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1 Introduction

I.I Background

Pressure sensors and microphones are among the killer applications of MEMS and are rapidly replacing
sensors made with more traditional technologies. In this application note, we discuss in detail the various
issues in fabrication, design analysis and system modeling of integrated pressure sensor devices. While
IntelliSuite and SYNPLE can be used to model capacitive, piezoresistive and piezoelectric sensors, we will
focus on electrostatic/capacitive sensing mechanisms in this note. Once the reader grasps the concepts
behind the modeling, we are sure that he/she will be able to device sensors based on other detection
technologies as well.

MEMS based pressure sensors and microphones use an elastic plate (also known as a membrane or a
diaphragm as the active mechanical element. As the plate deflects due to the applied pressure, the middle
surface (or the neutral axis, is located midway between the top and bottom surfaces of the plate) remains
unstressed. The pressure introduces bi-axial stresses in the plate. As the plate moves up, straight lines in the
plate that were originally vertical remain straight but become inclined; the intensity of either principle
stresses at points on any such line is proportional to the distance from the middle surface, and the maximum
stresses occur at the outer surfaces of the plate.

Capacitive pressure sensors work by detecting the change in capacitance between a fixed plate and the
flexible plate. Piezoresistive pressure sensors work by converting the change in stresses to a change in
resistivity of a strategically placed piezoresistor. Piezoelectric sensors work by converting the stresses into
a change in electrical potential using a suitable piezoelectric coating.

1.2 Membrane design

The reader is referred to the classic “Roark’s formulas for stress and strain” by W.C. Young and R. G.
Budynas (Mc Graw Hill) for detailed analytical formulas for plate design. There are several classic papers
that the reader may want to peruse for a good understanding of pressure sensors. These include:

[1] A simulation program for the sensitivity and linearity of piezoresistive pressure sensors. Liwei Lin,
JMEMS, December 1999
[2] Solid state capacitive pressure transducers. WH Ko. Sensors and Actuators, vol 10, 1986

Analytical solutions are available for an unstressed membrane. These can be used as a starting point for the
design. In reality, full Finite Element/Boundary Element (FE/BE) based calculations are needed to
incorporate processing related effects such as residual stresses and strain gradients. These are important
effects that significantly effect the membrane deflection and can lead to unwanted effects such as
membrane bi-stability (oil-can effect).

As a starting point for the pressure sensor design, consider a circular membrane with a radius R and
thickness h. The deflection of the circular membrane is given by the equation:

p 2
W)= s6p® ")

Eh’

where D=—F——

12(1-v?)

The maximum deflection of the membrane is given at the center of the membrane when r = 0 as:
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The maximum stress in the membrane is given as:

_1.25pR’

max I’l 2

For CMOS integrated poly-silicon and silicon pressure sensors, the typical material properties are E = 150-
180 GPa, Poisson’s ratio = 0.2-0.3. The density of silicon is 2320 kg/m’. In most surface micromachined
processes the poly-silicon thickness is between 1-2 um. The capacitor gap in integrated pressure sensors is
between 1-2 um depending upon the choice of sacrificial material.

Since the capacitance between the electrodes is a non-linear function of the gap, most sensor designers like
to work in the linear range of pressure-displacement response. The maximum deflection at full scale is
chosen such that the maximum deflection does not exceed 25-30% of the capacitance gap. Assuming mean
values of membrane thickness of 1.5 pm and capacitor gap of 1.5 pm, let us limit the maximum deflection
of the membrane at full scale to 0.4 um. Based upon this criteria we can estimate the membrane sizes for
different full scale pressures using the expression

3
o [wmax 4.13Eh]
(1-v7)p

The table overleaf gives a sample calculation of the radius of the device for different pressures.



Material Properties

E 1.69E+11 Pa
Nu 0.22

Density 2320 kg/m3
Dimensions

Thickness | .50E-06 m
Capacitor gap | .50E-06 m
Maximum stroke 0.28 of gap
Max stroke 4.20E-07 m
Dimensional estimates (radius)

Max stroke (w_max) 4.20E-07 m

Pressure (bar)
0.1

0.2

0.5

I

1.2

1.5

2

Radius (um)
178.68

150.25

119.49

100.48

96.00

90.79

84.49

Maximum stress (Mpa)
18.1
25.6
40.5
572
62.7
70.1
80.9

Table | Pressure sensor design



2  Sample process flow

2.1 Surface micro-machined circular membrane design

1. Open the Pressure Sensor Simulation file (ProcessFlow.fab) in IntelliFAB using the default
process database. The figure below shows the process flow for the surface micromachined
pressure sensor. This can be done by:

a) Launching IntelliFAB

b) Clicking on the left hand side of the interface (white) and choosing File > Open Database >
matfab.db

¢) Click on the right hand side of the interface (blue) this activates the fabrication portion of the
interface open the Fabrication Process flow by choosing File > Open Fab >
IntelliSuite\Training\Application_Notes\Capacitive_Pressure_Sensor\Process\ProcessFlow.fab.

d) You will see the interface shown below.

™ ProcessFlow. fab - IntelliFab g@@

File Process Construck Simulation Database Help

D +tB2BEE 78

=I- Bonding 1. Definition Si Czochralski 100
= Al-Si 2. Deposition 5i02 Thermal Wet
+ Eutertic 3. Definition U¥ Contact Suss
= Pyrex 4. Etch 5i02 Wet BOE
+I- Anadic 5. Deposition P Implant Pion
EJ- Defrition 6. Etch Si02 Wet BOE
#- Glass 7. Deposition PSG LPCVD Generic
: ZIV 8. Definition UY Contact Suss
9. Etch PSG Wet Sacrifice
+ #-Ray

- Deposition 10. Deposition PolySi LPCYD Stan...
+ Etch 11. Definition UY Contact Suss

12. Etch PolySi RIE RIE

13. Etch PSG Wet Sacrifice

14. Etch 5i Wet Sacrifice

For Help, press F1

Figure | Process flow for the surface micromachined pressure sensor



2. Explore the process table by double clicking on each of the process steps and looking at the
process parameters. In particular, when you open a Lithography step (Definition UV....) make
sure you take a look at the mask layout associated with the step. You can do it by clicking the
“Layout” button as shown in the figure below.

[= (L[]

DEH RS 7R

=l Bonding Czochralski 100
= AlSE n $i02 Thermal Wet
- Eukectic 5 ion UY Contact Suss
=1-Pyrex . Etch §i02 Wet BOE
Ee- Anodic . Deposition P Implant P-ion
= Definition
: ;‘ass - Deposition PSG LPCVD Generic

i i Process Dialog,
H—

Definition LY Contact Suss

E
=1
5

2
2

Side

Pro_Para | Value | Unit @ e © Boitom  Both

matk_ho H i

Exz’a igg m Leave Photoresist

time_exp 10 sec Inside | Mask Featurss
Pro_Result [ Value [ urit
dose 52 J

< > < >

Information

Apply

Cha Layout Cancel

For Help, press F1

Figure 2 Spend some time exploring the process parameters. Make sure you take a peek at the Mask
layouts associated with the process by clicking the Layout button.



3. Visualize the process by choosing Construct > Visualize. Step through the process visualization
using the Start, Previous and Next buttons on the interface.

a) Note that the Last step of sacrificing the silicon wafer was added to isolate the device for ease of
simulation, in reality the silicon wafer is never sacrificially etched!

Figure 3 Visualize the device fabrication



3 Thermo electro mechanical (TEM) Analysis

3.1 Exporting to the TEM module

You can start the simulation by exporting the fabrication sequence into the ThermoFElectroMechanical
module. You can do this by Clicking Simulate menu and choosing the ThermoElectroMechanical menu
entry.

File Process Construct BSINMEWRGN Database  Help

O = E é{j [ ThermoElectroMecharnical
=|-Bonding Anisotropic Ekch Ei 100
|- f4l-5i U UEPOSTHON S1UZ Thermal Wet
- Eutectic 3. Definition UY Contact Suss
= Pwrex A E#nh CiND Wat ONEC

Figure 4 Export to the TEM module

Save the Analysis file (.save) in a convenient directory (make sure that there are no spaces in the folder or
file name).

Save Analysis File As: E]El

Save in |_) Processflow-visualization j (g '
'* Pre:

File hame: ‘F’ressura-sensor. save ﬂ Save
Save as type: ‘Analysls modules' files [ save) j Cancel

Figure 5 Save the analysis file (.save) in a convenient location make sure that the file, folder and path
names do not have spaces in them. Use an underscore character instead of a space.

IntelliSuite will automatically create a Finite Element Meshed model of the structure and open it in the
TEM module.



3.2 Manipulating your view settings

Since surface micromachined MEMS devices are typically just a few thick, they appear to be very flat in
the initial view in TEM. TEM gives you the capability to independently set X, Y and Z default zoom
factors.

1. You can use the Shift + Up arrow and Shift + Down arrow to zoom in and out. Ctrl + Up arrow
and Ctrl + Down can be used to rotate the device. You can also use your mouse to manipulate the
device in the 3D space.

2. You can use the View > Zoom > Define to set your view setting in X, Y and X directions.
E==|

7T Thevmokloctrotechamcsl Ansbpb - [TEST. savo]
Geomety Smssn Mt Load Deunday Mesh Arshes Remt Wedoe e

e

Zoom Dialog .

Zoom Factor (#)
b4 1
¥ 1
£ 1l

0K | Cance |

Figure 6 Zoom Define Dialog allows you to set independent X, Y and Z zoom factors. Choose a Z zoom
factor of 100 in this case.

