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OUTLINE

Introduction

Theory

SEM Pictures

Basics

Response

Offset, Span, Linearity, etc.
Compensation
Temperature Dependence and Compensation

Frequency Response Thickness = 10 pm
References Diameter 75 mm
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K=1 Pressure Sensor ﬁ

INTRODUCTION

In this lab we will test piezoresistive pressure sensors made at RIT
and compare them with sensors made by Freescale Semiconductor

L J MOTOROLA Freescale Semiconductor, Inc.
SEMICONDUCTOR TECHNICAL DATA
PIN NUMBER
1] Gnd 3] Vg 10 kPa On-Chip Temperature MPX2010
NOTE: Pin 1 is noled by the notch in Silicon Pressure Sensors SERIES
ez bisewd The MPX2010/MPXV2010G series silicon ot Pesferad Devies

piezorasistive pressure sensors provide a vary
accurate and linear voltage output — directly
proportional to the applied pressure. These sensors
house a single monolithic sdicon die with the sirain
gauge ard thin-film resistor network integrated on
aach chip. The sensor is laser immed for precise
span, offset calibration and temperature
compansation.

Features

+« Temperafure Compensated over (°C fo +85°C

+ Rabiomealnc o Supply Voltage

+ Differantial and Gauge Oplions

Application Examples

+* Raspiratory Diagnostics

+ Air Movement Control

= Controliers

COMPENSATED
PRESSURE SENSOR
0 to 10 kPa (0 to 1.45 psi)
FULL SCALE SPAN: 25 mV

Rochester Institute of Technology
Microelectronic Engineering
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FREESCALE MPX2202 SERIES PRESSURE SENSORS

= "\

N

L
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% CASE 135101 CASE 13831 CASE 483401 CASE 1320-02
| -
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Pressure Sensor

RIT PRESSURE SENSORS
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K=1 Pressure Sensor /=N

CALCULATION OF EXPECTED OUTPUT VOLTAGE

+5 \olts \/o2

The equation for stress at the center
edge of a square diaphragm (S.K.
Clark and K.Wise, 1979)

Stress = 0.3 P(L/H)> where P is
pressure, L is length of diaphragm
edge, H is diaphragm thickness

Vol Gnd For a 3000um opening on the back of

the wafer the diaphragm edge length L
Is 3000 — 2 (500/Tan 54.74°) = 2290

N

\ Rochester Institute of Technology u m
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/=1 Pressure Sensor ﬁ

CALCULATION OF EXPECTED OUTPUT VOLTAGE (Cont.)

Stress = 0.3 P (L/H)?

If we apply vacuum to the back of the wafer that is equivalent to
and applied pressure of 14.7 psi or 103 N/m?
P =103 N/m?
L= 2290 um Stress = 2.49E8 N/m?
H=25 um
Hooke’s Law: Stress = E Strain where E 1s Young’s Modulus
c=Ec¢
Young’s Modulus of silicon is 1.9E11 N/m?
. Thus the strain = 1.31E-3 or .131%
\

Rochester Institute of Technology
g Microelectronic Engineering
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/=1 Pressure Sensor ﬁ
CALCULATION OF EXPECTED OUTPUT VOLTAGE (Cont.)

The sheet resistance (Rhos) from 4 point probe is 61 ohms/sq
The resistance is R = Rhos L/W
For a resistor R3 of L=350 um and W=50 pum we find:

R3 =61 (350/50) = 427.0 ohms

R3 and R2 decrease as W increases due to the strain
assume L 1s does not change, W’ becomes 50+50x0.131%
W’ =50.0655 pm
R3’=Rhos L/W’ =61 (350/50.0655) = 426.4 ohms

R1 and R4 increase as L increases due to the strain
assume W does not change, L’ becomes 350 + 350x0.131%
R1’=Rhos L’/W =61 (350.459/50) = 427.6 ohms

N
\

=
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CALCULATION OF EXPECTED OUTPUT VOLTAGE (Cont.)

