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MODELING OF SENSITIVE ELEMENT FOR PRESSURE SENSOR 

BASED ON BIPOLAR PIEZOTRANSISTOR 

M.V. Basov, D.M. Prigodskiy 

Abstract: The paper describes modeling of high-sensitivity MEMS pressure sensor based on a 

circuit containing both active and passive stress-sensitive elements: a differential amplifier utiliz-

ing two n-p-n transistors and four p-type piezoresistors.  The analysis on the basis of the devel-

oped mathematical model for a pressure sensor with traditional piezoresistive Wheatstone bridge 

and theoretical conclusions regarding the change in the electrical parameters of a bipolar transis-

tor under the influence of deformation was carried out. 

 

Keywords: sensitive element, pressure, piezoresistive effect, anisotropy of mobility, on-chip dif-

ferential amplifier, piezotransistor, piezoresistor, finite element method 

Introduction 

Continuously growing demand for semiconductor pressure transducers (PT) leads to the 

development of new types silicon integrated pressure sensitive elements (die made in the form of 

MEMS) with piezoresistive Wheatstone bridge (PSWB, Fig. 1a) [1]. Criteria for functioning of 

MEMS determine the scope of application for these developments. Actual direction of research 

in the field of parametric capabilities for MEMS is the problem associated with increasing the 

output sensitivity of element. There are known the development of die’s TD [2-6], in which 

achievement of required value for strain sensitivity was obtained due to change in geometric 

structure membrane: the number of rigid islands (RI) and changed area’s RI, membrane area in-

creased or membrane thickness decreased. These changes lead to negative factors that are asso-

ciated with increase in overall die’s dimensions or decrease in threshold value of fracture pres-

sure for silicon membrane. The development of a PT pressure sensor with the differential ampli-

fier (PSDA, Fig. 1b), where both p-type passive elements and active npn-type bipolar piezotran-

sistors (BPT) are sensitive to pressure. PSDA is essential to increase sensitivity with respect to 

analogues PSWB. 

Modeling of PSWB  

Let's construct a mathematical model of PSWB for sensitivity calculation and compare 

the results with measurements of serial samples (110 samples of PSWB were used). In the future 

we use a verified mathematical model to disclose the principles of functioning die’s PSDA. 
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Fig. 1. Electrical circuits of pressure sensor: a) PSWB, b) PSDA 

 

A comparative analysis of die with different types of strain gauges (PSWB and PSDA) will 

be carried out under the condition of using same membrane geometry (Figure 2, the dimensions 

are shown in Table 1). 

The theory of the piezoresestive effect establishes relationship between the change in the 

electrical resistance of semiconductor region and mechanical stress in silicon structure by defor-

mation. 

Calculation of change resistance by the supply of pressure was carried out using mechani-

cal stresses formed on surface of membrane in regions of piezoresistor (PR) location. This is due 

to the fact of main charge in PR, which carried out with diffusion or ion implantation doping, 

occurs to near surface. In the case PR has shape of rectangle with a width of 20 μm and a length 

of 400 μm. Averaged values of stresses over PR area were used in the calculations. 

Mechanical stresses in silicon are considered with applying pressure ΔP = 100 kPa from 

the side of membrane for three kinds of thin part elastic element (Figure 2 and Table 1). Mem-

brane’s thickness has variable value W for further comparative analysis with respect to serial 

samples (W = 33, 42, 63 μm). 

Two PR for electrical circuits PSWB are located in zone of maximum compression, i.e. be-

tween the thickened region of the membrane (frame) and the RI. Their resistance increases with 

the supply of pressure. Two PR are located in the zone of maximum extension, i.e. between the 

two PR. Their resistance decreases with the supply of pressure. When the pressure, change in the 

output signal of PSWB is applied depends by change resistance PR as follows: 

 𝛥𝛥𝑈𝑈 = 𝑈𝑈𝑠𝑠𝑠𝑠𝑠𝑠 (𝑅𝑅1+𝛥𝛥𝑅𝑅1)∙(𝑅𝑅3+𝛥𝛥𝑅𝑅3)−(𝑅𝑅2+𝛥𝛥𝑅𝑅2)∙(𝑅𝑅4+𝛥𝛥𝑅𝑅4)

((𝑅𝑅1+𝛥𝛥𝑅𝑅1)+(𝑅𝑅4+𝛥𝛥𝑅𝑅4))∙((𝑅𝑅2+𝛥𝛥𝑅𝑅2)+(𝑅𝑅3+𝛥𝛥𝑅𝑅3))
, 
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Fig. 2. Geometric structure of membrane 

L - length of die’s side (die has a square shape), 

W - thickness of membrane, 

H - thickness of die, 

A - length of membrane’s side (membrane has a square shape), 

D - width of groove between rigid islands or the rigid islands and frame, 

Z - length of rigid island’s edge. 

where ΔU – changed output signal, mV; Usup - supply voltage of circuit, V; R1,3 and R2,4 - re-

sistance, located in the zone of compression and expansion of membrane, respectively, Ohm; 

ΔR1,2,3,4 - absolute change of resistance, Ohm. 

