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Abstract - This study shows a comparative analysis of p-type and n-type Polycrystalline Silicon (Poly-Si) piezoresistive pressure
sensors using COMSOL Multiphysics simulation and analytical modeling. The novelty of this study is to study the sensitivity,
polarity, linearity, and output span of the sensors with p-type and n-type poly-Si with a doping concentration of 10'%cm=. The
poly-Si-based piezoresistive sensors change their majority charge carrier mobility when deformation occurs. They are also
highly compatible with micromachining processes. Therefore, poly-Si-based piezoresistive sensors are widely used in MEMS
applications. The p-type and n-type poly-Si with a concentration of 1 x10'® cm™ is used as the sensing material. The mechanical
structure used in this study is a cantilever beam with applied pressure on the top. The material used for the mechanical structure
is Silicon (Si). A thin layer of Silicon Dioxide (SiO:) is used as an insulating sheet between the mechanical structure and the
poly-Si piezoresistive sensing layer. In Simulation, the voltage terminal is placed at the clamped side, and the ground is placed
at the free end of the poly-Si layer. The analytical result and Simulation results demonstrate that both proposed sensors exhibit
a highly linear resistance with applied pressure. The polarity of the sensors is positive for the p-type poly-Si-based sensor, while
the polarity of the n-type poly-Si is negative. This opposite polarity is due to the presence of a majority charge carrier. The poly-
Si piezoresistive pressure sensors exhibit a negative slope for n-type and a positive slope for p-type for the applied pressures
ranging from 0 to 100 kPa. Sensor sensitivity is found to be intensely dependent on factors such as the piezoresistive coefficient,
doping concentration, electron/hole mobility, and cantilever dimensions (length, width, and thickness). The sensitivity of the
simulated p-type and n-type poly-Si piezoresistive pressure sensors is 7.0 mQ/kPa and -2.29 mQ/kPa, respectively. The
sensitivity of the analytical for p-type and n-type poly-Si piezoresistive pressure sensors is 8.4 mQ/kPa and -2.31 mQ/kPa,
respectively.
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1. Introduction

With the advancement of the Internet of Things (loT), the
miniaturization of sensors with high sensitivity is significant.
This is because a smaller size consumes less power, which
increases the lifespan of the power supply. The Micro-
ElectroMechanical Systems (MEMS)-based sensors have
compact size, low power consumption, and high sensitivity,
and are widely used in loT. The MEMS-based pressure
sensors can be categorised based on the technology used. They
are piezoelectric, piezoresistive, capacitive, inductive, optical,

Among  these  piezoresistive materials,  the
semiconductor-based piezoresistive material has higher
resistivity and is highly compatible with the micromachining
fabrication technology. This high resistivity is due to the
combined effect of the structural deformation and other factors
such as carrier concentration, carrier mobility, granular
boundaries, and the piezoresistive coefficient of the material
[4, 5]. Various semiconductors can be used as piezoresistive
materials.

resonant, and resistive [1].

The piezoresistive pressure sensor is one of the most
commonly used pressure sensors. This is because of the ability
to directly convert the mechanical stress into electrical
resistance. The materials that show piezoresistive effect are
divided into four groups. They are semiconductors, ceramics,
metals, and polymers [2, 3].

OSOE)

The silicon-based semiconductor is widely used in
MEMS applications due to its high piezoresistive coefficient,
compatibility with standard CMOS fabrication processes, and
mechanical robustness [6, 7]. The silicon-based piezoresistive
materials have four major types. They are n-type single
crystal, p-type single crystal, n-type and p-type poly-Si. These
silicon-based piezoresistive sensors can be tuned to their
electrical properties by varying the doping concentration.
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Many studies have been done to explore the piezoresistive
behaviour of poly-Si under different doping levels. But a
simulation and analytical comparative study for these sensors
has not been done. So, there is a lack of direct comparative
analysis between proposed sensors under identical cantilever
mechanical structures with the same doping conditions. This
gap limits the understanding of how the majority carrier type,
like holes and electrons, influences the sensitivity, polarity,
and output span applied pressure.