5 \Volts 5 \olts

— — No stress L
Vo2-Vol =0
R1=427

—\WW

R3=421 R1=427.65 % R3=426.4
\Vol1l=2.5v \Vo2=2.5v

Vo01=2.4965v ® | \WV02=2.5035v

®
R2=427 _ _ ®
% R4=427 R2=426.4 % RA=127 6
With stress —
Gnd \Vo2-Vol = 0.007v |
_ Gnd
~ =/ mV

\ Rochester Institute of Technology

g Microelectronic Engineering /
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Fiiiiiiti\

IF RESISTORS ARE SINGLE CRYSTAL SILICON

In addition to the effects of strain on the resistance if the resistor is
made of single crystal silicon there is also a significant
piezoresistive effect on the resistor value. Strain effects the
mobility of holes and electrons in silicon. The resistors on the
diaphragm of the pressure sensor drawn above have current flow
longitudinal (R1 and R4% and transverse (R2 and R3) to the strain.
The strain is tensile on the top surface of the diaphragm where the
resistors are located if positive pressure is applied to the top of the
diaphragm. The peizoresistive coefficient for R1 and R4 is 71.8
and for R2 and R3 is -66.3 E-11/Pa. The calculations above give
the stress as 2.49E8 Pa thus the hole mobility will decrease in R1
and R4 (R increases in value) by 2.49E8 x 71.8e-11 = 17.9% while
R2 and R3 (decrease In value) because the mobility increases by
2.49E8 x 66.3E-11 = 16.5%, thus the overall effect will be
dominated by the piezoresistance rather than the effect of strain on
the dimensions.

Rochester Institute of Technology

Microelectronic Engineering /
| /
i 3
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Pressure Sensor

=

EXPRESSION FOR RESISTANCE

ﬁ

R=Ro [ 1+ T Oxx + nT(GW + Gzz)]

where Ro = (L/W)(1/(qu(N,T) Dose))

n, IS longitudinal piezoresistive coefficient

n IS transverse piezoresistive coefficient

o,, IS the x directed stress, same direction as current
o,y I the y directed stress, transverse to current flow
c,, IS the z directed stress, transverse to current flow

In the <110> direction

t, (EY/Pa) | my (E/Pa)
Electrons -31.6 -17.6
\\ holes 71.8 -66.3

Rochester Institute of Technology

=

Microelectronic Engineering

(100) wafer
<110> directions
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FOR SINGLE CRYSTAL RESISTORS
5 \jolts 5 \olts
_— No stress .
Vo2-\Vol =0
R1=427% 3 R3=427 R1=5034% 3 R3=3565
\V01=2.5v \V02=2.5V Vol=2.073y ® |V02=2.9275v
®
— ®
R2=az2r %R4:427 R2=356.5 2 %R4z503_4
With stress _—
Gnd \Vo2-\Vo1l = 0.854V gn_d
N =854 mV

{ © April 7,2012 Dr. Lynn Fuller H Ppage 12

/




Pressure Sensor

SEM OF RIT PRESSURE SENSOR

Rochester Institute of Technology
Microelectronic Engineering
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/=1 Pressure Sensor /=N

BASICS

5 Volts V02=2.5035V e

Vo1=2.4965v |
Check that vol and Vo2 are S0 ‘
near Vsupply/2 and Vo ~ 0 Apply and release chuck vacuum to

Vi

\ IF\z/locheslter Instituée of Technology Obse rve Change In OUtpUt VOItage
icroelectronic Engineering /
E | s
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Pressure Sensor

PRESSURE SENSOR PACKAGING
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PRESSURE SENSOR TEST SETUP

Apply pressure, measure and
compare with other pressure
gages. Collect data.