3. Feel free to explore the different view options available and make yourself comfortable with the
keyboard shortcuts and mouse movements to manipulate the device the in 3D space.



4. The view of the pressure sensor should look similar to the figure below

(T Trwrmol lectrodechanical Anatysts - [1LST.save]
ooy e

& T

Lo Beundary Mgt draves Eemdl fndes deo

Owe

Fir e, prem B e

Figure 7 Initial view of the device after setting the appropriate zoom factors

3.3 Mesh refinement
Click...Mesh...Auto

S o st K

Enter...10...in the maximum mesh size dialogue



3.4 Material Properties, Loads and Boundary conditions

In order to perform analyses in the TEM module, you can follow the menus sequentially from View to
Result. The actions that are to be performed are laid out in a logical progression. The menus will allow you
to choose your simulation settings, check and modify material properties, apply loads and boundary
conditions, mesh the device, and explore the simulation results.

3.4.1 Material properties

The material properties of the device can be set by Selecting the Materials menu. Materials >
Check/Modify. You can click on an entity to set the material properties.



T Thermeoloctrobechinical Anabysés - [TEST.save]

Fle Ven Geometry

DEE

[Forten, ren Pl

Smdiicn Mol Lol Bondary Mesh Awhes Resdt Windes |

IR




Modify DENSITY Value x

Constant  Variable ]

Row 8 | Temperature, deg [DENSITY, g/cm3

Cancel |

S eofon|~fm|onfe o fra|—

Figure 9 Selected entities are highlighted in red. For instance clicking on the word density will bring the
modify density dialog which allows you to specify either a constant or a variable (with temperature)
density

Modify STRESS Value X Modify STRESS Value X

Constart } Varise | Constart  Wariable ]
Row# [Order Walue, MPa
Original ¥ ahe 12
3
F— 1
5
Hew Vahe Bl
7
I MPa E
_UK 3 _UK
Cancel | il Cancel |

Figure 10 You can apply residual stresses (constant) or high order variable stress gradient profiles.

3.4.2 Boundary conditions
You can set the boundary conditions by selecting the appropriate degree of freedom of a particular entitiy
and clicking on the appropriate boundary.

Make sure you fix all of the fixed boundaries of the device as shown in thefigures below.




A 1] Eerery ]

Figure |1 Fixed boundary conditions for the pressure sensor. The bottom electrode and the surface in
contact with the silicon are fixed

Click...Boundary....SelectionMode...CheckOnly
Click...Boundary...Fixed

All the Fixed Boundaries will be highlighted
3.43 Loads

IntelliSuite allows you to apply a large number of loads to the device. These range from forces, pressures,
Coriolis forces, temperatures and other stimuli. The loads can be constant loads, time varying loads or
frequency varying loads.

We will revisit the load application in static analysis.

3.5  Natural frequency analysis
Let us explore the first 5 modes of the device.

Frequency analysis allows you to quickly check your model setup and mesh convergence information.
Since AC/Frequency analysis results can be performed quickly, they are often used to make sure of the
model accuracy.

1. Set the simulation settings by choosing Simulation > Simulation Settings

& ThermoElectroMechanical Analysis - [Pressure-sensor.save]
: File “iew Geomebry BSWEWEGN Material Loads Boundary Mesh  Analysis Result  Window  Help

=y =

Figure 12 Accessing Simulation settings

2. Set the simulation settings as below. Click Apply and OK



Simulation Setting

Caleulation Type

" Static

(* Frequency

" Dymarnic

" Wacro Madel Extraction

ATETSS Type
(% Static Hress
(" Heat Transter/Thermal Stress

(™ ThermoElectroldecharical Relacation

Option
Frequency bodes Number and Frequency of Interest
Modes Number |5 Frequency )
Diisplacement
* Snall " Large
Start Shape
(* Tndeformed i
Piezo Material

{* No Piezo Material

" Piezoelectric imdeformed shape anly)

X

Cancel |

Figure |13 Simulation settings for frequency analysis

3. Start the simulation by choosing Analysis > Start Frequency Analysis. Wait for the analysis to
complete this should take 1-5 minutes depending upon your machine
4. Explore the results by choosing Result > Natural Frequency

Dialog g|
rode | Hahrral Frequency (Hz) |
tode 1 257 476e+006
Mode 2 5. 24579e+006
tode 3 5. 48563e+006
Mode 4 8 6dRBTe+006
tode 5 8.91309e+006
Report Cancel

Natural Frequency



5. View mode animations by choosing Result > Mode Animation

3.6 Static behavior

3.6.1 Static Stress Analysis with Residual stress effects

To model the effect of a Residual Stress of 20Mpa on the diaphragm, first change the simulation settings as
shown in the Figure below



Simulation Setting

Calculation Type Option
Reautt
" Hi i
" Frequency History * Last ftate
" Dynaric Displacement
» I
" Macro Model Extraction Small * Large
finalusis T Start Shape
nalyas Lype
3  Frevi
& StressiDisplacement + Undeformed Prewisly Detormed
FPiezo Material

" Heat Transter
+ HoPiezo Material

# e rzisitlicme) Sivess " Piezoelectric (mdefarmed shape anly)

~

Thermal Electrical (" Fezaresstive - Transducer Assembly
" Thermal ElectricaliThermal Stress

" ThermoElectrobecharical Relaxation

" Electrostatic

" Electrostatic Forces. Displacement

Contact
I Contact fnalysis

gty | x| Cancel

Click...Apply...OK

Click...Material...Check/Modify




Select the Diaphragm and a dialogue will appear as shown in the Figure below.

2 Thermotloctrober harscal Anatysés - [TEST_save]

Double Click...Stress

Modify STRESS Value

Constart | Variable |

Orignal Vahe

o

Hewa Wahe

2

MPa

MPa

Cancel |

Enter...20 for the New Value of STRESS (Tensile stress of 20Mpa)

Click...OK twice to close both the dialogues.

Click...Analysis...Start Static Analysis



Click...Results...Z Displacement

0,001 40383

0.00150944

0,001 77496

3.6.2 Incorporating stress gradient effects into the model

Click...Material....Check/Modify



Click on the diaphragm

Double Click...Stress

Click...Variable

Enter the stress values as shown in the Figure below

B : : sad

. ! |
Owe & 1w | 1

Modify STRESS Value

Constart v ariahle l
FRow # |Order Walue, MPa

1 1 20
2 2 A
3 3 E0
1
5
5
7
g
3

10 Cancel |

Click...Analysis.....Start Static Analysis

Click... Result...Displacement...Z



3.6.3 Capacitance vs. Pressure curve

Click...Simulation...Simulation Setting

Change the simulation settin

Simulation Setting

Calculation Type
(+ Static
" Frequency
" Dynarmic
™ Macro Model Extraction

Analysis Type
" StressiDisplacement

" Heat Teansfer

" Heat Transfer!Thermal Stress

(™ Thermal Electrical

" Thermal Electricali Thermal Stress

(+ ThermoElectrobdechanical Relazation
™ Electrostatic

(" Electeostatic Force s, Displacement

gs as shown in the Figure below.

Oyption
i {v
Displacemert
O Small + Large
Start Shape
+ Thndeformed " Previously Deformed
Corwvergence D efition

Tteration Hurmber 10
Tteration Accuracy 0.001

Cortact
I Contact &nalysis

[1)8 | Cancel

B.00100088

[ 14304

0.0001 30268

0000655441

.00 3

0.00187579

0.0 96

0.00295613

0.0035211

0.00408540

20



Click...Apply...OK

We will remove the stress gradient in the model and include a constant residual tensil stress of 20Mpa.

Click...Material...Check/Modify

Click on the Diaphragm

Double Click...Stress...Constant

Change the value as shown in the Figure below

Modify STRESS Value

Constant | ariable |

Original Vahe
l— MFa
Hew Vahe

20 MPs

Click...Loads....SelectionMode...Pick on Geometry

Click...Loads...Voltage..

[T ThermaElectrolechanical Anskysis - [TEST.
L Ceometry  Samiaton Sl | cads

== ate
& e

.Entity

21



Select the Diaphragm

Enter OV as shown in Figure below

Please Input Voltage Belowe
Smale Wahe Ingrt
Enter by Tripnzt W ahae Bange

Single Value Input ] nput Value Range |

Voltage [Tl volt

[1):4 | Cancel

Click...OK
Click on the Bottom Doped Electrode

Enter OV for the Voltage as shown in Figure below

22



Click...OK
Click....Loads...Pressure...Face
Select the top face of the diaphragm

Enter 0 MPa for the Pressure as shown in the Figure below

23



Dialog

Flease Inprt Presamwe Below
Single Vahoe Input
Enter by

Single Value Input l

Pressure Ul MPa

0K | Cancel

Click...OK
Click...Analysis...Start Static Analysis
Once the analysis is complete,

Click...Result...Displacement...z

2 Whermol lectratechanical Anatysis - (1151

0000470505

0.00060HEST

0000771129

0.000941 401

000011167

0.00128194

0.001 79276
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The displacement should be due to the residual stress in the diaphragm.