           

Table 1 

Basic geometric parameters of die 

Samples 1 2 3 

Parameter Dimension, μm 

L 4000 

W 33 42 63 

H 420  

A 2280 

D 41 

Z 490 
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The formula for relative change in resistance PR can be written as follows: 𝛿𝛿 =
𝛥𝛥𝑅𝑅𝑅𝑅 = 𝜋𝜋𝑙𝑙𝜎𝜎𝑙𝑙 + 𝜋𝜋𝑡𝑡𝜎𝜎𝑡𝑡 + 𝜋𝜋𝑠𝑠𝜎𝜎𝑠𝑠, 

where πl, t, s - longitudinal, transverse and shear piezoresistive coefficients of silicon, respective-

ly, Pa-1; σl, t, s - longitudinal, transverse and shear mechanical stress in region of PR, respectively, 

Pa. 

 

Fig. 3. Dependence of piezoresistive coefficients for p-type silicon: a) in the crystallographic plane (100) at 

room temperature on crystallographic direction, b) on the concentration and temperature. 

The die was made in crystallographic plane (100) and PR is directed in the crystallographic 

direction [110]. In this case, the shear piezoresistive coefficient πs is equal to zero [7, 8]. In arti-

cles [9 - 12] methods for determining the values for πl and πt are presented (Fig. 3a). When calcu-

lating process, we necessary need to take technological aspects of creating a PR - the method of 

obtaining doped layers and value of surface impurity concentration NS (Fig. 3b). In the case 

samples have ion doping method with concentration of 3.5 × 1018 cm-3. There is also dependence 

of the piezoresistive coefficients on temperature, but in this paper we restrict ourselves to analyz-

ing only case at room temperature (T = 25 ° C). Following values were obtained for the coeffi-

cients πl = -πt = 6.12 ∙ 10-9 (Pa-1). The values of longitudinal σl and transverse σt mechanical 

stress are determined by computer simulation and presented in Table 2. 

The simulation was carried out by finite element method (ANSYS). Optimization of com-

puter resources involved and accuracy of the final solution was carried out by selecting the pa-

rameters of decomposition geometric model for die into finite element (FE) grid. Rectangular 

cells with size of 50 μm were used with local reduction of up to 15 μm at locations of the PR. 
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This approach allows to reduce calculation time and increase accuracy without increasing the 

computer resources involved. 

Mechanical stresses obtained on PR in compression and expansion zones are actually equal 

in absolute value and opposite in sign. Example of distribution of mechanical stresses for mem-

brane with thickness W = 33 μm (sample 1) is shown in Fig. 4. 

Calculation of sensitivity S of PSWB was carried out according to the formula: 𝑆𝑆 =  
𝛥𝛥𝑈𝑈0𝑈𝑈𝑠𝑠𝑠𝑠𝑠𝑠𝛥𝛥𝛥𝛥 , 

where ΔP – value of apply pressure, kPa. 

The values of sensitive are presented in Table 2. Figure 5 shows graphs by dependence of 

sensitivity S on the thickness membrane W. The simulation results quite accurately predict the 

operation of PSWB, i.e. relative change nominal of denomination elements in pressure is applied 

and output sensitivity. 

 

Fig. 4. Distribution of mechanical stresses in die with a membrane thickness W = 33 μm: a) in transverse di-
rection relative to the location of PR, b) in longitudinal direction relative to the location of the PR, c) by von 

Mises 
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Fig. 5. Comparison of experimental and calculated data for dependence of sensitivity S on the mem-

brane thickness W 

The discrepancy between the average values of the sensitivity of serial samples and calcu-

lated data is 5-10%. The sensitivity of PSWB depends on geometry membrane, carrier concen-

tration and impurity distribution over the depth of doped layer. Probably this discrepancy is con-

nected with the problem of exact choice these parameters used in modeling. Nevertheless, the 

received level of discrepancy allows to carry out with high degree of reliability calculation of 

sensitivity for sensitive pressure elements. 

