Piezoresistive sensors

O Explain the difference between longitudinal, transverse,
center, and boundary stress/strain.
U For a given piezoresistive sensor, use the above concepts

U Perform a basic bridge analysis, specifically,
U find output voltage as a function of input voltage and
the various resistances, and

U find the relationship between output voltage and and objectives to find

changes in resistance.
U Find changes in resistance of a piezoresistive material
undergoing deformation due to
U changes in geometry and/or

U the sensot’s bridge equation,

O values of AR/R for each resistor,
Q value of A¢,/e, and

U the transducer’s sensitivity

U changes in resistivity
U Calculate the gage factor for a piezoresitor using
piezoresistance coefficients and/or elastoresistance
coefficients whete appropriate
U Use the idea of gage factor to explain how the placement
and locations of piezoresitors can affect a device’s
sensitivity
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Wheatstone bridge analysis

Find the relationship between the input and

output voltages for the bridge shown. Assume

Te toca a ti
) i constant DC voltage
input to bridge
piezoresistive o .o
transducer 1,,1S Zzero.
mechanical input causes " mV output

a change in one or more
of the resistances

O‘u from bridge

Find the relationship between
Ry, Ry Ry, and R, fore, = 0.




Wheatstone bridge analysis

Tetocaati

Bridge balancing

Full bridge:

Half bridge:

€ What is the relation between a change in resistance AR and the
output voltage e,?




Gage factors and the piezoresistive effect

What is the relation between deformation an

resistance?
uniform
aross-sectional —
area A
Metals Semiconductors
o S Changesin___ Changesin__
‘ rectanqular circular ; ;
conductor conductor dominate dominate
Gage factors for strain gages
Piezoresistors made of metals are usually Te toca a ti

used in strain gages responding to
uniaxial strain.
Find the gage factor for a strain gage subject to
uniaxial strain applied to an isotropic material.

original arca A, .(Hint: you can neglect products of length changes;
height 4 and width w ie., AhAw=0.)

new area,
height 7—Ah and
width w—Aw

applied
stress ¢



Gage factors for semiconductors

Recall that in semiconductors changes in Stress formulation:
resistivity dominate resistance changes
upon deformation.

AR _Ap N AL A4 7, and 7y and are the
R p L A4

. L_
. T_

Strain formulation:

y, and y rand are the

Gage factors for semiconductors

Te toca a ti

Find the gage factor for a typical semiconductor device. Use the elastoresistance coefficients in your
formulation. (Hints: Recall that in semiconductors changes in resistivity dominate resistance changes
upon deformation. How will you model the stress/strain?)



Gage factor as figure of merit

Gage factor is a figure of merit that

* helps us decide
* helps us decide

Material Gage factor, F

Metals

Cermets (Ceramic-metal mixtures)

Silicon and germanium
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Physical placement and orientation of piezoresistors
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Device case study: Omega PX409 pressure transducer

SOLID STATE PIEZORESISTI VE BESIGN
WITH HIGH TEMP. PERFORMANCE FOR IN
AUTOMOTIVE, TEST, AND Afnnsmuppucarmm

mV/N, 0to5 Vde, 0 to 10 Vde, 4 to 20 mA Outputs
Low Pressure: 10 inH,0 and

Standanl Ranges: 5 to 5000 psi
Metric Ranges: 25 mbar to 345 bars
Gage or Absolute Pressure

PX409 Series
ce

» High Accuracy +0.08% BSL
Includes Linearity, Hysteresis,
and Repeatability

1 Broad Temperature chmpenuled
Range -29 to 85°C (-20 to 185°F)

+» Premium Temperature Performance
Span: £0.5% r Compensated Range

1+~ 5-Point NIST Traceable
Calibration Included

+» Digital amic Thermal Compensation
Across Temperature and Pressure Range

»* Low Pressure Ranges from 10 inH,0

+» All Stainless Steel Wetted Parts

+~ Fast Response Time

1+ Solid State Rellabllity and Stability

3 Sock
1+ Gage and Absolute Pressures ' e Rangesy
1~ 300% Proof Pressure Minimum H\":})



Ice case st

PX409 Series uses a highl
micro-machined to precision
tolerances and then has
strain gages molecularly
embedded Into it. /

o -
. -¢-"

(

Slmln s shown
larger agnelclual size.

4 To 0;1
>

mV/V Specifications
OQutput: mV/V, 100 mV @ 10 Vidc
Rabun%'lrl"nc 1] 10’3&:)
15 ma 10 ?dc}

Resistance: 5000 2

'ero Balance: +0.5% FS typical
Ikmax(!% ical, QZ%mamm\m
hr25ps|a low)

Sﬂtng 20.5% FS typical 1%
maxamum (1% %Dannv.r';\ for

2.5 psi and behw) Callh(alsd in vertical
direction with fitting down

zmmPC(ds!n?SOF)

Compensated Temperature:
Ranges >6 2010 85°C
(-20to ms"E)"
Ranges <5 -17 to B5°C
(0 to 185°F) e
Thermal