Click...Result...Capacitance

Capacitance Dialog

£3

Conductor] | Color | Conductor2 | Color | Vahue fnancfaradsle-5)

Entity 1 T Enity 1

Entity 1 [ Entity2

Entity 2 [ Entityl

Entity 2 [ Entitye

< b
Repart Cancel

This is the initial capacitance between the diaphragm and the electrode. The capacitance result is in the
form a capacitance matrix. The capacitance between Entity 1 and Entity 2 or vice versa is the capacitance
of interest. The capacitance results are in the form of a matrix. Entityl — Entity 1 capacitance is C11, which
is the capacitance of Entity 1 with respect to infinity. Entity 1-Entity2 /Entity2-Entity] are the capacitances
of Entity 1 w.r.t Entity 2. Entity2-Entity?2 is the capacitance of Entity 2 w.r.t infinity.

Increase the pressure on the diaphragm and find the change in capacitance:

Click...Loads...Pressure...Face

Select the top face of the diaphragm as shown in the Figure below

Enter a Pressure value of 0.3447 MPa

25
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Rrterty

Click...Analysis...Start Static Analysis

Click...Result...Displacement Z

i
266815005
00512401

0102507

0307574

0,358841

0.410108

0461374

0512641

i)

Click...Result...Capacitance

26



Capacitance Dialog

Conducter ] | Color | Conducter2 | Color | Vahe (nancfaradsLe-6)

Entity 1 ] Entity 1 T

Entity 1 [ Ewtity 2 [/ ]

Erfty 2 [ Entityl

Entity 2 1 Entity2 I

< ! 2
Report Cancel

Repeat the above steps for different values of Pressure and Plot the Pressure vs. Capacitance values to
characterize the response of the capacitive pressure sensor. Please compare the results with the plot below.

Capacitance [fF]

24

23.5

23

22.5

22 4

21.5

21

Capacitance vs. Pressure

Pressure [MPa]

27



Please note the Z-displacement for each of the Pressure values and compare the results with the plot below

Displacement [Microns]

3.6.4

Displacement vs. Pressure

TOOE-OL 7 — — — — — — —

B.OOE-OL | — — — — — — —

5.00E-01 -

4.00E-01 4

3.00E-01 -

2.00E-01 -

1.00E-01 +

0.00E+00

0

0.05 0.1 0.15 0.2 0.25

Pressure [MPa]

Capacitance vs. Voltage effects

Remove the Pressure loads on the Diaphragm.

Click..

Click...

Click...

Click..

.Loads...

Loads...

Loads...

.Loads...

SelectionMode...Delete All
Pressure...Face
SelectionMode...Pick on Geometry

Voltage...Entity

Select the diaphragm (yellow entity)

Enter

10V

We will retain OV on the Doped bottom electrode (green entity)

Click...Analysis....StartStaticAnalysis

Once the simulation is complete

Click...Result...Displacement...Z

28



0.00140734

0.00153370

P b, prws B s

Click...Result...Capacitance

Capacitance Dialog E

Conducter 1 | Color | Conducter2 | Color | ¥ahe (nanctaradsLe-6)

Entity 1 Entity 1 2055

Entity 1 I Entity2 1 2003

Entity 2 1 Entity1 I 2003

Entity 2 1 Entity2 1 a6t

< »
Report Cancel

Repeat this simulation by varying the voltage on the yellow entity (diaphragm)

The results form this information can be used to arrive at the C vs. V response. Please match the results
from the simulation with the results in the Figure below.

29



Capacitance vs. Voltage

2.40E-08 +
2.35E-08
2.30E-08 -
2.25E-08 -
2.20E-08 -
2.15E-08 -
2.10E-08 -
2.05E-08 -
2.00E-08 -
1.95E-08 \ ! \ \

Capacitance [MicroF]

0 2 4 6 8
Voltage[ V]
The capacitance should not change for the pressure range 0-50 Psi.

3.6.5 Pull-in and membrane collapse

10

12

——0 psi
-=- 50 Psi

For Pull-in analysis, we will need to perform a Thermo-Electro-Mechanical-Relaxation analysis with
Contact. The contact faces would be the bottom face of the yellow entity (diaphragm) and the top face of

the green entity (bottom doped electrode).
Click...Simulation...Simulation Settings

Change the simulation settings as shown in the Figure below

30



Simulation Setting

Calculation Type
f* Static
" Frequency
" Dmanric
™ Macro Model Extraction

Analysis Type
" StressiDisplacerment

(™ Heat Transter

(" Heat Transter!Thermal Stress

" Thermal Electrical

" Thermal Electricali Thermal Stress

{+ ThermoElectrolechanical Relaration
™ Electrostatic

(" Electeostatic Forcevs. Displacernent

Option
i (v
Displacerment
" Small * Large
Start Shape
* Undetormed " Previously Detormed
Comeergence Defimtion

Tteration Number 10
Tteration dccuracy 0.0t

Comtact
v Contart Analusz

Byl | T Teved

Click...Apply...OK

Click...Loads...Voltage...Entity

Select the Yellow entity (diaphragm)

Click...InputValueRange

Enter the values as shown in the Figure below:
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Flease Input Vottage Belom
Stgle W ahae Inprt
Evter by Tripnt Wahoe Range

Single Yalue Input  INput Yalue Range l

Range Up -

woltage From 300. wolt

To 1000, wolt

'

Increment 100. volt

1) Cancel

Click...Boundary...SelectionMode...PickonGeometry
Click....Boundary...Contact...FacePairDefinition...Face A

Owe & T
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Select the bottom face of the diaphragm (yellow entity) as shown in the Figure below

Click...OK
Click...Boundary...Contact...FacePairDefinition...FaceB...Rigid

Select the top face of the Bottom electrode (green entity)
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Click...OK

Click...Boundary....Contact...FacePairDefintion...Complete Pair
DoubleClick....Disabled

To Enable Face 89 and 2

34



Contact Pair Dialog

Cortact Pair Drefinition
Pair 1D 1 -
Friction Factor |[|
Contrt | Face [D | Oyption
1 e Enabled
Face &
S5 | =
Conanit | Face ID | Option
Face B Rigid i é Enabled
5 | =
Count | Face ID | Option
Face B
Detormable
<5 | 3
accerr | [ ok ] el

X

Click...Accept...OK

Click...Boundary...Contact...FacePairDefinition... VerifyContactPairs

Dialog _|
Contact Pafe
Pic [T [_ogtion ~
1 Actizated
a s
<5 | =

e Concel |

Contact Pair 1 should be activated

Click...

Click...

Click...
Click...

OK...to activate the pair
Analysis....StartStaticAnalysis

Result...2DplotElectroMechanical Analysis... XCoordinate... Voltage
Result...2DplotElectroMechanical Analysis... YCoordinate...Z-displacement

A 2D plot will appear as shown in the Figure below
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2DViewer - [default. plot]
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IntelliSuite, IntellifSense Software Corporationic)

For Help, press F1

The voltage sweep was from 300V to 1000V. This can be fine tuned to 0 V to 650V with 50V increment.
The simulation will take longer as more points need to be computed.

3.6.6 Overpressure effects (stress effects)
Click...Simulation...SimulationSetting

Reset the simulation settings as shown in the Figure below
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Simulation Setting

Calculation Type
{o Static
" Frequency
" Diynamic

™ Macra Model Extraction

Analysis Type
(" SteessiDisplacernent

" Heat Transter
(" Heat Transtee/Thermal Steess

(" Thermal Electrical

"‘.I

Thermal Electrical!Thermal Stress

%)

ThermoElecteoldechancal Belaation

"y

Electrostatic

"y

Electrostatic Forcevs. Displacement

[(ption
- {+
Displacernent
" Small f* Large
Start Shape
{+ Tndetormed (" Previously Deformed
Correergence Definthion

Tteration Fmber lll]i
Tteration Acouracy 0ot

Contact
[ Contact Analus

il | 0K | [

Click...Apply...OK
Click...Loads...Voltage...Entity
Select the yellow entity (diaphragm)
Click...SingleValuelnput

Enter OV for the voltage input
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Dialog
Flease Input Vottage Belom
Stgle W ahae Inprt
Evter by Tripnt Wahoe Range

Single Value Input l Input Value Range ]

Voltage III| volt

0K

Cancel

Click...Loads...Pressure...Face.

Enter 6.894 MPa (1000 psi) for the pressure load.

sl bectroblectanical Analysts
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Capacitance Dialog

Conductor 1 Color | Conductor 2 | Color | Vahe fnanotarads™1e-6)
Entity 1 [ Entity 1 [ rz38
Entity 1 [ Ewtty 2 1 6187
Evity 2 [ Entitpl |
Entity 2 1 [ &hay?

