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Abstract—The performance of piezoresistive micropressure
sensors based on their shape has been studied in this paper. Two
sensors based on square and rectangular shaped diaphragms
having the same surface area and thickness have been
investigated. Performance parameters like the maximum induced
stress, deflection and sensitivity of the diaphragms have been
compared using the finite element tool ANSYS 10.0. An
evaluation of the stress profile across both the diaphragms has
been done. Therole played by the dimensions of the piezoresistors
in determining the performance of the sensor has been analyzed
in detail using the computer aided design (CAD) tool Intellisuite.
The analysis shows that the square diaphragm based sensor is
more sensitive and has a higher gauge factor than the rectangular
one but the stress profile of a rectangular based sensor is more
suitable for making the placement of the piezoresistors less error
prone. It hasalso been found that the variation in thelength of the
piezoresistor plays a greater role in determining the sensitivity of
the sensor than width and thickness variations. From the results
of the smulations the shape and design of the sensor can be
optimized for a given pressure range.

Index Terms—: Diaphragm geometry, Finite element analysis,
Micropressure sensors, Piezoresistance.

I. INTRODUCTION

Since the discovery of piezoresistivity silicoased
piezoresistive micro pressure sensors have beezlywiged
[1, 2] in a variety of applications in biomedicaB][
oceanographic [4], and aeronautical [5] sectorscrii
pressure sensors work on the principle of mechbbaading
of thin diaphragms by contact media like gaseslaids. The

piezoresistors are arranged in the form of a Whaads
network over the diaphragm to obtain an electraatput.
The diaphragm which is the main sensing elementhbzan
square circular or rectangular. But rectangulasqurare ones
are commonly used since they occupy lesser areshleen
easier lithography and fabrication compared touténcones
[10]. Various researchers have studied the effett
diaphragm geometry and the role played by the pésistor
size and position in deciding the performance ef sbnsor
[11-14]. However detailed data regarding the styasdile
induced across the diaphragm of different geonetial the
role played by piezoresistor dimensions on theqoerénce
of the pressure sensing diaphragm is not availdthlis. paper
investigates the effect of the geometry of the liapm and
variation in piezoresistor dimensions on the saritsitof a
silicon based piezoresistive micro pressure sensors

The layout of the paper is as follows in sectionthe
mechanics of the diaphragm structures are studiedrding
to the theory of small scale deflections. Sectibrdiescribes
the finite element analysis (FEA) done using ANSMNXO in
which the maximum stress induced, the maximum dédle
produced and the stress profile of a rectanguldr szjuare
diaphragm having the same surface area and thiskres
been determined for a given pressure range and a@ap
with the analytical expression for validation. Seat IV
discusses the results of the piezoresistive asafigie using
Intellisuite on both the sensors in which the dariges of the
sensors are compared and the effect of variationhén

mechanical deformation thus caused in the diaphréggm dimensions of the piezoresistors on the sensooprénce is

commonly sensed by piezoresistive or capacitivehous.

Though capacitive sensors have the advantage ategre

pressure sensitivity and decreased temperaturdtigiyns
they suffer from non linearity and excessive sigoas from
parasitic capacitance [6-7]. Whereas piezoresisteesors
are preferred due to various advantages such asllentc
linear input /output relationship, small size, Iplase lag,
large dynamic range easy integration with elect®mind a
well matured fabrication process [8-9]. A
piezoresistive pressure sensor
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typical
consists of two main °
components, a diaphragm and four piezoresistore Th

also evaluated. Conclusions are presented in se¢tio

Il. THEORY OF SMALL DEFLECTIONS

When a uniform pressure P(x,y) acts on a diaphnagrmal
to its surface as depicted in Fig. 1 the diaphragdergoes a
strain giving rise to