Rochester Institute of Technology
Microelectronic Engineering
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OUTPUT VOLTAGE VERSUS PRESSURE

MEMS Pressure Sensor Output
Polysilicon Resistors
100
90 :

S 80 T psi mV

[= 20 ] 0 60.6

e 5 63.84

) — 10 66.32

2 60 15 68.95

oo 50 20 72.28

g 25  75.62

— 40 30  78.68

> 35 81.25

% 30 40  84.39
45 87.21

O ig y = 0.00p2x¢ + 0.586x + 60.593

0
0 10 20 30 40 50
Pressure (psi)
~

\ Rochester Institute of Technology

g Microelectronic Engineering 5' 15'03 /
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PRESSURE SENSOR CHIP - VER 3

%oy

FULLER

Pressure Sensor
.................................................. Temperature Sensor
Humidity Sensor

Diffused Resistors
Length =
Width =

Note: upper left is not
KRARARARRARRS RRARARARRARN connected so individual
resistances can be

E measured. /
© April 7,2012 Dr. Lynn Fuller |= /
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ELECTRICAL MEASUREMENTS

Measured resistance: Rtop = 3.538 Kohm
Rright = 3.537 Kohm
Rbottom = 3.537 Kohm
Rleft = 3.537 Kohm
Measured \Voltages: Vol =2535V
Vo2 = 2.504 V
Vo1-Vo2 =31.0 mV

Rhos ~= 150 ohm/sq

Rochester Institute of Technology | oeseer e e S
MicroelectroniC ENgiNeering ||
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Pressure Sensor
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OUTPUT VOLTAGE VS PRESSURE

psi
0

1.49
2.09
3.19
4.12
5.42
6.43
7.11

8.2
9.27
10.16
11.21
12.16
13.2
14.05
15.24

mV
30.9
34.2
35.4
37.6
39.4
42.1

45
45.8
47.9
50.1
51.8
53.9

55.75
57.8
59.6

62

Rochester Institute of Technology

psi

Diffused Resistor Pressure Sensor at 5 Volts Bias
Pressure Vol-Vo2 Pressure V01-V02 @72°C

ﬁ

mYy

0 26 Vol-Vo2mV @ 5V Supply
1.33 28.3 20
33 319 y=2.0277x+31.197
5.55 36.1 60 o
6.6 38.1 . @25°C J"‘{’.ﬁ
n el T -
' — 72°C
13.12 51 B 0 @
14.45 55 © vy =1.9746x + 25.452
15.77 56.8 = 20
10
0
0 5 10 15
Pressure (psi)

20

Sensitivity = 0.406mV/psi/V
or 0.0589 mV/KPa/VV

Microelectronic Engineering

or 0.589 mV/KPa @ 10V

© April 7,2012 Dr. Lynn Fuller H  Ppage 20
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Pressure Sensor

ZERO

AND SPAN COMPENSATION

DOr. Lynin Fuller 4552012

Microelectronic Engineering

Bridge_Balance.xls

Thizs zpread sheet can be uzed to find resistor values uzed to compenszate a wheststone bridge resistor

pressure sensor for output offzet woltage and span. If we azsume that the resistors are Tal thin film resistors

that are adiusted by lazer trimming then the trimmed value has to be higher than the nominal walue. First

adjuzt the value of Rzt and Rzb to set Yout trimmed to zeta. Then zet Rst and Rsb to make the trimmed

strezzed value equal to the specified output voltage st maximum applied pressure,
T T T T T

The numbers in the white cells can be

changed. The other cells in blue are

calculated resufts.

Rochester Institute o

Microelectronic Engi

YWotage Supply| Yz 10| Walts
Resistance of Bridge Measured with ohm meter from internal bop node ko internal bottom node with no
compensation resistors attached, or the nominal value of Bl = B2 = B3 = B4
[ Mominal Fil= B2 = Ri= Fd = 1000 chms
Mominal starting walue of Rzt = Fzb = 10000 | ohmis
Mominal starting walue of Bst = F=h = 100 ohms
Measured value of Wios = 4.14) Walts
Measured value of Ya- = 4.13) Walts
Mleasured output [Vo+-'Yo-] at zero input pres=sure = 10{ m'y
Mleasured output ['Wo+-o-] at rated input pressure = EO0 | m'y
[ Untrimmed Span = 590] m'y
Fated Input Pres=ure = 50| psi in K Pimz = 45| KPR a
Fated Input Pressure = FFPa in lb=fing = 0| p=i
Dezired Span = 400 | m'y
Dutput Dffset ¥oltage:
[ Untrimmed Offzet Yos - Wa- = 10,0 mi
IF Woe-Yo- is positive then Fzb is adjusted upwards guess, Fzhb = 10560 | ohms
Fizb to make affset zero = 10560 ohms gives offset correction = -10.0] m'y
[ Trimmed Offset = 0.0] mY
IF Wio+-YW - iz negative then Rzt is adjusted upwards until Yos-Yo- is zero
Span: I I I I I I

Span can only be adjust smaller from the untrimmed value, =0 the desired span must be less than measured.

