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COVENTOIR .'- Overview of Coventor

Founded in 1996 with a focus on
software for MEMS Design

— Management team from MEMS and EDA

— Validated tools and library across a broad range
of designs and applications

Initial products for MEMS ‘experts’
— Device design, modeling, simulation
— Process development

Established proven track record with MEMS market
leaders

— Top tier MEMS device makers and specialized manufacturers

— 11 of top 15 MEMS companies™ use Coventor
*Source: Yole Development (Feb. 2010): Top 15 MEMS companies = 80% of MEMS market
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e OVENTOIR .‘- Coventor’s Mission

A |
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Enable Our Customers
to Grow Their MEMS Business

e Providing Essential
Design Automation Software

e Setting the Standards for
MEMS Design Methodology

e Partnering for Success
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SOVENTOR: Simulation of
“ | Complete Product

MEMS-based products are becoming more integrated

1-axis accel 2-axis accel. 3-axis accel. IMU: 3-axis accel.
+ 3-axis gyro

Increasing integration requires more verification by simulation
» More difficult or impossible to test individual components
» More chance of design errors in interconnect
» More likelihood of undesirable coupling between components
» More sensitive to signal integrity and parasitics

Simulations must include more of the system

It is no longer sufficient to simulate
Individual system blocks
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Overview of

CoventorTools

= Components

{ Material Properties Database and Process Editor ]| > SEMulator3D )
U/ Virtual
MEMS+ \ q prototyping
« MEMS behavioral “' | J
modeling environment | DESIGNER
—— » 2D Layout Editor
ST - Solid Modeler (2D to 3D) \

 Suite of field solvers,
hybrid FEM & BEM

« Comprehensive coverage

for MEMS multi-physics

* Preprocessor for FEA |

/

Slide 6

OO G'Ensomites 2092



Overview of

CoventorTools

l Material Properties Database and Process Editor ]

I

" MEMS+ A

* MEMS behavioral
modeling environment

o
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MEMS+System & IC

Challenge

¢ System, IC and layout designers require a MEMS component for
their design environment

* No standard, automated methodology across the industry

¢ Disconnect between MEMS, System and IC design flows leads to
long development cycles and high costs and minimal design reuse

cadence MATLAB

[ Virtuoso ® Schematic Editor L Editing: MEMSLib AccelerometerSchematic |— |0|/X | SIM' ] I INK
Launch File Edit Miew Create Check Options  Window Help a
LEE

Fie LB e Sddin Fmal duk PNt

Lt 3 s

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee
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Coventor MEMS+

for Matlab Simulink

Coventor MEMS*
€ Assemble design in 3-D @ mport MEMS Model

MATLAB
' SIMULINK

& Lovent:
ba-»
B Mureratsiate | B8 ProcessEdtor :m
DARRICD (GHB 4 A DB Xb A 2H 4
X @ RARHH G -]

@ Insert MEMS model in schematic

. T HE
Parameterized MEMS == S M rjﬁ{
Component Library (.lib) T

I
O simulate
A\ 4

S-Function Interface

@ Visualize simulations in 3-D
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Coventor MEMS+

for Cadence Virtuoso

Coventor MEMS™* Cadence Virtuoso
€ Assemble design in 3-D @ Export MEMS Model @ Insert MEMS model in schematic

|V- Virtuoso ® Analog Design Environment L Editing: MEMSLI = 3%

o Coventor MEMS+ - Cifsource/memsplus/trunk/src/MEMSplus/Modules/innovatorfunit. . [= B8]
I Launch File Edit Yiew Create Check Opfions Window Help cadence

B MatrridlotaBose | 25 PaooenEdboe | 4% Infivstor -
NEBEARDC B (a4 B X & A e O O I "t Il c%}o » b » I :"“; »
fx A4+ RAR RN & - d A P G sz ¥[10 d 1 1

nmouse L: : R:

3(4)| P\ Crck: Move Sel: 0 Status: Ready | T=27 C| Simulator: spectre | State: TestAn:

@Simulate

A\ 4

Parameterized MEMS

Component Library (.lib) Netlist

Spectre/UltraSim

1

< Coventor MEMS4 - Untitled
0y o -
£ MueraDataace | B8 Processtdter o Ineovater | W ScenedD

P Oefoen Moda [Transere 3] Tiea | 2024 N i I @ 1 Frsne[1in 9 [Dageson: oe

Comgrreets ax HarRABA LS G - AD @ sk w0y
.L

IEE

@Visualize simulations in 3-D
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Mechanical

Library Components

¢ The MEMS+ component library is build on top of three different
mechanical model families

Mechanical
Library Components

v A

Rigid Plate Suspensions Flexible Plates
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Add-on Models