Normal stressesx,cy which in turn give rise to
bending moments Mand M,

* Shear stress, which in turn gives rise to the twisting

moment My

The governing equation for determining the deftativ (X,y)
of a diaphragm with a uniform thickness, and petfec
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derived from the small scale deflection theory Engiven as
(1) [15].
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Where, z is the vertical distance from the diaphragntre.
b The solution of equations (6-8) gives the maximuatuced
« » stresses d,0,,0x,) in the diaphragm due to the applied
M, m X pressure P. Eqg. (1) is a complicated partial difficial
\ 4 > equation and analytical solutions obtained using] [
P l described as follows

M,
A. Rectangular Diaphragm

i (\\ : b 2z

[ | +“—>
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Y M,
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Figure 1: Schematic diagram depicting induced madsie
arectangular plate fixed on all four edges defarmeder a
applied pressure P.

(a“w 0w 0w J P 0 L
+ +2 =— (1) Fi . ; ; ;
2 4 27,2 igure 2: Schematic representation of (i) rectaagul
0x 6y 0X ay D diaphragm and (ii) square diaphragm.

Where D is the flexural rigidity given by
For a rectangular diaphragm of lengthwidth b and

Eh® thicknessh as shown in Fig. 2 (i),
D= q—) (2) The maximum deflection (yy and stresscof) for an applied
12{1-v? :
pressure P are given as
Where E is the Young’s modulwsthe Poisson’s ratio and h .
the thickness of the diaphragm. Wo = O Pa (9)
Eh®

The solution of Eq. (1) gives the maximum deflect{ap) at
the centre of the diaphragm in the Z axis directidaving

computed w(x,y) the bending moments, i, and twisting _ P&
moments N}, per unit length of the diaphragm are denoted as =P h2 (20)
[15]
2 2 - - ;
Where the coefficientg andp are given in table |
MX:_D(GVZV_'_VGV;/j (3) B g
0X ay Table I: Coefficients: andp for varying a/b ratios [16]
2 2 '
My =-D 4 W+V6 W () ab|1 1.2 1.4 1.6 1.8 2 )
6y2 ox? o |0.0138 | 0.0188 | 0.0226 | 0.0251 | 0.0267 | 0.0277 | 0.0284
B |0.3078 | 0.3834 | 0.4356 | 0.4680 | 0.4872 | 0.4974 | 0.5000
0°w
Mxy: —D(l—V) (5)
oxoy

B. Sguare Diaphragm
The normal stresseg o, and shear stresg, can be written as For a square diaphragm of side lengthand thickness as

[15] shown in Fig. 2 (i)
) ) The maximum deflection (vand stressst) in the diaphragm
Oy = EMx - Ez (0°w +V 0°w ©) for an applied pressure P are given as [16]
TTh? T1-vi o ay?
) ) wo = L=V)Pd "
oy=SMy__Ez 0w 0w ) 4.13EH (1)
h*>  1-v?| ay*> = 9x?
—_ 2 2
Ty = 6M2xy _ 2Ez 0°w ®) Umx:lzpa—z (12)
h 2(1-v)oxdy h

36




Maximum deflection at the centre in metres
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Il FINITE ELEMENT ANALYSIS

Using the Shell 63 module of the FE tool ANSYS a
rectangular diaphragm of dimensions 800 um x 500apch
thickness 10 um and square pressure sensing déaploh

side length 632 pum and thickness 10 pm have been

constructed such that they have the same surfaze ard
thickness. The material properties of silicon usked
simulation are given in table 1. The maximum straxluced
and the deflection produced in the diaphragm aterdéned
and compared with the analytical solutions for aspure
range of 10 kPa — 110 kPa. The results obtained fhe FEA
are shown in Figs.3 and 4. From the analysis dboan be
seen that the maximum stress induced at the eddbeof
diaphragm and the maximum deflection produced at th
centre of the diaphragm are in agreement with tiadytical
expressions given by equations (9-12). Hence FE&asl! for
determining the performance of the diaphragm &s rihore
efficient, time saving and reliable.
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Figure 4 Comparison of ANSYS and analytical val
for maximum induced stress for (a) Square diaphragm
and (b) Rectangular diaphragm.