[
| W

Cancel

Report

3.1  Dynamic behavior

3.7.1 Settling time to a step response

We will perform a dynamic Stress/Displacement (Direct Integration) analysis to determine the settling time

for the pressure sensor and the influence of stiffness/mass damping on the settling time

Click...Simulation....SimulationSettings (to reset the simulation settings as shown in the Figure below)
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Simulation Setting

Calculation Type
" Static
" Frequency
&+ Dynaic
" Macro Model Extraction

Analysis Type

b

StressiDizp. [Direct Inteqration]

~

StressiDisp. (Mode Based)

(" Heat Transter Transient

(" Thermal Electrical Teansient

(™ Succeeded Stress Transient

" StressiDisp.tS queezed Filmn (Divect Inteqration)
(" StressiDisp./Electrostatic (Ticect Integration)

" StressiDisp/Electeostatic (Mode Based)

" StressiDisp /Electrostatic! Squeezed Fitrn (Divect Tnteqration)

Option
Result
" History (& Last State
Diisplacement
" Snall & Large
Start Shape
" Undeformed " Previenslp Deformed

Piezo Material
f* Mo Piezo b aterial
" Piezoelectric imdeformed shape anly)
(" Piezoresistive - Teansducer fssembly

Diymarric Steady State Option
* Mo " Yes

Diymaimic
O Transient [&to Time Increment]
o Tranzient (Ficed Tne Increment]

Time Period {Second) [led
Increment Humber (< 1000) 36

Comntact
[~ Contact fnalysis

Avgly | T Cancel

Click...Apply...OK

Click...Material...DampingDefinition
(Define Mass and Stiffness damping according to the Figure below) for a damping factor of 0.01

Check/Modify Material Property

X)

Property Tt Wahie

Mass_damping 1lsecond 1.20ke-9
Stitfness_darnping second 34%5ed

< | >

Cancel
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Click...Apply...OK
Click...Loads...Amplitude vs. time....Tabular

Click...Loads...Pressure...Face
Select the top face of the diaphragm (yellow entity)

Complete the Time vs. Pressure table as shown in the Figure below

Amplituide Definition

Define Apphed Presame Cueve
D ata Humber [
| Time{Second) | Pressure(tPa)

1 0 0

2 9e-07 0

3 1006 03447

4 Ae- (106 03447

5 4 1e-005 0

g 1 0

< |

Edit | 0K | Cance
Click...OK

Click...Analysis...StartDynamicAnalysis
Click...Result...2DPlotMechanical Analysis. ...Maximum....Displacement Z

The 2D plot will appear as shown in the Figure below.
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For Help, press F1

3.7.2 Frequency/Spectrum response

The spectrum analysis is a frequency sweep analysis. This gives the displacement results for the model over
a specified frequency range. The Spectrum analysis results should match the static frequency analysis
results.

Click....Simulation....SimulationSetting

Change the simulation settings as shown in the Figure below
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Simulation Setting

Calenlation Type Tk
" Static Result
" H i+
(" Frequency Hiztory * Last State
Displacement
” .
" Macro Model Extraction + Smal Large
analusis T Start Shape
nalysis Type
o ' g
€ StressiDisp. (Dicect Inteqeation) * Undetormed Freviously D eformed
Piezo Material

(* StresstDisp. (Mode Based)
{+ Mo Piezo Material
£ Heat Transter Transient " Piezoelectric fandeformed shape anly)

(" Therrnal Electrical Transient
(" iucceeded Stress Transient

" StresstDisp.d Squeezed Fin (Divect Integration] Dimarric
(% Steady State Dymamics

" Treansient Modal Dymamics

Freq. Range, from (He) 2000000

(™ SteessiDisp Electrostatic! s queezed Fitm [Divect Inteqration) Freq. Range, to (Hz) 000000

Pomit Huarnber 26

(™ SteessiDisp Electrostatic [Direct Integration)

" StresstDisp Electrostatic (Mode Based)

ipply | T [

K

Click...Loads....SelectionMode.....PickonGeometry
Click...Loads...Amplitudevs.Time...Tabular

Set the loads according to the Figure below



Amplituide Definition

Face 371 Selected

Define Apphied Presame Ciamve
D ata Hunhee ‘2
| Frequency(Hz) | Presamrek{Fa)
1 2000000, Le-003
¢ ] RO00000. Le-003

| ™

Edit | 0K | T

(DoubleClick on 1/ 2 to Enter the Frequency and Pressure)
Click....OK

Click...Material...ModeDamping

Check if the ModeDamping is set to 0.01 for Mode 1.
Click...OK

Click....Analysis....StartDynamicAnalysis

Once the Analysis is complete

Click...Result...2DPlotMechanical Analysis...Maximum...Displacement...Z

The 2D plot should appear as shown in Figure below
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For Help, press F1

MM

Compare this value with the static Frequency results (shown in Figure below)

Dialog

T —
ode ﬂlatm‘a] Fre@fncy (Hz)

Mode 1 7 476e+01)

Mode 2 il I
Mode 3 5.48563-+006
Mode 4 8 5438 %-+008
Mode & 3.9130%-+0086

Repoct

Cancel

3
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3.8 System model extraction

SME is a means by which a full three-dimensional meshed numerical model of a multi- conductor
electromechanical device without dissipation can be converted into a reduced-order analytical macromodel
that can be inserted as a black-box element into a mixed signal circuit simulator. This process is based upon
the energy method approach, in that we shall construct analytical models for each of the energy domains of
the system and determine all forces as gradients of the energy.

The energy method approach has the advantage of making this process modular, enabling us to
incorporate other energy domains into our models in the future. Another beneficial side effect of energy
methods is that the models we shall construct are guaranteed to be energy conserving, because each stored
energy shall each be constructed as an analytical function, and all forces shall be computed directly from
analytically computed gradients. The SME process also has the advantage of being able to be performed
almost entirely automatically, requiring the designer only to construct the model, run a few full three-
dimensional numerical computations, and set a few preferences a priori. Above all, this process has the
ultimate benefit of constructing models that are computationally efficient, allowing their use in a dynamical
simulator.

Our first task is to reduce the degrees of freedom of the system. Rather than allow each node in a
finite element model to be free to move in any direction, we constrain the motion of the system to a linear
superposition of a select set of deformation shapes. This set will act as our basis set of motion. The
positional state of the system will hence be reduced to a set of generalized coordinates, each coordinate
being the scaling factor by which its corresponding basis shape will contribute. Next, we must construct
analytical macromodels of each of the energy domains of the system. In the case of conservative capacitive
electromechanical systems, these consist of the electrostatic, elastostatic, and kinetic energy domains.
These macromodels will be analytical functions of the generalized coordinates. (As we will see in Section
Using Mode Shapes as a Basis Set, some of these energy domains will be determined as a byproduct of
modal analysis, avoiding the need for explicit calculation.) We can then use Lagrangian mechanics in order
to construct the equations of motion of the system in terms of its generalized coordinates. Finally, we can
translate these equations of motion into an analog hardware description language, thereby constructing a
black-box model of the electromechanical system that can be inserted into an analog circuit simulator.

The Figure below gives the Flow Chart for the conversion of an FEA model into an equivalent
system level mode.
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Some of the key equations used for the conversion process are discussed in this section. In general, the
deformation state and dynamics of mechanical system can be accurately described as the linear
combination of mode shape function or modal superposition.

\Pext (X,)’»Zst) =lPinitial(XaysZ) + Z ql(t) \Vi (X’ysz)

where W, represents the deformed state of structure, Wi, represent the initial equilibrium state (derive
from the residual stress without external loads), ; (x,y,z) represents the displacement vector for the i
mode, g; represents the coefficients for the i mode, which is refered as “scaling factor for mode i”. The
modal superposition based reduce order modeling method is to solve each equation

m; 6°qi/ot* + 2&,0m;0qi/0t + 0U,(q)/Eq; - Ue(q)/dq; - T F;=0

where m; is the i mode generalized mass, & is the linear modal damping ratio, o is the i eigenfrequency,
y; is the ith modal shape function

(the displacement vector for the ith mode). 2y; F;is sum over all the nodes of the external node force
weighted by the mode shape. U,, is the strain energy, U. is the electrostatic energy, U, can be described as

U.= 123 (C* V?)
The modal superposition method is efficient since just one equation per mode and one equation per
involved conductor are necessary to describe the coupled system entirely, which is also applied to both

linear and nonlinear geometry.

The modal superposition based reduced order modeling procedure includes the following steps:
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¢  Find out “Modal Contribution”. In this step, perform the standard electromechanical relaxation
analysis and solve the initial deformed state (derive from the residual stress without external loads)
and the final deformed state (with mechanical loads and applied voltage). Then use the QR
factorization algorithm to determine the mode contribution for the deformed state.

e (alculate the relationship of “Strain Energy vs modal amplitudes”. In this step, calculate the
selected mode “Strain Energy vs modal amplitudes”.

e  (alculate the relationship of “mutual capacitance vs Modal amplitudes”. In this step, calculate the
selected mode “mutual capacitance vs modal amplitudes”.

e  From step 2 and 3, user can obtain 0U,(q)/0q; and 0Ue(q)/0q; respectively.

For the current pressure sensor device, the following procedure describes the steps to extract the macro-
model.

3.8.1 Dominant and relevant modes
Click...Simulation...SimulationSettings

Reset the Simulations according to the Figure below

Simulation Setting

Caleulation Tvpe
" Static

" Frequency

" Dymaric

Analysis Type
" Rigd Body Variatles

" Spring Constants

" Sqeezed Fitm Dampmg Varables

" Capacttance

(" Capacitance vs Displacernent

" Mecharical Reduced Oeder Modelling

¥ Electrobecharical Reduced Order Modelling

Opticn

Frequency Modes Fomber
§

Displacement
" Senall (v Large
Start Shape
{* Undeformed o
Convergence D efimtion

Tteration Mumber 15
Tteration Acoracy 1005

Macro Model Extraction
{+ Modal Contritution

" Steam Energyws Modal Amphtudes
" hutoal Capacitancess Modal Arpltudes

Contact
[~ Contact Analysis

Ay | T Cancel
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Click...Material...ModeDamping Definition

Enter 5 for the mode number

= = [= ]

Owe & e

Click...Analysis...StartExtractMacroModel

49



Once the analysis is complete

Click...Results...Macromodel...ModalContribution

Dialog
Made | Contribstion | Option
1 155784 Enahled
2 0000232702 Enahled
3 000233432 Enahled
4 0.0043314 Enabled
5 00130899 Enahled
<
Cancel

X

Since Mode 1 has the maximum contribution (which is the case for most cases), the rest of the Modes can
be disabled (Double Click on the Mode number to disable/enable a mode) but we will retain all the 5 modes

for this case.

