
pressure. For 3C-SiC, the maximum von Mises stress with
an applied pressure of 100 kPa and temperature of 1000K
increases linearly with the thickness of the diaphragm which
is 1.0 𝜇m, 1.6 𝜇m, and 2.2 𝜇m with higher value of von Mises
stress which is 102.38MPa, 127.31MPa, and 148.32MPa com-
pared to Si which is 36.36MPa, 60.51MPa, and 125.48MPa,
respectively. It is demonstrated that the linear analysis indi-
cates a uniform state of stress proportional to the strain
as referred to (5) function as well as high sensitivity for a
MEMS capacitive pressure sensor equipped with thickness of
the diaphragm [19]. It is revealed that 3C-SiC material can
survive for resisting a very high pressure and extremely high
temperatures without fracture.

For Si materials, the results present more realistic nonlin-
ear responses to an applied pressure and operating temper-
ature explained the unconditional stability of the materials
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with respect to strain increments. It is possible that the high
stresses monitored at these stress concentration areas are
due to thermal stresses caused by thermal expansion and
contraction of the materials produced by thermal gradient
[20]. The major thermal stress induced can cause failure
of diaphragm materials that affects the nonlinear behavior
exhibited under prestressing and thermal effects.

3.4. Total Electric Energy Performance with Applied Pres-
sure. Figure 16 highlights that total electric energy possesses
applied pressure despite having similar layout size, with the
only difference thickness of the diaphragm simulated in
COMSOL 4.2 software.The expression of total electric energy
is defined by (8) for the center deflections due to electrical
biasing field between two electrodes responses to pressure
applied on the surface of diaphragm with the input voltage
remaining 1.0 Volt.

In Figure 17, the effects of comparing total electrical
energy at varying pressures for both materials 3C-SiC and Si
could be seen. It is observed that total electrical energy for
Si significantly increases with increasing applied pressure for
the diaphragm thickness of 1.0 𝜇m, 1.6 𝜇m, and 2.2 𝜇m is 1.81× 10−12 J, 2.09 × 10−12 J, and 2.53 × 10−12 J, respectively. Similar
trend is observed for 3C-SiC, but the rate of total electric
energy significantly lowers for the diaphragm thickness of
1.0 𝜇m, 1.6 𝜇m, and 2.2 𝜇m is 4.34 × 10−13, 4.68 × 10−13, and
5.57 × 10−13, respectively. This is due to the fact that charge of
the particle between diaphragm and substrate interface was
affected by an electrodematerial’s energy between electrodes.

The novelty of the study was the use of 3C-SiC materials
that can minimized the total electric energy with applied
pressure. A distributed applied pressure loading, the applied
physical strain, and deformation can be subject to changes
in electrical energy performance. Typically, electric energy
was acutely affected by the thickness of the top electrode;
in this case, the diaphragm has a significant impact on
electric energy because of its ability to change resulting from
an applied pressure which also exhibits long-term electric
energy saving relatively cheap [21].

For the purpose of studying effects of the design thickness
changes, it can be concluded that the maximum applied
pressure of 100 kPa shows the lowest electric energy with
electric energy less than 5.87 × 10−13 J of 3C-SiC compared
with Si of 2.53 × 10−12 J, thus having more than 50% saving as
compared to Si.

4. Conclusion

The simulation results through interactive 3D plots of COM-
SOL ver. 4.3, 3C-SiC, improved the capacitance performance
increase linearly with maximum capacitance of 1.93 pF com-
pared to Si increasing nonlinearly with maximum capaci-
tance of 1.22 pF. This is due to the fact that 3C-SiC thin film
maintains its structural integrity of high Young’s modulus
and thermal conductivity that can withstand operating at
extreme temperature. In terms of the maximum von Mises
stress induced on the centre of the diaphragm, the 3C-SiC
thin film performed increases linearly with high von Mises

Figure 16: Plot of total electric energy versus pressure in MEMS
capacitive pressure sensor.
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Figure 17: Comparison of total electric energy versus pressure for
3C-SiC and Si with differential thickness of diaphragm.

stress which is 148.32MPa at 1000K, while Si thin film is
125.38MPa only. In terms of electrical performance for 3C-
SiC based sensor, themaximum output capacitance of 1.93 pF
is achieved with less total electrical energy of 5.87 × 10−13 J,
thus having a more than 50% saving as compared to Si.These
results highlight the superiority of 3C-SiC compared to Si in
terms ofmechanical and electrical performance, thusmaking
it favorable for MEMS capacitive pressure sensor. It has been
proven to be the most suitable material applied for extremely
high temperatures and high pressures.
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