) Having compared the deflection and the maximumsstre
Pressure in pascals values of square and rectangular diaphragms tesssprofile
along X = 0 and Y = 0 axes for a pressure of 108 i
studied using ANSYS and the results are depictdeida. 5
Figure 3: Comparison of ANSYS and analytical valioes and 6. From Fig. 5 it can be seen that the stregepis fairly
maximum deflection. similar for a square and rectangular diaphragmgalér 0

From kg 3 It can be seen that the maximum deteadr the
square diaphragm is 1.4 times that of the rectamguie and
from Fig. 4 the maximum stress induced in the sgua
diaphragm is 1.05 times that of the rectangular tines
proving that square diaphragms are more sensitive.

axis and that maximum longitudinal tensile stress i
experienced at the edges and maximum compressass $¢
pxperienced at the centre. Thus stress concemtrat&as are
at the edges and the centre where the piezoresistor be
placed in order to obtain maximum sensitivity. Fribwa study
of the stress profile in Fig.5 it can be seen ttmhpressive

stress which is negative is experienced at theeeamross a

Table II: Properties of silicon used in simulation

distance of 150 um for the rectangular diaphragdneamnoss a

distance of 380 um for a square diaphragm. Tessikss

170 GPa 2300 0.22
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Young's Modulus | Density in kg/n? | Poisson’s ratio which is positive is experienced up to a distanic@d® um
from the edges for a rectangular diaphragm andoua t

distance of 95 pm from the edges for a square cagomn
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Figure 5 Longitudinal stress profile along X = +a an
=0
From Fig. 6 it can be seen that for a rectangui@prdagm
when the stress profile along X = 0 axis is consdethe
stress distribution is more uniform at the centeant the
square one thus making the placement of the pisaboes
more easier at the centre of a rectangular diaphréigcan
also be seen from Figs 5 and 6 that the stressleiisf

Figure 7 Schematic of the piezoresistors conne
in a Wheatstone’s bridge

The bridge is balanced under zero pressure condifitlnen a
pressure is applied on the diaphragm all the fegistors
undergo a change in resistance and the outpuediritge \§
Vo 1
=— (ARL-AR2+AR3-AR4)
Vin 4R
The gauge factor (G) which is a measure of the
piezoresistivity of the piezoresistors is calculiods
AR
G=
Roe
WhereAR is the change in resistance for an applied pressu

(13)

(14)

symmetrical along X = 0 and Y = 0 axes for a squarand R is the initial resistance amglis the corresponding

diaphragm thus enabling equal changes in resistahee a
pressure is applied, whereas for the rectangutgohadagm the
stress profile along X = 0 axis is different frohat along
Y =0 axis
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Figure 6: Longitudinal stress profile along Y =2a/
and X = (

IV. PIEZORESISTIVEANALYSIS

The study of the stress profile enables the sti@fgcement
of piezoresistors in order to obtain maximum sarnsit
From the stress profile in Figs. 5 and 6 it is ewidthat the
maximum stress is induced at the centre of the £d§¢he
diaphragm and the piezoresistors are placed hegereral
the piezoresistors are arranged in the form of @a8tone’s
network over the diaphragm to obtain an electrizaput as
shown in Fig. 7.

38

strain.

The sensitivity of the sensor is calculated usiBpgdnd is
expressed as mV/V/bar

(15)

Where, \§ is the output of the sensor for a pressure chahge
AP. Using the FEA tool Intellisuite pressure sensing
diaphragms with the patterns of piezoresistorsalegiin Fig.

8 have been constructed for both the diaphragmes.nfdsks
are designed in the Intellimask module and theo enéshed
into the 3-D builder and after assigning the seléct
dimensions they are finally exported to the
thermo-electro-mechanical (TEM) module for piezstbee
analysis and the output of the sensor is determinde
piezoresistive coefficients used in simulation arg =
6.6x10" Pa’, my, = 1.1x10" P&, my, = 138.1x10"'Pa’[16].
Here initially R=R1=R2=R3=R4=1R, and \,, = 5V. The
piezoresistive analysis was performed on both éinsars for
varying dimensions and the parametric performarideoth
the sensors are compared in Figs. 9-12

R2

R2

R1 R3
R4

Square Membrane
Rectangular Membrane

Figure 8: Position of piezoresistors over (a) squar
diaphragm and (b) rectangular diaphragm.