Click...OK

From the Modal contribution results, we notice that the contribution from Mode 1 is the maximum. For the
Strain Energy Capture and the Mutual Capacitance capture, the scaling factor needs to be selected in the
simulation settings. The default scaling factor for all the modes is 1, which will work for most of the cases.
The only criterion for selecting the scaling factor is that the scaling factor should be greater than the modal
contribution for a given mode. For a modal contribution “-0.55784”, the scaling factor can be chosen as “1”

and the scaling factor will range from “-1” to “1”.

3.8.2 Strain energy capture

Click...Simulation...Simulation Settings

Change the simulation settings as shown in the Figure below
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Simulation Setting

Calculation Type
N E
" Frequency
" Diynamic
f* hiacro bModel Extraction

Analysis Type
(" Rigid Body Variables

(" Spring Constants

“

Squeezed Fitrn D amping Vanables

"

Capacttance

" Capacitance vs Displacernent

~

Mecharical Beduced Order Modeling

{* ElectroMechanical Reduced Oeder Modelling

[(ption

Frequency Modes Famber
5

Displacernent
" Small f* Large
Start Shape
f+ Thndeformed -
Correergence Definthion

Tteration Fmber llﬁi
Tteration Acouracy 0005

Macro Model Exteaction
(" Modal Corteibution

(v iStram Enerqy vs Modal Avphtudes
(" butoal Capactance s Modal fmphtades

Scalting Factor for bode 1

Tncrernert Mamber 10

Mode 1 =
Contact

I Contact Analysis

il | 0K | [

Click...Apply...OK.

Click...Material...Mode Damping Definition.

Enter 5 for the Mode number

Specify the Mode Damping as 0.01 for the 5 modes.

Click...Simulation...Start Extract Macromodel

Once the simulation is complete

Click...Result...Macromodel....Strain Energy vs. Modal Amplitudes

Double Click on “1” in the Model column to enable the plot option for mode 1 and then click OK.

A plot of the strain energy for mode 1 over the operating range will appear as shown in Figure below
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Similarly, plots for Mode 2, 3, 4 and 5 can be generated using the same procedure.
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Click.. File ...Exit

Click...OK



3.8.3 Electrostatic energy calculations
For the Mutual Capacitance vs. Modal Amplitudes calculations:
Reset the Simulation settings as shown in the Figure below:

Click...Simulation....Simulation Settings

Simulation Setting

Calculation Tipe
{7 Static
" Frequency
" Dynarmic
™+ Macro Model Extraction

Analysis Type
(" Rigid Body Variables

" Sprmg Constarts

"

Squeezed Fitm D ampmg V anahbles

"y

Capacitance

" Capacitancews Displacerment

“

Mechamcal Reduced Order Modeling

(¥ ElectroMechanical Reduced Order Modeling

[(ption
Frequency bodes Famber
5

Dnsplacement

" Small (* Large
Start Shape

(+ Thndeforrned -
Correercgence Definttion

Tteration Mumber 15
Tteration Acouracy 0005

Macro Model Extraction
™ Modal Corfritstion
™ Steam Enecgy vs Modal Arphtudes

{+ hutal Capacitancews Modal &mphtodes

Contact
[~ Contact Analysis

Aggly | 0K | Cancel

Click...Apply...OK

Click...Simulation...Start Extract Macromodel

Once the simulation is complete

Click...File...Save

Click...Boundary...Macromodel...Representative Nodes.
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Select the node as shown in the Figure below (Highlighted node) Node 5715

P b, prws B s

We will apply node forces on the selected node during the simulations in SYNPLE. The “macmodel.out”
file stores the information on the representative node.

3.8.4 Exporting the system model

The four files “str.out”, “curr.macmodel”, “macmodel.out” and “TEST.save” in the current working
directory provide all the information required for the macro model generation. User can manually copy the
four files to a different directory for use with SYNPLE module and exit the Thermal electro-mechanical

module, or keep the TEM module open and start the SYNPLE module

Run the SYNPLE module and incorporate the macromodel information generated from the TEM module
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3.9 Simulating your Macromodel in SYNPLE

3.9.1 Wiring your circuit
Click...Start...Programs...IntelliSuite...SYNPLE

In the SYNPLE simulator, on the left side you have a list of available elements, categorized into Electrical
Elements, Mechanical Elements, MEMS Elements....

On the right side you have the 2D grid for your schematic as shown in the Figure below

We E fen SCwak Seison Resits firdes o
123 &% s EE R TV
P20 4L MEE

g4 Beduml o

Bty

wana 31 s

Click...MEMSDevices....Click the Macromodel for TEM element and drag the element to the grid on the
right side as shown in Figure below
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Click... the Macromodel template on your right

Click...Schematic...IncludeReducedOrderMacromodel

Select the “curr.macmodel” file (This file is saved in
IntelliSuite\Training\Application_Notes\Capacitive_Pressuer_Sensor\SystemModeling)

Click...Open
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To complete the circuit for the static analysis, we will need the following electrical and general elements:
A “DC source” element from the Electrical Devices library

A “Ground” element from the Electrical Devices library

2 “Constant” and 4 “Output terminal” elements from the General devices library

Please wire the elements as shown in the Figure below
If the wires are connected correctly, a name will automatically appear for the wire. The name can be
changed by double clicking on the wire. Select the wire button as shown in the Figure below (arrow)

Click and Drag between the nodes on the respective elements to connect them with a wire.

Please save the file at regular intervals

Please refer the wiring section in the “Getting Started with SYNPLE” manual for more instructions on
wiring and common errors.

i
{

MEMS.
Macro-Mode!

+

f -

Once the wiring is complete

Click...File...Save/Save As

NOTE: Please save file in the same folder as the other files (curr.macmodel, macmodel.out, str.out)
All system modeling files are saved in
IntelliSuite\Training\Application_Notes\Capacitive_Pressuer_Sensor\SystemModeling

Double Click the Macromodel template/element on the schematic

Set the properties of the macromodel as shown in the Figure below.
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Device:
Template:  mems_rom10m5chp

Fef. Mame: [+ Shown on schematic

Mame Walue
«il 1
2 0
i 0
#id 0
5 0
«ib 0
HiT 0
+if 0
«id 0
«i10 0
qmax] 0
qmax2 1]
qmaxd 0
qmanxd n]
qmaxs 1]
qmaxf 0
qmasx? n]
qmaxs 0
qmax3d 1]
qmax10 0
alphal 100M
alpha 100k
alpha3 100k
alphad 100
alphal 100M
alphak 100k
alpha? 100k
alphal 100M
alphald 100k
alphall 100
betal 3
betaz
betal )
betad 3
betad &)
betab &)
beta? )
betaB 3
betad )
betall )
nf 1
n_coef 5
indexl 1
flag_p1 1]
flag_p2 0
flag_p3 n]
flag_p4 1]
flag_p5 1]

O0O00000000000000000000000000000000000000000000000=

Cancel

Click...OK

Double Click the DC source and set “VDC as 5”.This voltage has to be less than the pull-in voltage. We
will need a minimum DC voltage

Double Click the “Constant” element connected to pin Fz1 and modify the properties as shown below
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Device Properties

Device:

Template:  const

Ref. Name: |[E= [ Shown on schemnatic
| o
Yi.. | Mame Yalle
O s E50u
O o o
O -2 o

] | Cancel

We are defining a 650uN load in the z-direction

For the other “Constant” element leave the default values (0) for ¢, c1 and c2.

Click...DC
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We will now specify a DC sweep (Parametrize the applied force) for the force/loading condition.
Click...Parametric Variation Settings (DC Sweep)

Click...Add (in the parametric variation window)

Select the parameter “c_of_force”

Double Click on the Parameter and change the settings as shown in the Figure below

Parameter Set/Variation

Parameter Name: c_of _force

MNominal Value: 0.00065
—Vanation Type ——— Variation Parameters ——————
" None Start value: IE
& Linear
" Log Stop value: 0.001
" Gausian Distribution
" Table )
£ Ado-Step P — | Number of points: |5'I

— Table {valuel, valueZ, ..., valueM)

[ R

| €

Done I Cancel |

We are sweeping the force linearly from ON to 0.001N with the average value being 650 uN
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Click...Done
Click...Close
Leave the DC Time as 0

Click...Signals
Select the Signals shown in Figure below

DC Analysis

DC Setup  Signals ]N-H heration Setup |

Please select the signalis) to be watched:
Mo mare than 10 signals are allowed in one simulation.