In the present work, a comparative study is done for p-
type and n-type poly-Si piezoresistive pressure sensors using
COMSOL Multiphysics simulation and analytical modeling.
The 3D structure of the sensor is modelled with a cantilever
beam as a mechanical structure. The Si material is used for the
mechanical structure, and a thin SiO2 layer is used as an
insulator between the Si and the sensing layer. Electrodes are
placed at the fixed and free ends of the poly-Si of the sensor.
Simulations are conducted for the applied pressure ranging
from 0 to 100 kPa, and the simulated output resistance is
compared with analytical values. A comparative study based
on key performance, i.e., sensitivity, polarity, linearity, and
output span, of the proposed piezoresistive pressure sensors is
conducted.

2. Related Works

The sensitivity, polarity, linearity, and output span of
MEMS piezoresistive pressure sensors depend on material
properties and device structure. In a semiconductor-based
piezoresistive pressure sensor, the change in resistance under
applied pressure not only depends on geometric deformation
but also on variations in carrier mobility, carrier concentration,
and the material’s piezoresistive coefficients [2, 8].
Furthermore, the distinct longitudinal piezoresistive
coefficients (m) of p-type and n-type Si result in opposite
sensitivity polarities and different strain responses [9].

In poly-Si, charge carriers move more slowly than in
crystalline Silicon because they get scattered more at the edges
of tiny grains in the material. Research has shown that poly-Si
can be up to ten times more resistant than single-crystalline Si,
despite having the same doping concentration [10, 11]. This is
because the movement of the majority charge carrier in poly-
Si is three to ten times slower than that of crystalline Si on the
same doping concentration and temperature. When stress is
applied to poly-Si, it changes the structure, which affects both
the carrier mobility and the grain boundaries.

This change led to the change in resistivity of the poly-Si
under stress, which is the operating principle of the
piezoresistive pressure sensor [12]. Studies show that in p-
type poly-Si nanofilms, the gauge factor increases with doping
concentration up to an optimum level and then decreases. At
the same time, low-doped films exhibit greater nonlinearity
due to grain-boundary traps [13]. Hence, doping level, carrier
type, and microstructure directly influence sensor sensitivity
and linearity.
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The sensitivity can be enhanced by placing piezoresistive
sensing material in high-stress regions of the device structure
and using thin membranes or nanowire structures to amplify
the strain [14]. However, excessive deflection often leads to
nonlinear stress distribution, compromising linearity and
output span [15]. Achieving both high sensitivity and good
linearity thus requires a balanced approach involving careful
control of doping concentration, geometry, and stress
distribution. The analysis method can be performed using
analytical Modeling and COMSOL simulation.

In recent studies, the performance of the sensors has been
improved by using different materials and design innovations.
Ultra-thin Silicon-On-Insulator (SOI) -based sensors achieved
high sensitivity (34.22 mV/V) and excellent linearity (-
0.341%) through precise etching and surface refinement [16].
Flexible porous sensors integrating electron tunneling effects
maintained linearity within 7.9% marginal error across
pressure ranges [17].

High-temperature p-type SOI sensors exhibited 11.94
mV/V/MPa sensitivity with only 0.99% nonlinearity due to
thermal drift compensation [18]. FEM-based optimization of
SOI sensors identified low doping and optimal resistor
placement as key to maximizing sensitivity (14.65
mV/VIMPa) [19], while Polysilicon-On-Insulator (PSOI)
sensors achieved c/bar/mA sensitivity and stable output under
200 mbar [20]. Despite such progress, few studies directly
compare p-type and n-type poly-Si sensors under identical
conditions.

This present work fills this gap by using both analytical
Modeling and COMSOL simulation to examine the
performance of p-type poly-Si and n-type poly-Si sensors.
The key performance parameters used in this study are
sensitivity, polarity, linearity, and output span of the proposed
sensor.