 Table 2 

Modeled parameters of piezoresistive effect for PSWB 

Parameter Value 

Dimension Samples 1 2 3 1 2 3 

Region of deformation Extension Compression 

Piezoresistive coefficient 
πl 6,12∙10-10 1/Pa 

πt -6,12∙10-10 1/Pa 

Mechanical stress 

σl 111 66 27 -111 -65 -26 MPa 

σt 34 21 8 -30 -18 -7 MPa 

σ 98 58 23 99 59 23 MPa 

Samples 1 2 3 - 

Sensitive of PSWB 
S 

0,487 0,283 0,113 
mV/kPa/V 

Sensitive of PSWB (practice) 0,511 0,305 0,126 
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Modeling of PSDA 

The above-described mathematical model can be used in the design of work for PSDA. For 

complement model necessary to disclose the principle of effect pressure on BPT and to obtain 

theoretical values of relative change parameters of the transistor. 

Based on the results of the literature review [13-21] and analysis of experimental sample in 

the form of single BPT (common emitter circuit) separately located on thin part of elastic ele-

ment PSWB (Fig. 6). The basis of theory for BPT consisting of two effects: 

1. Charge by anisotropy of mobility minority carriers in base region; 

2. Piezoresistive effect on base resistance. 

 

Fig. 6. PSWB with separately formed BPT 

 

The effect of anisotropy mobility minority carriers silicon in the base region BPT (in this 

case p-type) by deformation is due to the splitting of doubly degenerate energy in the Brillouin 

valence band at point k = 0. First ellipsoids of constant energy shifts upward (along axis with the 

energy value) and has readings of "light" holes effective mass and the second ellipsoids of con-

stant energy shifts downward with "heavy" holes effective mass. The ratio of values holes mobil-

ity by deformation and without deformation can be expressed as follows: 
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𝜇𝜇𝑠𝑠𝜇𝜇𝑠𝑠0 =  
𝑚𝑚𝑙𝑙1/2𝑚𝑚𝑙𝑙1/2+𝑚𝑚

h

1/2 ∙ 1+𝑚𝑚h
1/2𝑚𝑚
l

1/2∙𝐾𝐾′3/2𝑒𝑒𝑒𝑒𝑠𝑠(
(𝛥𝛥𝐸𝐸′𝑣𝑣1−𝛥𝛥𝐸𝐸′𝑣𝑣2)·𝜎𝜎𝑘𝑘𝑘𝑘 )

1+𝐾𝐾′3/2𝑒𝑒𝑒𝑒𝑠𝑠(
(𝛥𝛥𝐸𝐸′𝑣𝑣1−𝛥𝛥𝐸𝐸′𝑣𝑣2)·𝜎𝜎𝑘𝑘𝑘𝑘 )

, 

where ml,h – "light" and "heavy" holes effective mass, respectively, kg, K’ = m1/m2, m1,2 – effec-

tive masses in the minima of conduction band, ΔE’v1 - ΔE’v2 – coefficient of splitting top valence 

band, eV/Pa, σ – mechanical stress of region BPT, Pa, k - Boltzmann's constant, eV/K, T – tem-

perature, K. The work of PSDA occurs with small deformations, i.e. in the case ΔEG < kT, where 

ΔEG is the change in the band gap, eV, and kT is the thermal energy equal to 25.7 meV at room 

temperature (when ΔEG > kT, then main contribution to collector current ΔIC is made by change 

in intrinsic conductivity Δni). Mechanical stresses is value of the von Mises stress with a coeffi-

cient of 0.5 [20] for the crystallographic direction [110]. The values of ml,h are tabulated equal to 

ml= 0.12·m0 = 1.093·10-31 kg and mh = 0.44·m0 = 4.001·10-31 kg, respectively, where m0 is the 

mass of free electron m0 = 9.11 10-31 kg. The effective masses in the minima of conduction band 

are actually considered to be the same m1 = m2 under these conditions. The splitting parameter of 

vertex valence band in the crystallographic plane (100) is also a tabular value, which is the same 

for simple uniaxial compression and stretching of the silicon structure ΔE'v1 - ΔE'v2 = 2.38·10-11 

eV/Pa. 

The collector current BPT on deformation is: 

𝐼𝐼К𝐼𝐼К0 = (
𝜇𝜇𝑠𝑠𝜇𝜇𝑠𝑠0)3/2𝑒𝑒𝑒𝑒𝑒𝑒(− 𝛥𝛥𝐸𝐸′𝐺𝐺∙𝜎𝜎𝑘𝑘𝑘𝑘 ), 

where ΔE’G – the coefficient of change band gap and it is experiment’s value ΔEG ext =                         

- 3,57·10-11 eV/Pa and ΔEG comp = -7,39·10-11 eV/Pa. The values of relative change collector cur-

rent δIK in absence associated with mobility anisotropy effect are presented in Table 3. 