X

nd

zl

¥l

1l

2

nZ

n4
ql1_of_prssnrimode
qZ_of_prssnrimode
q3_of_prssnrimode
q4_of_prssnrimode
5 _of_prssnrimode
q6_of_prssnrimode
q7/_of_prssnrimode
q8_of_prssnrimode
q5_of_prssnrimode
q10_of_prssnrimode
curl_of_prssnrimode
cur?_of_prssnrimode
curd_of_prssnrimode
curd_of_presnrimode
curb_of_prssnrimode
pwr_elec_of wsrcde_1
i1_of_wsrcde_1
v1_of _wsrcdc_1

O000008EOO0O0O0O000O00RO0EREERFAO

[ Select/Unselect all signals

o ]

Cancel
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DC Analysis

DC Setup | Signals  N-R lteration Setup |

— M-R lterstion

Mac. N-R iterations: IEEE

— Dlamping
[~ Damp in the N-R terations

Mzx. damp M-R iter.: I Damping factor: I: 8

—Convergence Criteria

¥ RHS(2) Norm Tolerance: I'lm-l
™ RHSiinfinite) Norm  Tolerance: I:
[ dettéd)_all Norm Tolerance: IZ

[ deltix)_separate Nom

Voltage Tol.: I 00w Temperature Tal.: I: 1
Curmert Tol.: I ] Power Tal.: I: 1

Wiite convergence information to output file. [

lUse default values |

ok | Cancelb
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Click...OK to start the analysis

Once the analysis is complete, the signal manager with the selected signals will appear

B - &
| =
|+ el o pmninok ]
[+ i ot et )
* oul_ol_prians i mode ®
- e
ot L
Pl tendabor, T
el T T I i~
e e ot e £

TotagE Tar e T [V G TNPLE. Progrm completedd.
e G b et 1= =it O s z
O s Sace 1) | Slvz. v, va. vs_ .|, [
s i T NS SR >
Comparate | Canst fz1 1
Comparstor_wh_frateress
st o i
Constmnt +— fx2 x2
:‘t’-:.-i‘hm? fy2 Y2
Dhvigion fz2 2 —.—.—D
—— O MEMS
G e e () — 013 Macro-Model X3 e
Caners Sampier fy3 I
Sarersl Scurce (M) (for easing) Ty ¥
ot 34 ) o 23 Template 23
gt
angatons
Integrator wh Reset fxd xd e
*— fyd yi e
24 zaf—e
= +— x5 x5 |—»
~— fy5 ¥5
Const [~ {5 25l
€ 3 P =
i A S 'L
e 0.0 -, 11 LT

Double Click the signals to view the plot/result

Eg: Double click on Z1

The plot of Z1 vs. Force will appear as shown in the Figure below

® 2DViewer - [z1.dc.plot]
@ File Edit View Window Help

(7
i
X]

DS &RAES 28

3.67190x107

zl

1.67190x1074

-3.28105x10°%

z1 vs c_of force

0.0002

Intellisuite, IntelliSense

0.0004

00008

¢ of force

Software Corporation(c)

0.0008 0.0010

Cursor |X =0.00032701 | Y - 6.463712-007

For Help, press F1

[ Nom [
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This simulation file has been saved as “Pressure_sensorl.ssc” and is present in
IntelliSuite\Training\Application_Notes\Capacitive_Pressure_Sensor\SystemModeling.

3.9.2 Transient Force vs. displacement simulation
We will perform a transient analysis for with the same macromodel

We will need to remove the “constant” element assigned to “Fz1” and replace it with a “General Pulse
Source (1p) as shown in Figure below

This element is available in the General Devices category

P SYWPLL - [pressre_sevsorttrans.ssc]
MO £ Yo Schemssc Smisen Acns rdom tob

12K & % SRe PNl TA FF=F
a¥E

o s MEMS
- Macro-Model

Bnady 8.8

Double click on the General Pulse element and change the properties as shown in the Figure below
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Device Properties @

Drevice:

Template:  pulzel

Ref. Hame: ™ Shown on schematic
-
Vi.. | Mame WValus
(| H Tu
(| 2 3u
O  wan ]
O vaez BE0u
O vas 0

ak | Cancel |

We are applying a 2usec pulse of 650uN

Click...OK
Click...Transient

Reset the simulation settings as shown in the Figures below:



Transient Analysis E]

Transient Setup ISignals l Schemes] N-R keration Setup]

Setup of Transient simulation
Start time: |TD Seconds
End time: |1 lu Seconds
Time step: |1 In Seconds

¥ Run DC Analysis prior to the Transient Analysis.
r

Set Element Parameters ‘

0K | Cancel |

Transient Analysis

Transient Setup  Signals lSchemes ] N-R teration Setup ]

Please select the signalls)to be watched:
No more than 10 signals are allowed in one simulation.

n3

z1

¥l

1

2

n2

néd
q1_of_presnrimode
q2_of_prssnrimode
q3_of_presnrimode
a4 _of_prssnrimode
q5_of_prssnrimode
q6_of_prssnrimode
g7_of_prssnrimode
q8_of_prssnrimode
q9_of_prssnrimode
q10_cf_prssnrimode
curl_of_prssnrimode
cur?_of_prssnrimode
curd_of_presnrimode
curd_of_prssnrimode
curb_of_presnrimode
pwr_elec_of_vercde_1
i1_of_vsrcdc_1
v1_of varcde_1

OOO0O0O0O00O00O0000000000FdEEEREO

[ Select/Unselect all signals

oK | Cancel |

(X
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Transient Analysis [5__<| Transient Analysis

Transient Setup | Signals ~ Schemes } N-R heration Setup | Transient Setup | Signals | Schemes N-R teration Setup }
Discretization Schemes N-R eration
TR-BOFZ2 Parameters: Maoe. N-R terations: |EUL

Damping
v Damp in the M-R terations

Toleance:

" Trapezoidal

™~ Second-Order Gear Max. terations: Meze. damp N-R iter.: |10 Damping factor: | 0.6

" TR-BDF2 Gamma:

Convergence Criteria

¥ RHS(2) Nom Tolerance:  |1m
Automatic Time Step Scheme

[ Enable Automatic Time Step Scheme (ATSS) [ RHSjrfinite) Nom  Talerance:

Minimum time interval: * Time Step
[ deftfe)_all Mom Tolerance:
Mazdmunm time interval: * Time Step

Step reduce factor {<1): |

[ dettfx)_separate Nom

Voltage Tal : Temperature Tal :
Cumert Tal.: Power Tol.:

Write convergence information to output file. [

Step increase factor (=1): |
Maxdimum Time Points: l—
(itmanc_tms)

|ze default values | |Use default values |

QK | Cancel oK | Cancel

Click...OK
To start the simulation
Once the simulation is complete

Double Click...on signals in the Signal manager to view the transient results
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eltage-to-Garersl arisbie Comeerter
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o Lampies

o Source (4 for Sesting)

Gererl Source (FM) (% testrg)

Integraton

Intagratens

Snkegrater with Reset

Pt

[y —

Poch Begecier &

e
Ganer

Ready 0.0 A4, 31 L]

Eg: Double click on the Z1 signal to view the transient displacement results:

™ 2DViewer - [z1.trns.plot]

@ Fle Edt View Window Help -8 x
DEH RQAS| 7 N
Transient Result - z1 vs Time Hl]]
— gl
5.01935x1074
3.01935x107
®
1.01935x1074
-9.80652x10%
-2.98065x107
2.0x10% 4.0x10% 6.0x10°% 8.0x10° 1.0x10%
Time (second)
IntelliSuite, IntelliSense Software Corporation(c)
Cursor | X = 4.98397e-006 | Y = 7.62284e-007
For Help, press F1 [ | A

Click...File...exit
The transient simulation file is saved as

IntelliSuite\Training\Applicaton_Notes\Capacitive_Pressure_Sensor\SystemModeling\pressure_sensorltra
1S.88C
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3.9.3 Compatibility with system modeling tools: PSpice and SIMetrix

3.9.3.1 Result Comparison of SYNPLE, PSpice and SIMetrix

The structure has 2 electrodes, which are connected to a 5 volts DC source and ground respectively. An
external pulse force acts at z-direction on the reference node. We are monitoring the z-direction
displacement in AC Sweep, DC Sweep and Transient analysis.

AC Sweep: Swept frequency from 100 Hz to 100 MHz

DC Sweep: Swept the external force from 0 to 1 mN

Transient: Applied a 650 uN pulse force as shown on the plot.

rom33 - OrCAD PSpice A/D - [rom33.dat (active)]

File Edit Yew Simulation Trace Plot Tools Window Help

A @& rom33 >
@A@Y MxxeBE k3R B F
=]
&l
—
k-
=]
B

rom33.cir [a... B rom33.dat (a
x| Tranzient Analpsis finizhed -~ x| |
| Simulation complete Al
b Analpsiz A Watch A Devices
Tirne= 10.00E-06 100% HENENNNENE m
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DC Sweep:
SYNPLE

® 2DViewer - [z1.dc. plot]
@ Ol Edt View MWindow Help

D &S 28

5 B7190x10°7
3E7190x%10°7

1 E7190:107

A B10E0® /

z1 vs ¢_of force

0.0002

0.0004 0.0006 0.0008 0.0010

o of force

Cursor | k= 0,00106774 ¥ =1,61711e-007

For Help, press F1

UM

rom33. dat (active)]

Ele Edit %ew 3Simulation Trace Plob Tools Window Help
ERAN-2- A=
AR M E K% P of

8.3my

1. 6mU

6. hmy 8.5my @.6my 6.9my

UINS

For Help, press F1

1om33.cir [a ram33.dat [a...
[ Transient Analysis finished ~ | | =
Al Simulation complete A —
i) Analygiz A Watch A Devices

100% ENNNENENEN m

Time= 10.00E-06
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SIMetrix

L de3 (Schematics Subcircuit *) (Selected)

File Edit Cursors annokbtakte Curves Axes  View Measure  Ploc
B A S mAE ol L e s RT A m e
IIl:l [ :d= (des)

tran2 :d=z acZ dz

SO0 /
A0C /

00 e

=
=
I
=
200 -~
100 -
[
u] 0.2 o4 0.5 o.s
PSS 200U Adiv
x! 1.02555m Wi 38 F.2935NW
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Transient:
SYNPLE