3. Analytical Model

This analytical model has two main steps. They are a
mechanical model and an electrical model. In mechanical
Modeling, the stress produced above the Surface of the
piezoresistive material is calculated for the external input
pressure. In electric Modeling, the change in output resistance
due to the change in induced stress is calculated. Finally, the
sensitivity of the piezoresistive-based sensor is calculated for
the externally applied pressure.

3.1. Mechanical Modeling

In this study, a cantilever structure is used to design a
poly-Si piezoresistive pressure sensor for sensing the pressure.
This cantilever structure serves as the main mechanical
structure of the sensor. The sizes of the cantilever are Length
(1), Breadth (w), and Height (h), which are very important
parameters for determining the mechanical deflection and
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stress for the applied structure. The model structure of the
sensor is shown in Figure 1.

—
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Fig. 1 Block diagram of the sensor
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Fig. 2 Cantilever structure for moment calculation
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For calculating the stress of the cantilever for the applied
pressure, the conservation of moment equation (equilibrium of
moments) of the cantilever is considered. The mathematical
expression of the equation is as follows [21-23]:

92%v(x)
9x2

—EI = Plwx — Mo — [;' = (x = r)dr 1)

Where Mg is the moment, E is the Young’s modulus, V(X)
is the deflection, and I is the moment of inertia, x is any
position taken in the length of the cantilever, r is a slight

shifting from the x position, P is the applied pressure,

The value of M, and 1 is given as follows:
)

©)

After substitution, the value of M, and | in Equation (1),
and differentiating the equation, it can be written as follows:

2
%(Zx) = #(PWF’ + Pwlix? — 2Pwi?x)

(4)
The stress o(x) function in terms of deflection can be
given by Equation (4).

9%v(x)
ax2

o(x) = —Ez ®)

Where z is the distance of the Surface from the natural point.

After rearranging Equation (4), the stress function of the
cantilever is achieved. The stress function of the cantilever is

as follows:
a(x) = —22—5(12 + x? — 2x1)

(€)

To find the maximum stress of the cantilever, considering
the pressure and height are constant, then the term inside the
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bracket should be maximum. The maximum value of this term
is I2. Now, the maximum stress equation of the cantilever is as
follows:

6p2
o(x) 3

()
max
3.2. Electrical Modeling
The resistance Ry of a semiconductor having a doping
concentration of n and carrier mobility p is given as follows:

1

qnun Wshg

Ry — ®)

Where, I is the length of the piezoresistive material, ws is
the width of the piezoresistive material, and hs is the thickness
of the piezoresistive material.

Now, the change in the resistance of the piezoresistive
material with piezoresistive coefficient 7 is given as follows:

6R = mo(X)R, (©)]

After putting the values of Rg and o(x) in Equation (9).
The equation of change in resistance can be written as follows:

1 I

SR = —nlz;—;’(zz + x% — 2x1) (10)

qnun Wshs

The maximum change in resistance is calculated by the
following equation:

6P1?
h3

11

6R = —mz (11)

qnup Wshg

Finally, the sensitivity of the sensor is calculated by the
following equation:

1 I

SR = —nlzh%(zz +x? — 2x1) (12)

qnun Wshs

The maximum sensitivity of the sensor can be calculated
by the following equation:

612
—MZ—=
h” qnupn Wshg

11

6R =

(13)