Effects Zero

(Over Compensated Range):
Ranges 5 psi: +0.5% span
Ranges =5 psi: xio%apan

Thermal Effects Span

(Over Compensated Range):
Ranges >5 psi: +0.5% span
Ranges =5 psi: +1.0% span

PX409 SERIES SILICON WAFER TECHNOLOGY

stable silicon wafer which is

RANGE 2m (§)CABLE
pei bar  TERMINATION
mV/V OUTPUT, GAGE PRESSURE R
25mb | PXA0O-1OWGY
EOmb | PX40000IGV |

mega PX409 pressure transducer

EXCEPTIONAL PERFORMANCE
0.08% STATIC ACCURACY

Micro-Machined Silicon

TERMINATION
-

PX419-10WGV

PX418-D01GV

172 PX409-2 5GV

PX419-2 5GV

PX413-005GV
PX419-015GV

PX413-030GV

PXATS-050GY
PXA19-100GV
PXA1G-150GV

PX409-1 5KGV
PX409-25KGV
PX400-35KGV

PX409-5.0KGV

PRESSURE R
PX400-005AV

PX418-250GV
PX413-500GV
PX419-750GV
PX419-1.0KGV
PX418-1 5KGV
PX419-2 5KGV
PX419-3 5KGV
PX418-5.0KGV
Gl
PX419-D05AV

ring Exampie
EB ﬂileEmln.Dﬂ. PXGM!SAV mv oupLe, !fps;
on, PTOSF1 comecior (sol seperaely),

fwist Dok
Dms-s &agvrmaa syserl With meder.
(See page B-250 for information on meers)

PX409-015AV PX419-015aV
0 Z1_| PXA0G-030AV PXA13-030AV |
50 34 PX400-060AV PX419-060AV
100 69 PX400-100AV PX419-100AV PX420-100AV
150 0. PX402-150AV PX418-150AV PX420-150AV
250 72 PX400-250AV PX418-250AV PXA20-250AV
500 34, PX400-500AV PX418-500AV PX420-500AV
750 1. PX409-T50AV PX419-750AV PX420-TS0AV
1000 69 PX400-1.0KAV PXA1G-1.0KAV Wi OKAV

8 PX408-1.0KGV, mV aufput, 1000, pessU

i ran)
e prsule rnrw



Schematics of the sensor

electrical
connection

stainless steel
housing

Exterior view

pressure silicone oil structure to
inlet reservoir support the
Si-wafer

stainless steel
dlaphragm
( 100) Si-wafer
pressure I |~ i"
inlet “ |~ o
=

signal conditioning
; ’ compartment
Cross-sectional schematic I

Designing for a given sensitivity

We would like to design a pressure sensor with a 0-1 MPa (145 psi) span, 0-100 mV full scale
output, a 10 VDC excitation, and p-5i piezoresistors.

What is the sensitivity?

<110>

(100) Si-diaphragm

1.2 mm 80 me
each side thick

How do we design the senor
to achieve this sensitivity?



Location of piezoresistors

Where should we place the piezoresistors on the
diaphragm? Oc—
og—

Typical values at max deflection:

0-C= IO.B=
Ec= s €p =

(100) Si-diaphragm

1.2 mm 80 me
each side thick

Designing for a given sensitivity

Next, let’s find the change in output voltage corresponding to resistors in these locations.

piezoresistor

conductors

to bridge current runs

longitudinally

bridge
configuration

(100) Si-wafer
Typical values of stress, strain, and elastoresistance coefficients:

=450 MPa, 5, = 22.5 MPa y, =120 <110>
&0 =152 % 10%, ¢, = -17 x 106 yp=-54 <110>

10



Designing for a given sensitivity

Te toca a ti

Find the values of AR,/R and
AR,/ R using the same assumed

piezoresistor values of stress, strain, and

g)né%ctors current runs elastoresistance.
! ge\ longitudinally

bridge
configuration

(100) Si-wafer
Typical values of stress, strain, and elastoresistance coefficients:

0= 45.0MPa, o, = 22.5 MPa y, =120 <110>
e0 =152 x 106, ¢, = -17 x 10 yp=-54 <110>

Designing for a given sensitivity

——— Requirements:
conductors current runs
to bridge longitudinally )
\7 °
bridge :
configuration o

11



Attenuation of output

L. R
The gain is Y
! R
_ voltage signal ¢
K from bridge
K=

Select two resistors (es decir, Ryy Ry) from the available resistors below
to achieve K = (R/R,)> = 0.682.

Readily-obtained resistors for use in an op-amp circuit (Ohms)

1 8.2 22 56 150 390
1.5 9.1 24 62 160 430
2.7 10 27 68 180 470
4.3 11 30 75 200 510
4.7 12 33 82 220 560
5.1 13 36 91 240 620
5.6 15 39 100 270 680
6.2 16 43 110 300 750
6.8 18 47 120 330 820

7.5 20 51 130 360 910



Attenuation of output

The amplifier goes into the signal conditioning
compartment of the transducer

Te toca a ti

piezoresistor

conductors
to bridge

voltage signal
from bridge

second resistor
in series

RO

Rf Rf
RO
VVANM— transducer
+ output
silicone oil structure to
reservoir support the
Si-wafer

stainless steel
diaphragm
(100) Si-wafer

R ¥
pressure “ ' / | €
inlet .~ €

‘ ~

signal conditioning
. . compartment
Cross-sectional schematic pa

A configuration of p-Si resistors on a
square diaphragm is suggested in
which two resistors in series are used
to sense the maximum stress, o, as
shown in the figure. Find

a. the new bridge equation (i.e., e,
in terms of e; and the various

resistances),
. b. AR/R for each resistor,
bridge A d
configuration ¢ Ac/e;, an

d. the transducer sensitivity (with
no amplifier circuit)

Assume the same dimensions,
sensor requirements, materials, and
stress/strain values as in the case
study.
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