R1 R3
R4
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Fig.9 depicts the variation in the
piezoresistor as a function of length for thrededént widths
of the piezoresistors. For both the diaphragm gédesethe
resistors R1 and R3 placed perpendicular to the eddhe
diaphragm experience an increase in resistancetatiee
longitudinal and transverse tensile stresses whdR@aand
R4 placed parallel to the edge of the diaphragneeepce a
decrease in resistance thus giving rise to a maxioutput as
seen from (13). From Fig.9 it can be seen thabfith the
sensors the resistors sensing tensile stress R1 Rahd
belonging to group ‘A’ show a greater change iristasce

depicted byAR/R, than the resistors sensing compressive

stress namely R2 and R4 represented by group isThe

sensitivity of the sensor is greatly influencecthgnges in the
resistance of resistors belonging to group ‘A’.idtalso

observed that the change in the resistantR) (of the

piezoresistors decreases with increasing lengtibddin the

sensors. Also piezoresistors having a greater veghibit a

smaller change in resistance for both the sensbhsse

results can be attributed to the fact that as ihe of the

piezoresistor increases the average induced stressthat

area decreases as seen from the stress profiiégsid and 6
thus leading to a smaller change in resistancehande to a
decrease in output.
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Figure 9 Variation in the resistance of the piezoresisaws
function of piezoresistor length and width for R@0kPa.

Comparing the sensitivities of the two sensorsaih be
observed from Fig. 10 that the sensitivity of teasor with a
rectangular diaphragm is lesser than that of theusgone.
This is because the maximum deflection produced thad
maximum stress induced is lesser for a rectangiiggshragm
thus leading to a decrease in sensitivity and géagjer also.
The sensitivity of the square diaphragm is 1.2 sirgeeater
than the rectangular one for a piezoresistor lenfith0 um
and this ratio increases to 1.5 for a length of 160
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454 Width of the piezo resistors

—=—10um
—e—20um
—4&—30pum

404 Square

354

304 Rectangle

254
P =100 kPa

Sensitivity in mV/V/bar

204

15 T y T

T T T
50 75 100 125 150

Length of the piezoresistor jim

Figure 10: Sensitivity of the square and rectangodeed
sensor for varying piezoresistor length and width.

Fig. 11 depicts the performance of both the senors
varying thickness of the piezoresistors. It carséen that for
both the sensors the sensitivity of the sensoredses as the
thickness of the piezoresistors increases. Thaue to the
fact that there is a decrease in the average indatess
across the resistor as the thickness of the resisiacreased.

The square diaphragm based sensor is 1.3 times more

sensitive the rectangular based sensor and this mt
constant over the entire thickness range.

Rectangle

40

36—.
32—.
28—.
24—.
20—.
161
Length of the piezoresistors = 100 pm

Width of the piezoresistors = 20 ym

124
1 P =100 kPa

Sensitivity in mV/V/Bar

T T T T T
0.5 1.0 1.5 2.0 25

Thickness of the piezoresistorim

3.0

Figure 11: Sensitivity of the square and rectangodesed
sensor as a function of piezoresistor thick

Fig 12 gives us a comparison of the gauge factbrthe
piezoresistors placed on both the sensors calculaseng
(14). From Fig. 12 It can be seen that the gaug®rfaf the
square diaphragm based sensor is higher than fthiteo
rectangular based one even though the piezoresiater of
the same dimensions. It is also observed thatahgeyfactor
of both the sensors decreases with increasing Heofjt
piezoresistors thus proving that smaller resisares more
sensitive as the average induced stress acrossisheigher
than that of a larger resistor.
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Figure 12: Gauge factof the square and rectangular b
sensors as a function of piezoresistor length adthw
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