From the above equations, the change in output resistance
of the semiconductor-based piezoresistive pressure sensor is
determined by the piezoresistive coefficient, distance of the
plain from the natural plain, length and height of the
cantilever, length, height, and width of the piezoresistive
sensing material, doping concentration, and carrier mobility of
the materials. The sensitivity is calculated by the ratio of the
change in output resistance to the externally applied pressure.
So, the factors influencing the sensitivity of the sensor are the
same as the factors that affect the change in output resistance.
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4. Simulation After meshing, the simulations are performed for the
The COMSOL Multiphysics simulator is used for the ~ applied pressure ranging from 0 kPa to 100 kPa with a step
Simulation of the proposed model of the piezoresistive p-type  size of 10 kPa. The simulation output of the n-type poly-Si
and n-type poly-Si-based pressure sensor by keeping the same piezoresistive pressure sensor, showing the gradient of electric
structure and dimension for both the sensors. The proposed ~ Potential on the Surface of the sensing layer, is shown in
model of the sensor designed in COMSOL is shown in Figure ~ Figure 5, and the graph of change in resistance of the n-type
3. In this model, the lower block is Silicon, which acts as the ~ Polysilicon piezoresistive pressure sensor is shown in Figure
main mechanical structure. The middle block is the SiO,, 6.
which acts as an insulator. The above layer is the sensing

layer, i.e., n-type or p-type poly-Si. The dimensions of these pA(11)=1ES Pa Volume: Electric potential (V)
blocks are tabulated in Table 1. After the model is designed, Al
the various input boundaries, such as ground, electrodes, fixed um :
constraints, and pressure, are applied in the physics section of 40 56 0
the COMSOL Multiphysics. 2'8
Table 1. Dimensions of the layers in the sensor 0.7
. Length | Width | Height 0.6
Layers Material
Y (um) | (um) | (um) 03
Si 200 40 20 04
Si02 200 40 2 03
n-type poly-Si 40 40 5 02
0.1
Z 0 0
lox ¥-457x107

Fig. 5 Gradient of electric potential on the surface of n-type polysilicon
piezoresistive layer
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Fig. 3 Proposed sensor model in COMSOL multiphysics simulator
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After configuring all the input parameters, the model is
meshed with a tetrahedral shape with a finer size. The model
of the sensor after meshing is shown in Figure 4.

I
1

49.78

4976 | 1 1 I 1]
0 2 4 6 8 x10°
pA (Pa)
Fig. 6 Change in resistance with change in applied pressure for n-type
polysilicon piezoresistive-based sensor

From Figure 5, it is observed that the electric potential is
gradually decreasing from the fixed side electrode, which has
a 1 V supply, toward the electrode at the free end, which is
grounded. So, there is a potential gradient, which means
current is flowing through this layer. From Figure 6, it is
observed that the resistance decreases with an increase in input
pressure.

Similarly, Figure 7 shows the simulation output of the p-
type poly-Si piezoresistive pressure sensor showing the

Fig. 4 Meshing of the proposed sensor model
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gradient of electric potential, which also decreases from the
fixed end toward the free end. It means the current is following
through this sensing material. Figure 8 shows the simulated
output resistance with respect to applied pressure. It is
observed that the resistance increases with an increase in
applied pressure.

pA(11)=1E5 Pa

Volume: Electric potential (V)

V -4.55x1018

Fig. 7 Gradient of electric potential on the surface of p-type polysilicon
piezoresistive layer
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117.1
117.05
117
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116.9
116.85
116.8
116.75
116.7
116.65
116.6

| | | | |
8

><1:)J
pA (Pa)
Fig. 8 Change in resistance with change in applied pressure for p-type
polysilicon piezoresistive-based sensor

From Figures 6 and 8, it is observed that the resistance is
decreasing with an increase in applied pressure for the n-type
poly-Si piezoresistive pressure sensor, but the resistance is
increasing with an increase in applied pressure for the p-type
poly-Si piezoresistive pressure sensor.