® 2DViewer - [z1.trns.plot]
@ Ble Edit View Window Help

LDeE ®aQE 78

Transient Result -- z1 vs Time

|
o
! |

5 02429107

1,02429x10°7 J

z1

f A% et
|

-2.9757 1107

9.0x10%  1.0x10°

i 10000°  20:10°  30:10°  40x10° 5000 G0xI0° 7.000°  8.0x10°

Time (second)

Cursor | X =1,12037e-005 |V = 1,52648=-007

TUM

For Help, press F1

E File Edit Yiew Simulation Trace Plot Tools Window Help
g | zEEdS
faay MaxeE ©BH P oF

rom33.cir (a... B rom33 dat [a

=l Transient Analysis firished

2l Simulation complete

Time= 10.00E-06

100%  [INNEEENEEE m
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SIMetrix:

UL tran? (Schematics Subcircuit *) (Selected)

Fil= Edit Cursors annokake Curves Axes  Wie Measure  Plok

D R AR = m el I ks R R = e

IIl:l ] :de

dc3 dz [deh] tranz :d=z acz d=

GO0 i

r
R L1
o i L '}

iy

100 m
I'||| o b
[N, U LT
=100
-200
o =] 3 ES =1 =1 7 =] =]
TimefuSecs TuSecs div

x: 5.62791usecs v S73.7280Y

The SIMETRIX circuit files are saved in
IntelliSuite\Training\Application_Notes\Capacitive_Pressuer_Sensor\SystemModeling
\EDALinker\SIMetrix

The EDALinker.exe file is present in
IntelliSuite\Training\Application_Notes\Capacitive_Pressuer_Sensor\SystemModeling\EDALinker
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AC Analysis:
SYNPLE
Magnitude

™ 2DViewer - [mag_of_z1_ac.ac. plot] [Z”Elgl
@ A= Edit Wiew ‘Window Help = | & x

el &S & 2 8

mag_of z1_ac vs Frequency 1

— mayg of zl ac

1.00000x10°%

fi
A
10000003 / \
EEEES \
\\
# 1.00000x10° i
o
! 5,
o
g. ) N
% 10000010 =
™
by
=
N
fi \\
10000010 ;
g 5
by
100000107 . . . . . .
1102 T e T8 T o T

Fregquency

IntelliSuite, Intellidense Software Corporation{c)

Cursor x=147618e+005 | ¥ = 1.50204e-005
For Help, press Fi

UM
Phase
- 5
2DViewer - [phase_of z1_ac.ac.plot] = [ E
@ Al= Edit Wiew ‘Window Help ==
D &S| 78
phase_of_21_ac vs Frequency 1

—— phase of z1 ac

2.00330%10"
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

-2.99670x10" ll
® |
! |
:| -7 .99670x10" ]I
o 13
o i
o |
g |
S 1 20067 x10°

-1, 79967 %10 ——

Fregquency

IntelliSuite, IntellifSense Software Corporationic)

Cursor ®=2.76493e+005 | Y = -59.3351
For Help, press F1
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rom33. dat (active)]

Wew Simulation Trace Plob Tools Window Help

A 2ELHSE
A BQ M E 2% P of

1868KHz 1.08HHz 188HHz

Frequenc!

B rom33.dat [a...

Transient Analysis finished
Simulation complete

For Help, press F1

E} rom33 - OrCAD PSpice A/D - [rom33.dat (active)]
§|E|IE Edit Wew Simulation Trace Plot Tools ‘Window Help

i~ ==
Ba@a MEkKB %P F

o P{U(dz))

A

v

L] =
fl S
Analygiz A Watch A Devices

Time= 10.00E-06 100% W

180KHz 1.6MHz 18HHz 1086MHz

Frequenc!

om3d.cir [a.. E rom33.dat [a...

=

i

Transient analysis finished
Simulation complete

Far Help, press F1

E| =
| :
Analysiz /{ ‘Watch )\ Dewces/

Time= 10,00E-06 100% W
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SIMetrix

Ul ac1 (Schematics Subcircuit *) (Selected)

File Edit Cursors Annotate Curves Axes Wiew Measure  Plok
D RaQ CHEF LEEE S LTTR e
Il:l [] phasel:dz) | ] d=

| ac] phasel:dz) |

10k
1000
100 \

1 \

dz

100K

-20 _—--\
‘1

40}
B
80

-100

120

-140)

-160
\\-—

P ———
100 400 1k 2k 4k 10k 40k 100k 400k 1A 28 484 1084 40K 100K

phasel:dz) /

Frequency / Hertz

x1 129,309MegHertz i 7851940y
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4 System level modeling

4.1 System level simulation
4.1.1 High level readout circuitry

Sigma Delta Modulator:

This example is for a second order Sigma delta modulator. The input to the modulator is a sine wave and
the output is a digital output carried by a clock signal. This Sigma Delta Converter can be interfaced with
the MEMS Macromodel to simulate the complete control circuit for the MEMS device.

Start the SYNPLE module.

Click on File....Open....C:/IntelliSuite/SYNPLE/Examples/ElectricalCircuitExamples/First order sigma-
delta modulator/sigdel5.ssc

- edaml ~

Cistarty, ® G e, = Themotiecy.

The Sigma-delta modltor file

The circuit should appear as shown in Figure below with the operational amplifiers, switching circuits and
capacitors.
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AC Input Signal

Double click on the AC input signal to view the amplitude and frequency of the signal as shown in Figure 3
and Figure below.
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Device Properties

Device:

Template:  wsrcac

Ref. Marne: |ﬁ [ Shown on schematic
| o
Yi.. | Mame Walue
O = 0.8
O the 3k
O chi 0
O 0
O v 0

k. | Cancel

AC input signal
Click OK to close the dialog.

Click on the Transient Analysis button
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Click on the Transien

The Transient Analysis Dialog will show up as shown in Figure below.

Transient Analysis

Transient Setup ISignaIs I Schemes I M-R fteration Setup I
— Setup of Transient simulation

Start time: IE Seconds
End time: I‘m'ﬂ‘-l Seconds
Time step: |5n Seconds

[T Fun DC &nalysis prior to the Transient Snalysis,
v Run Startup Analysis priorto the Transient Analysis.

Set Element Parameters |

Set Start-up Parameters |
Set Intial-quess Parameters |
Set Temperature |

ok | Cancel b

Transient Analysis settings
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Please reset the Simulation settings as shown in Figures below.

Transient Analysis [‘$__<| Transient Analysis @
Transient Setup  Signals ]Schemes ] N-R heration Setup ] Transient Setup l Signals  Schemes l N-R fteration Setup l
Please select the signalis) to be watched: Discretization Schemes
Mo more than 10 signals are allowed in one simulation. TR-BDF2 Parameters:
vin+ L } Toleance:
O pwr_elec_of vin ™ Trapezoidal
O viof vin ™ Second-Order Gear T EEmTE
O il_of_vin =
O ¢ " TR-BDF2 Gamma:
O w=
O phi4
omatic Time step Scheme
O pwr elec_of 52 Putt Time Step Sch
E i_of_s3 W Enable Automatic Time Step Scheme (ATSS)
v1_of _s3
] n1_ - Minimum time interval: 50m = Time Step
E pwr_elec_of_c1 Maximum time interval: 10 * Time Step
il_of_cf
O viofel Step reduce factor (<1): |D-5
O phit )
O  owr elec of s2 Step increase factor (=1): |1.5
O i1_o¥_32_ - Maximum Time Points: E000000
O viefs2 e {tmax_tms)
[ Select/Unselect all signals Temn=er e
ok | cancal | ok | Cancel
Signals D Discretization Schemes
Transient Analysis [‘5__<|

Transient Setup ] Signals ] Schemes N-R heration Setup ]

N-R teration
Maxc. N-R fterations: |A0]
Damping

[~ Dampin the N-R iterations
Max. damp N-R iter : Damping factor:
Convergence Criteria

[+ RHS52) Morm

Tolerance: Tu

—

[~ RHS(irfinite) Norm  Tolerance:

[~ dettéx)_all Nom Tolerance:

[ deltéx)_separate Mom

Voltage Tal Temperature Tal.:
Curment Tal.: Power Tol.:

White convergence information to output file. [

Use default values

Cancel

o |

N-R Iteration Setup
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Simulation completes and the Signal Manager appears.

Cistarty, ® 6 " (s i, -

Double Click on “Vin” in the Signal Manager and the input sine wave signal will appear as shown in
Figure below.

™ 2DViewer - [vin+.trns.plot]
@ File Edit View Window Help - 8 x
D @& 2N I
Transient Result — vin+ vs Time ]
7.00000x10""
2.00000x107"
=
£
~3.00000x107"
-8.00000x107"
0.0002 0.0004
Time (second)
Intellisuite, I
Corsor X —D.000172157 ¥ = L.18706
For Help, press F1 I

Input Signal Vin

Click on the Transient Analysis Button again and reset the settings on the dialog as shown in Figure below
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Transient Analysis E]

Transient Setup  Signals 1 Schemes } N-R keration Setup }

Please select the signal(s)to be watched:
Mo more than 10 signals are allowed in one simulation

pwr_elec_of_vin
w1_of_vin
i1_of_vin

f

s

phid
pwr_elec_of &3
il_of_s3
w1_of_s3

ni
pwr_elec_of ¢l
il_of_c1

w1 _of_cl

phil
pwr_elec_of 82
il_of_s2
w1_of_s2

OOoO0O0O0OO0O0o0OooooOooon

[ Select/Unselect all signals

e ]

|

<

Transient Analysis E|

Transient Setup  Signals ]Schemes | N-R heration Setup |

Please select the signal(s) to be watched
No more than 10 signals are allowed in one simulation.

