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Abstract: The piezoresistance effect is defined 
as change in resistance due to applied stress. 
Silicon has a relatively large piezoresistance 
effect which has been known since 1954. A four 
point bending setup is proposed and designed to 
analyze the piezoresistance effect in p-type 
silicon. This setup is used to apply uniform and 
uniaxial stress along the <110> crystal direction. 
The main aim of this work is to investigate the 
piezoresistive characteristic of p-type resistors as 
a function of doping concentrations using 
COMSOL Multiphysics. Simulation results are 
compared with experimental data.  
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1. Introduction 
 

Silicon piezoresistive sensors are widely 
used in MEMS sensing applications since the 
discovery of this technology by Smith in 1954 
[1]. The piezoresistance effect is defined as 
change in resistance when subjected to stress. 
Piezoresistive MEMS sensors are commercially 
available in various applications namely pressure 
sensor, accelerometer, cantilever force/ 
displacement sensors, etc [2]. In order to 
optimize the sensitivity of a piezoresistive 
sensor, numerical simulations such as finite 
element methods (FEM) are employed to 
estimate the piezoresistive effect under various 
stress conditions. The orientation of the 
piezoresistive sensing structure and doping level 
have significant influence on the resulting 
piezoresistance effect. 
 
2. Theory 
 
The theory of piezoresistive effect is closely 
related to the conductivity of the semiconductor 
material. Hence, the expression in E, Electric 
field can be expressed in [1] 
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where J is the current, ρ is the resistivity and ∆ρ 
is the relative change in resistivity due to the 
applied stress. The relative change in resistivity 
is defined as [1]    
 ∆� � 	 ∙ 
	 (2) 
where π is the piezoresistance tensor (units in  
Pa-1) and σ is the stress. Effectively, the relative 
change in resistivity is proportional to the 
relative change in resistance. Hence, the 
resistance change for a piezoresistor can be 
derived as the function of the longitudinal and 
transverse stresses as below [3,4,5,6] 
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πl and πt are longitudinal and transverse 
piezoresistive coefficients; σl, and σt are 
longitudinal and transverse stress respectively. 
Since four point bending produces uniaxial stress 
(dominant in longitudinal direction), the stress in 
transverse can be neglected in this equation to 
form [3,4,5,6] 
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The effective piezoresistive coefficient (πl) can 
be determined by measuring the three 
piezoresistive coefficients in silicon ie. π11, π12, 
and π44. By applying a uniaxial stress along the 
<110> direction in p-type silicon, the equation 
can be further simplified to [3,4,5,6] 
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Table 1 presents the typical room temperature 
values of the piezoresistive coefficient for lightly 
doped silicon. It is obvious that π44 is much larger 
than π11 and π12, hence they could be neglected as 
deduced in Eq. (5). 

Resistivity π11 π12 π44 
7.8Ω-cm, p-type 6.6 -1.1 138.1 
Table 1: Room-temperature piezoresistive coefficients 
for silicon at 10-11 Pa-1 [1].  
 
The dependence of piezoresistive coefficient 
π(N,T) with impurity concentration N and 
temperature T can be written as [7] 
 	��, �� � ���, �� ∙ 	�300�� 	 (6) 
where P(N,T) is the piezoresistance factor. In this 
work, a four point bending (4PB) apparatus is 
employed to produce uniaxial and uniform stress 



 

on a silicon beam. The centre stress, σc, can be 
determined by [3,4,5,6]  
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where F is the force, a is the distance between 
the supports, w is the width of the beam, and t is 
the thickness of the beam.  Deflection at the 
loading point, z, can be determined by [3,4,5,6] 
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where L is the distance between the outer 
supports, E is the Young’s modulus of material. 
Both stress and deflection equations hold, 
provided that the deformation of the beam is 
small. Figure 1 illustrates the fabricated silicon 
beam where piezoresistors are located at the top 
centre surface. Force is subsequently applied 
onto the silicon beam using a four point bending 
fixture which is demonstrated in Figure 2. [6] 
 
 

 
Figure 1: Overview of fabricated silicon beam array 
with piezoresistors at the surface of silicon beam. [4] 

     
(a)                                    (b)  

Figure 2: Fabricated four point bending fixture in 
action. (a)zero load (b)1500g load. [4]  
 
3. COMSOL Multiphysics simulation 
A four point bending setup is modeled using 
COMSOL Multiphysics 4.3. The 3D geometry 
comprises three main components including a 
top support block, bottom support block and 
silicon beam (as depicted in Figure 3). The 
support blocks are both made of plastic (Delrin 
500). The dimension of the silicon bar is 40mm 
long, 6mm wide and 400µm thick. Table 2 
presents the properties of silicon used in this 
simulation. From Figure 3, it can also be seen 
that two inner blades and outer blades with 
separation of 14mm and 28mm apply the loading 
forces to the silicon beam.    
 