5. Results and Discussion

After the Simulation, a comparative study is done for the
simulated output and analytical output for the n-type and p-
type poly-Si piezoresistive pressure sensor.
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Table 2. A comparative study of simulated and analytical output for n-
type poly-Si piezoresistive pressure sensor

Applied Pressure Simulated é‘gg?{:ﬁi
[kPa] Resistance (Q2) )

0 49.992 50.000
10 49.969 49,977
20 49.946 49.954
30 49.923 49.931
40 49.900 49.908
50 49.877 49.885
60 49.854 49.862
70 49.831 49.839
80 49.808 49.815
90 49.786 49,792
100 49.763 49.769

Table 2 is the comparative study of simulated output
values and analytical values. From this table, it is observed
that the simulated output and the analytical values of n-type
poly-Si piezoresistive pressure sensors decrease with an
increase in applied pressure. The difference between
Simulation and analytical values is minimal, and the
difference between the successive values of simulated and
calculated values is 0.023 Q in both cases. This indicates that
the analytical model is highly accurate and can reliably predict
the behavior of the n-type poly-Si piezoresistive pressure
sensor without complex simulations. The output resistance is
also highly linear with the applied pressure, but with negative
slope polarity. The output span of the n-type poly-Si
piezoresistive pressure sensor for the externally input pressure
ranging from O to 10 kPa, simulated and calculated values are
229 mQ and 231 mQ.

Table 3. A comparative study of simulated and analytical output for p-

type poly-si piezoresistive pressure sensor
Applied Pressure Simulated QQ;?{;'S?;
[kPa] Resistance (Q) @

0 116.60 125.00
10 116.67 125.08
20 116.74 125.16
30 116.81 125.25
40 116.88 125.33
50 116.95 125.42
60 117.02 125.50
70 117.09 125.59
80 117.16 125.67
90 117.23 125.76
100 117.30 125.84

Again, for a p-type poly-Si piezoresistive pressure sensor,
a comparative table is shown in Table 3 for simulated output
and analytical values for the applied pressure range from 0 to
100 kPa. From Table 3, the analytical values are slightly



L. Bobinson Singha & Maibam Sanju Meetei / IJECE, 12(12), 147-153, 2025

higher than the simulated values, but it is observed that the
simulated output values and analytical values vary linearly
with a positive slope. The slope of simulated values is 0.007
Q/kPa, while the slope of the analytical values is 0.0084 Q/kPa
with positive polarity. These two slopes are very close to each
other. This shows that the analytical model is highly accurate
and can reliably predict the behavior of the p-type poly-Si
piezoresistive pressure sensor without complex simulations.
The output span of the p-type poly-Si piezoresistive pressure
sensor for the externally input pressure ranging from 0 to 10
kPa, simulated and calculated values are 700 mQ and 840 mQ.

6. Conclusion

This study presents a comparative analysis of n-type and
p-type poly-Si piezoresistive pressure sensors using
COMSOL Multiphysics simulations and validated with the
analytical models. The results show that the n-type poly-Si
pressure sensor exhibits a decrease in resistance with
increasing pressure. But the p-type poly-Si sensor increases its
resistance with an increase in input pressure. The proposed

analytical model accurately predicts the resistance changes for
the n-type and p-type poly-Si piezoresistive pressure sensor.
This means that the analytical model can be used for
optimization of the sensor without complex Simulation. The
slopes of the output of p-type poly-Si and n-type poly-Si
piezoresistive pressure sensors are positive and negative,
respectively. This comparative study aims to understand the
n-type versus p-type poly-Si behaviour, which will help in
material selection. The various factor that influences the
sensitivity are doping concentration, majority charge mobility,
distance from the neutral point, piezoresistive coefficient,
thickness, and length of the cantilever, and dimension of the
piezoresistive sensing layer. The sensitivity of the simulated
and analytical models for p-type poly-Si piezoresistive
pressure sensors is 7.0 mQ/kPa and 8.4 mQ/kPa, respectively.
The sensitivity of the simulated and analytical models for n-
type poly-Si piezoresistive pressure sensors is -2.29 mQ/kPa
and -2.31 mQ/kPa, respectively. The sensitivity of the p-type
poly-Si piezoresistive pressure sensors is higher than that of
the n-type poly-Si piezoresistive pressure sensors.
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