Calculate Bs to reduce the bridge wolkage to mak.e the bridge wlotage smaller by the ratio of desired

spanfmeasured span Rzt = Fsb=

© April 7,2012 Dr. Lynn Fuller H  Ppage 21




Pressure Sensor
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COMPARISON OF THIN AND THICK DIAPHRAGM

FN

Diffused Resistors

—— Chip 1

out

N
\

Sensitivity ~ = 200mV/12psi
=10 mV/psi

40 50 0

Rochester Institute of Technology

=

Microelectronic Engineering

Sensitivity ~ = 100mV/15psi
=6.67 mV/psi

© April 7,2012 Dr. Lynn Fuller
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EXCESSIVE PRESSURE

=)
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Pressure Sensor

EVALUATION OVER TEMP

ERATURE

Polysilicon Resistors

Output Voltage [

Output Voltage vs. Pressure for Device 2

Zero-Span Compensated Pressure Sensor over

Temperature

90.00
80.00 4 50.00
70.00 45.00
60.00 E 40.00 *
20,00 g £ 30.00
' S 2500
30.00 5 2000 /‘/0’
20.00 = 15.00 -
10.00 © 10.00 -
0.00 T T 5.00 -
0 5 10 15 0.00 .
Pressure [psi] 0 5 10 15

—o—Temp-22C —8B—Temp-50C —A—Temp-70C

Pressure [psi]

—>—Temp-93C —x—Temp-125C

——T=27C—8—-T=57C —4A—T=84C

20

No Compensation

~

\

Rochester Institute of Technology
Microelectronic Engineering

Compensated

{ © April 7,2012 Dr. Lynn Fuller
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Pressure Sensor

=

TEST SETUP FOR FREQUENCY MEASUREMENT

="\

© April 7,2012 Dr. Lynn Fuller

Page 25




Pressure Sensor

BALLOON ABOUT TO POP
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Pressure Sensor

MEASURED STEP RESPONSE

i El1o.00 Foll S0 cSTOP
““““““—:“““- ______ . T ]
Dats Dut of range f

FeriodCld nnt Found Wipo— pElj nnt FDUHd vaugilj ﬂDt Fnund
~

\

Rochester Institute of Technology

Microelectronic Engineering
I . |= /
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STEP TO IMPULSE TO FREQUENCY RESPONSE

FN

Excel
Spreadsheet

(T

Data

Filtered
Normalized Step
Response

Derivative gives
Impulse Response

Fourier Transform
Gives frequency
response

Real Part in dB

© April 7,2012 Dr. Lynn Fuller
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Pressure Sensor

STEP TO FREQUENCY.XLS

Rochester Institute of Technology

Dr. Lynn Fuller

Microelectronic Engineering

step to frequency.xls

7-Apr-07

This spread sheet finds the frequency response from the measured step response. The measured step response is conwerted into

a series of 128 data points. The derivitive is found to get the impulse response. The fourier transform of the impulse response is

found to get the frequency response. The frequency response is the real part of the fourier transform of the impulse response for

-2.00E-01 -

2.00E-01

1 response, Rn

positive frequencies.
Assume the step responsem (Rn) has the general form shown in the figure below, enter times to, tmid, tend
to = 0.002|sec, where Rn = 0
tmid = 0.004|sec, where Rn = 0.5
tend = 0.006{sec, where Rn =1.0
Measured Step Response
Mormalized Step Response wersus time
1.20E+00 -
HOOEE T ormalized

/

s

E.00E-01

i

4.00E-01

Z.00E-01

i

P

IValue ) Azis Major Gridlines |—

0.00E-00

0001

0002

000z 0.oo4
Eirm F [=econds]