A 2 mm square area is allocated at the centre 
top surface of the silicon beam for placement of 
the silicon piezoresistors (as demonstrated in 
Figure 4). A newly introduced user interface in 
COMSOL Multiphysics 4.3 has enabled users to 
perform simulation for piezoresistivity in 
semiconductor materials such as single crystal 
silicon. To investigate the piezoresistance effect, 
a two terminal resistor configuration with 
dimension of 500×20 µm is included to 
determine the resistance change when the silicon 
beam is subjected to external loading.   
 

 
Figure 3: 3D geometry of four point bending setup. 

Silicon Properties Descriptions 
Young’s modulus 160GPa 
Poisson’s ratio 0.28 

Table 2: fundamental properties of silicon used in 
simulation. [6,8]  

 
Figure 4: Location of 2 mm square and piezoresistor 
at the surface of silicon beam. 
 

Figure 5 illustrates the design of the two 
terminal piezoresistor including the two contact 
pads with similar dimensions. Inclusion of a thin 
conductive layer is important when setting up a 
piezoresistive model to ensure that the current 
flows through the material with a constant 
conductivity. It was found that keeping the 
conductive pads the same size as the resistor 
gives the best results. It was also observed that 
the doping concentration and the dimension of 
contact pad can influence the piezoresistance 
effect for all resistors.  

The thickness of the resistor is defined as 
1µm. Four different doping concentration values 
are used for the piezoresistors namely; 
1.0×1019cm-3, 7.6×1019cm-3, 1.2×1020cm-3 and 
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1.3×1020cm-3. A thin conductive layer with 
doping concentration of 1.5×1020cm-3 is defined 
for the contact regions. A voltage of 3V is 
supplied from one edge while the opposite edge 
of the other contact pad is connected to ground. 
To ensure the resistor is orientated in <110> 
direction, global coordinate is modified to match 
the orientation.   

 
Figure 5: Two terminal configuration resistor 
The meshing is designed to be finer around the 
piezoresistor area. Figure 6 depicts the meshing 
density on the top surface of the silicon bar.    

 
Figure 6: Meshing of silicon bar (top surface).  
 
4. Results 
 
During simulation, a downward force is applied 
to the silicon beam; the resultant displacement 
and stress are recorded. Stress distribution in the 
x direction is demonstrated in Figure 7. Figure 8 
illustrates the principle stresses across the length 
of a silicon bar subjected to a 3N downwards 
force. It can be observed that the centre stress at 
the surface of silicon beam between the two 
inner supports is uniform and uniaxial 
(dominated by stress in the x direction).  
 
Potential distribution for 3V input across the 
resistor is illustrated in Figure 9. To determine 
the piezoresistive effect, resistance change data 
for each doping level are plotted and analysed. 
Figure 10 depicts the change in resistance as a 
function of force up to 3N for the four doping 
concentration values. The result demonstrates 
that the resistance change is linearly proportional 
to applied stress for small force application. 
Results also show that the piezoresistance effect 

decreases as doping concentration increases, a 
trend that is confirmed with experimental 
measurements.  
 

 
Figure 7: 3D plot of stress tensor in x direction.  

 
Figure 8: Principal stresses across silicon beam 
subjected to -3N load.  

 
Figure 9: Current density, contours: Electric Potential, 
supplied with 3V bias.  
 
Figure 11 presents a comparison between 
COMSOL simulation and experimental work for 
piezoresistors at four different doping levels ie. 
1.0×1019cm-3, 7.6×1019cm-3, 1.2×1020cm-3 and 
1.3×1020cm-3. The discrepancies between the 
simulation and experimental work are generally 
small. The simulation results over-estimate the 
piezoresistance effect at 1.0×1019cm-3.  
 



 

 
Figure 10: Resistance change vs load applied for a 
range of doping concentrations. 
 
For heavily doped devices (above 5.0×1019cm-3), 
COMSOL has under-estimated the 
piezoresistance effect with less than 20% 
difference (refer to Figure 11).   However, for 
doping concentration at 1.0×1019cm-3, the 
deviation between simulation and experimental 
results is higher at around 35%. The 
discrepancies between the simulated and 

experimental measured results could be due to 
several factors such as material properties, 
measurement setup, and force application 
method. Overall, the simulation results verify 
that the piezoresistance effect in silicon changes 
as function of doping.   
 
5. Conclusions 
 
COMSOL Multiphysics was employed to 
investigate piezoresistive effect in p-type silicon 
for a range of doping concentrations. Simulation 
results demonstrate a similar trend to 
experimental results and show that the 
piezoresistance effect decreases as the doping 
concentration increases. Four point bending 
force application method produced uniform and 
uniaxial stress along the x direction. The stress 
and deflection on the silicon beam using a four 
point bending setup were also simulated.   
 
 

 

    
a.                                                                                     b.  

    
          c.                d.  
Figure 11: Comparison results between COMSOL simulation and experimental work for piezoresistors doping 
concentration at a. 1×1019cm-3 b. 7.6×1019cm-3  c. 1.2×1020cm-3  d. 1.3×1020cm-3.
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