O ehip !
£l F—

O pwr_elec_of_dacl_1

vin-

Vi

pwr_glec_of_switch3_1

i1_of_switch5_1

v1_of_switch5_1

b

pwr_elec_of_switch5_2

i1_of_switch5_2

v1_of_switchs_2 —
n7

pwr_elec_of_¢_1

ilof e 1

vlof ¢ 1

pwr_elec_of_switch5_3

i1_of_switch5_3 v

OO0OoO0OO0oOoooooooon

[ Select/Unselect al signals

Transient Analysis E|

Transient Setup  Signals ]Schemes ] N-R keration Setup 1

Please select the signal(s) to be watched
No more than 10 signale are allowed in one simulation.

pwr_elec_of c_3
ilofc3

vl_of ¢ 3

nl2
pwr_elec_of_switch5_8
i1_of_switch5_8
v1_of_switchs 8

vu-
pwr_elec_of_opamp1_2
d-

pwr_elec_of c_4
ilofc 4

viof c 4
pwr_elec_of_vsrcac_1
v1_of_vsrcac_1
i1_of_vsrcac_1

2

pwr_elec_of_dac1_2

OFO0O00O0O00O0O0000O00000

=

[ Select/Unselect al signals

s

Unselect “Vin” and Select “y” and “yb”

Click OK to start the Analysis

Once the analysis completes, Click on the signals “y” and “yb” in the signal manager window.

The Digital Outputs should appear as shown in Figures below.
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™ 2DViewer - [yb.trns.plot]
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Transient Result -- yb vs Time HLI]
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Digital Ouput yb

y and yb can be located on the circuit and the outputs are inverse of each other.

This example was for a second order sigma-delta modulator. The “FirstOrderSigmaDeltaModulator” folder
has more examples.
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4.1.2 Transistor level design

This capacitive pressure sensor was built in SYNPLE using a variety of MEMS and electrical elements
available in the SYNPLE library. The circuit is designed to amplify the capacitance signal of the pressure
sensor. The circuit output is an amplified “Analog” signal for an applied pressure pulse. The Analog signal
can be sent through a Sigma Delta Converter for an equivalent digital output.

Click...File...Open...” balanced_demodulator_BSIM.ssc”
File is located in IntelliSuite\Training\Application_Notes\Capacitive_Pressuer_Sensor\SystemModeling

g-seduml ~r

Eaaty (] T T )

Double Click any Bsim to check the properties of the transistor
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Device Properties

Device:

Template:  bzim1_n

Ref. Mame: |E [ Shown on schematic

| r

Wi | Mame alue -~
O&s | A

O&s w Su W
O - 0

O a: 0

O ed u

O o u

O b 07

O wh -40rm

O b 50

O phi 0.a4

O Iphi 0

O  wphi 0

O k1 0.7a

O Ik:1 -800u 3
~ - — —

] | Cancel

Variables “1” and “w” are highlighted as they are global variables for all Bsim s’ in the circuit.

Note : To define Global variables:

Click...Schematic...Global Variable Manager

g+ ' Begaml -~

Snkegrater with Reset
Pt
[y —
Poch Begecier &

Click...Add
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Global Variable Manager @

The global definitions for the spstem.
Double click on vanable name to aszign to system parameters.
Type | Y ariable | Walue |
real rl Al
real rua Hu
real GIM_IMTELLI 1p
Add |

Define the value and the variable name

Global Variable Definition

Variable Type:

" Integer
" Real

Variable Mame; |

Variable value; |

Click...OK...Close
Bsim simulation contd...

Double click on the Pressure input to the sensor
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The properties of the input signal should be changed according to the Figure below

Device Properties

— Device:
Template:  triahgle_1

Ref. Hame: [~ Shown on schematic

Laver Mo I [T Use Layer Definition

| M arme Yalle |
H 1200
t2 1
ta 0

120

epsl Tn

0000000 =
.

] I Cancel
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We are defining a 120Pa pressure pulse from 0 sec to 120psec.

(The input is in the form of a triangular pulse and the loading condition is during the linear increase (first

half “t0” to “t1” of the triangular pulse)
Click...OK

Click...Transient

Set the simulation settings as shown in the Figures below
Transient Analysis E] Tl

Transient Setup lSignaIs ] Schemes ] MN-R teration Setup ]

Setup of Transient simulation
Start time: E Seconds
End time: ‘12['” Seconds
Time step: ‘[:'-2’-' Seconds

¥ Run OC Analysis prior to the Transient Analysis.
-

Set Blement Parameters |

Set Start-up Parameters |

Set Intial-guess Parameters |

Set Temperature |

o |

Cancel |

Transiert Setup  Signals lSchemes ] N-R tteration Setup ]

Please select the signal(z)to be watched:
No more than 10 signals are allowed in one simulation.

&

nk
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v1_of Cr2

nd

n2d

Pressure

i1_of Csl
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cap_of_Cal

ng
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cap_of_Cs2

nl
pwr_elec_of_va
il_of va
v1_of va

nl0
pwr_glec_of_Cdc1

OOO0O0O0O00O0O00O0FOOEROOOOOO0O

[ Select/Unselect all signals

v1_of Cr1 »

i1_of_Cr2 -

i1_of_Cdel v

Cancel

o]
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Transient Analysis

Transient Setup  Signals ]Schemes | N-R keration Setup |

Pleaze zelect the signal(z)to be watched:
No more than 10 signals are allowed in one simulation.

ibulle_of_M21 A
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[ Select/Unselect all signals

Transient Analysis

Transient Setup ] Signals  Schemes ] N-R lteration Setup ]

Discretization Schemes

TR-BDFZ Parameters:

Tol :
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Automatic Time Step Scheme
¥ Enable Automatic Time Step Scheme (ATSS)

Bm * Time Step
10 * Time Step
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5000000

Maxdmum Time Points:
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0K | Cancel

o]

Cancel

Transient Analysis f'5_<

Transient Setup ] Signals ] Schemes N-R lteration Setup l

N-R tteration
Max. N-R iterations:  |[4HEE
Diamping

[v Damp in the N-R iterations
Max. damp N-Riter.: |10 Damping factor: |0.2

Convergence Criteria
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Voltage Tol.: Temperature Tal.:
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White convergence information to output file. [

Use default values

oK | Cancel
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Click...OK
Once the Simulation is complete

Double click on Pressure in the Signal Manager window

The Pressure input to the sensor will be displayed as shown in Figure below
 2DViewer - [Pressure.trns. plot] Ex

@ Fle Edit View wWindow Help - & x
Dzl aas 78
Transient Result -- Pressure vs Time 1
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Double Click...Cap_of_Csl
The capacitance output of the pressure sensor will be displayed as shown in Figure below

™ 2DViewer - [cap_of_Cs1.trns.plot]
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5
5.1

5.2

5.3

Conclusion

Review of concepts

A surface micro-machined circular capacitive pressure sensor was designed and simulated in both
the device level and the system level. The layout was designed in IntelliMask and the process
simulation and the 3D structure were realized in IntelliFab. The device level simulation performed
on the device can be categorized into frequency analysis, static analysis, dynamic analysis and
system model extraction. The static analysis involved residual stress analysis, stress gradient
analysis, capacitance vs. pressure analysis, capacitance vs. voltage analysis, pull-in analysis, and
overpressure analysis. The dynamic analyses involved dynamic pressure analysis and spectrum
analysis. System model extraction involved extraction of relevant modes, strain energy and
electrostatic energy. A Transient Force vs. displacement analysis was performed on the system
model of the pressure sensor in SYNPLE and the results were compared with the results from
SIMETRIX and PSPICE. System level analysis involved sigma delta modulator analysis and
transistor level design. The sigma delta modulator could be potentially connected to the macromodel
output to convert the analog output into an equivalent digital signal. The Transistor level design was
for a pressure sensor designed using a collection of MEMS and Electrical elements including BSims
(Transistors). The properties of the transistor can be varied according to the information available
from the process flow.

Putting it all together

We will now review the results from each of the analyses and the significance of the results. The
natural frequency analysis was done to determine the natural frequencies for the first five modes.
These results were further used to validate the results from the frequency/spectrum analysis. The
static stress and residual stress analysis were performed to determine the effects of these stresses on
the device behavior. The Capacitance vs. Pressure analysis was performed to determine the change
in capacitance for applied pressure and characterize the capacitive response of the device. The
Capacitance vs. Voltage analysis was performed to determined the displacement and the resulting
capacitance caused by varying the voltage on the device. The pull-in and membrane collapse
analysis were performed to determine the pull-in voltage for the device. Overpressure effects were
analyzed to determine the device behavior at very high pressure loads. The dynamic analysis was
performed on the device to determine the settling time for the sensor for a specific force/pressure
pulse and damping factor. The system model of the pressure sensor was extracted to perform a
system level analysis in SYNPLE and in EDA tools such as SIMETRIX and PSPICE. The results
from SYNPLE, SIMETRIX and PSICE were compared for a transient Force vs. Displacement
analysis.

Summary

A Capacitive pressure sensor was designed successfully both at the device level and the system
level. The methodical approach to design a surface micromachined capacitive pressure sensor from
Layout through process simulation, Frequency Analysis, Static Analysis, Dynamic Analysis, System
Model Extraction, SPICE extraction, System level simulation in SYNPLE, transistor level
simulation in SYNPLE and comparison of results between SYNPLE.SPICE and SIMETRIX has
been discussed in detail in this application note.
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