Piezoresistive effect on resistance of base area BPT (p-type) suggests that the value of col-

lector current is inversely proportional to change in resistance value base region ΔIC of the tensor 

~ 1 / ΔRB. In order to achieve the greatest efficiency BPT in terms of strain sensitivity, it is nec-

essary that the relative change in the collector current according to previously described effect 

and strain resistance of base region have the same sign. When BPT located in the left branch of 

the differential amplifier (Fig. 1b), i.e. when pressure is applied from the membrane side, the col-

lector current ΔIC > 0 increases. BPT necessary to place it between frame and RI (compression 

zone) in the radial arrangement, since in this case nominal value will decrease in the p-type resis-

tor. Similarly, BPT located in the right branch of the differential amplifier (Fig. 1b), i.e. when 
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supplying pressure from the membrane, reduces the collector current ΔIC < 0. BPT necessary to 

place it between the two RI (extension zone) in the radial arrangement, since in this case nominal 

value will increase in the p-type resistor. When the base area BPT located along the tangential 

direction in the membrane, two effects will have different signs and partially compensate each 

other. Calculation of change resistance value of base area BPT is carried out by analogy with the 

method described in the previous section (simulation of PSWB). The difference in the radial and 

tangential location is the mutual replacement of longitudinal stress by transverse. Transverse 

voltage has a longitudinal stress. Since length of base area BPT is order of 50 μm, it can be as-

sumed as values of longitudinal mechanical stress for radial location of base are constant. The 

values of relative change in collector current δIK of tensors associated with piezoresistive effect 

are presented in Table 3. All PR of PSWB and PSDA are located tangentially. 

The combination of the two effects gives full value of change collector current δIC BPT: 𝛿𝛿𝐼𝐼𝐶𝐶 =  𝛿𝛿𝐼𝐼𝐶𝐶 𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠 + 𝛿𝛿𝐼𝐼𝐶𝐶 𝑠𝑠𝑎𝑎𝑒𝑒𝑝𝑝  

The theoretical results of combination two effects are given in Table 3. 

Table 3 

Modeled parameters of strain effect PSDA 

Parameter Value 

Dimension Samples 1 2 3 1 2 3 

Deformation region Extension Compression 

Relative change of collector 

current δIC 

δIC anis -8,3 -4,8 -1,9 16,5 9,5 3,7 

% δIC piez -4,5 -2,7 -1,1 5,2 3,0 1,2 

δIC  -12,8 -7,5 -3,0 21,7 12,4 4,8 

 

RESULTS AND DISCUSSIONS 

We use SPICE simulator in the NI Multisim software for simulating patterns of changes in 

all strain elements PSWB and PSDA (Fig. 7). The following technological parameters were used in 

the reproduction BPT: the potential of base-emitter transition field UBE = 0.68 mV and the return 

current of collector junction IC rev = 1 nA. Value for all types of strain gauges has supply voltage 

Usup = 5 V. The nominal values of PSDA tensile elements are: collector resistance BPT RC = 2.2 
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kOhm, base resistance BPT RB = 5.4 kOhm, gain BPT β = 50. External pressure-insensitive resis-

tor for set the specific current in base of R1 = 120 kΩ. 

 

Fig. 7. Modeling of sensitive improved PSDA (sample 1) 

The results of calculated output sensitive are shown in Table 4. 

Table 4 

Modeled sensitive parameters by SPICE  

Die Value 
Dimension 

Samples 1 2 3 

PSDA 
S 

1,903 1,095 0,437 
mV/kPa/V 

PSWB 0,487 0,283 0,113 

Advantage 3,91 3,87 3,88 - 

CONCLUSION 

The simulation of PSWB with a membrane having 3 RI is able to predict the results of out-

put sensitivity for pressure transducer with accuracy of 5-10%. In this paper theory of the change 

collector current BPT by deformation is disclosed. When the BPT position is located along the 

radial direction of membrane, then anisotropy effects of mobility minority carriers in base region 

and piezoresistive effect of base region resistivity are added. Based on the results simulation, we 

can say: using of new type of PSDA, where resistors and bipolar transistors are sensitive to pres-

sure, can increase output sensitivity by 3.9 times relative to PSWB. 
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