0.005

0.006 0.007

000z 009
time

to = time at start

tmid = time at midpoint

tend = time at end

time increment =

0.0000625

© April 7,2012 Dr. Lynn Fuller

Page 29




Pressure Sensor

MEASURED STEP RESPONSE

Hl HP7470A Plotter Emulator - Instrument at GPIB address 7 (1) oy ]

File Miew Display Acquire GPIE Help
A 28ms —125a UV UVERT

CHZ 1y
14.95ml EDGE? Measured Step Response from Oscilloscope

/ 60 Hz noise

filtered

CHZ PER =HEED 3 EDGES
CHZ P-FP = 6.7 288V
CHZ HMIMN = 9.8988@8n
CHZ HMaAaX = 16.968rmV

CHZ2gnd_

Rochester Institute of Technoloay

Microelectronic Engineering
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/=1 Pressure Sensor

FILTERED NORMALIZED STEP RESPONSE
Normalized Step Response versus time
1.20E+00
1.00E+00
8.00E-01
6.00E-01
4.00E-01 tf{{
2.00E-01
0.00E+00 ; ; ; ; ;
( 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009
~2.00E-01 time (seconds)
N\
\ Rochester Institute of Technology

Microelectronic Engineering

=
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Pressure Sensor

IMPULSE RESPONSE

Impulse Response
4.50E+02

4.00E+02

3.50E+02

3.00E+02

2.00E+02 j x

1.50E+02

1.00E+02

5.00E+01

0.00E+00 T T T T

D 0.001 0.002 0.003 0.004 0.005

-5.00E+01

0.006

0.007

0.008

0.0

09

time (seconds)

Rochester Institute of Technology

Microelectronic Engineering
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Pressure Sensor

FOURIER TRANSFORM

Real part of Fourier trgn_sform versus frequency

'_A
D

H
q

DY)
D

(48}
D

D
(&3]

V.TaY
I T T T T v T T T T 1

-1.00E+04 -8.00E+03 -6.00E+03 -4.00E+03 -2.00E+03 0.00T+00 2.00E+03 4.00E+03 6.00E+03 8.00E+03 1.00E+04

45

Frequency (hz)

Rochester Institute|of Technology
Microelectronic Engineering
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Pressure Sensor

FREQUENCY RESPONSE

20 log (Real Part of Fourier Transform) versus frequency

-20 ‘W
-25
-30

. \
:

_45 T T T T T 1
0.00E+00 1.00E+03 2.00E+03 3.00E+03 4.00E+03 5.00E+03 6.00E+03

: /

Page 34

frequency (Hz)
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I\

E  the pressures sensor on page 20 /

HOMEWORK - PRESSURE SENSOR LAB

The example calculations shown on page 4-10 make a lot of assumptions
about the fabrication process such as the starting wafer is 500um thick. In
fact the starting wafer is thinned and polished to reduce the KOH etch time
and the back grinding process is not that exact giving variation of starting
wafer thickness between 250 and 350um. List other variables that might
vary by more than 10% and discuss how that would effect the sensitivity
and offset of the pressure sensor.

Discuss the linearity of the pressure sensor. Why do thicker diaphragms
give more linear results over a given pressure range. How is the sensitivity
affected by thicker diaphragms.

Should the pressure be applied to the top or bottom of the sensor? Why?

If the compensation network uses laser trimmed resistors which resistor
should be trimmed to make the output zero if Vo+ is +50mV to begin with?

Use the bridge balance Excel spread sheet to adjust the zero and span of

{ © April 7,2012 Dr. Lynn Fuller H  Page 36
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LAB INSTRUCTORS NOTES

Show MEMS chip

Take Picture

Apply Vacuum

Take Picture

Measure Vo1, Vo2 and Vo1-Vo2 with no pressure
Measure Vo1, Vo2 and Vo1-Vo2 with pressure
For RIT packaged device take data for Vo1-\Vo2 versus Pressure
Determine Offset and span

Correct offset and span

Take data for Vo1-\Vo2 with corrections.

Take data for Commercial Pressure Sensor

N
\

=
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