MEMS+
Component Library

Rigid Plate Suspensions Flexible Plates

=Z| =

In-plane Side . Fluid cavities &
combs electrodes electrodes Piezo Iayers pressure loads
a " N J —
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:f_ MEMS Behavioral Model Library

MEMS++ is built on a comprehensive model library
® Beams & Suspensions (FEA Elements Bernoulli Beam Theory)
* Plates (FEA Elements Flexible MITC Plate Theory)
¢ Sensing Electrodes, (Conformal Mapping Theory)
® Comb Finger Drives (Conformal Mapping Theory)

Fixed
Fingers Mov able Rigid

Fingers Plate

Rigid Plats 1
with Curvature

Substrate

Arc Shaped
Electrostatic
Field Line

| _Integration
area

Rigid Plate 2
with Curvature

Top Electrode
=/
g

Submerged
Integration Points

Y il T b Beam
________ Tt Contact
T - Surface
: =TIl
ST e ln\
el T e
gt .’-"-‘*’h:—q J Bottom Electrode , J Bottom Electrode }

Integration top_electrode_layer = undef

OOO " E B pO I/I HTeX" 20 1 2 Plane P oints bottom_electrode_layer = undef top electrode layer= undef
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SOVENTOR: : MEMS+
| Design Examples 1

¢ MEMS+ builds on Coventor’s parametric model library which has
been proven on real-world designs...

Display Devices
PZE Actuated Mirror

Resonators
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MEMS+

Design Examples 2

¢ MEMS+ builds on Coventor’s parametric model library which has
been proven on real-world designs...

Gyros (Angular Rate Sensors) Accelerometers

Capactive/PZE Microphone

RF
Switches
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Overview of

CoventorTools

L Material Properties Database and Process Editor ]

OO G'Ensomites 2092

v

DESIGNER

» 2D Layout Editor

» Solid Modeler (2D to 3D) -

* Preprocessor for FEA

Be Vew Hep

[0 [5] @us Couk | BBRAARE 1 &

T

)

| ANALYZER \

e Suite of field solvers,
hybrid FEM & BEM

« Comprehensive coverage
N, for MEMS multi-physics

/
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Overview of

DESIGNER

| |Edit Materials in C:\Work'\Design_Files\Shared'MPI[]

M ate r i al S 1 v Miteril | + Eg;.%meria\ _[

€ Process Fditor - [C3/Wark,/Drsign_iles/HE_Switeh e

[ Pl e vew Took wiedsws Meb I_

& Process csusamax: oo

Humber | StegHome | Layst Hame | Acije==

Cy— -

0 |Subsuiste | Subsale Sl

Integrated with
Customizable for = Fioom | Ssi—2- Architect and Analyzer
any MEMS process =R i
2D Layout Editor -

with MEMS-specific features Preprocessor

& Loyoutfdeor -- Celt 100um_Plate_Capacior, File: C/Main/ Coventor/Workd les (INTOGRAS PRE w10/ =0 x|

G A - " with partitioning, transform operations,...

ED-@-H- @ SmP o

AAKOH

el e ~loix
%' — bk File Edit Yiew Solid Model Mesh Tools Help
- EH P easAREE AN aQaq) - x o8«
i oo ~|escoef<llcss 0500 ~ Automatic Meshing
E- ™ Geometry
oF B9 solid Model - -
2- 5 epertcsuens) 6 meshers, optimized for
d- F-=H Layer (COxidel)
s yer2(Poly)
a yer 3 Oxide? 1)
B- Layerd(Cxidel _2)
= Layers(Paly1)
EH{) Part_7(Paly1)

Face_252
=HE Edoe_661
EHET Mesh Madel -
N e T e
Region 1 —“‘,‘\W"‘;"\,
IJ:'I—S Layer2(Paly0) _“-‘ *

Part_0(Paly0_0)
Face_0(hatned_facel)
.
Face_&(hatned_face2)
[ =
[, o Part_1(PalyD_1)

Part_2(Poly0_2)
45 ConductorsDiglectrics
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. - E DESIGNER™
C‘- VENTOIIR: e ]
Layout Editor

=101%]

ED-&-"- & mP |-

Has standard layout editor functionality, - p—

plus MEMS-specific features
® Enter true curves (arcs, circles, splines)
for efficient 3D solid modeling
* Save time by using hierarchical layout cells
¢ Parametric MEMS layout cell generators
¢ Import standard layout formats (GDS2, S = r— o

fecn =] | @ cew Comk | BEEAE0E 51 4

Verify design before tape out

® | ayer browser shows layer-to-mask
mapping
¢ Built-in design rule checks

¢ Mask Viewer allows users see the masks
exactly as they will be manufactured

FRRADVRVCROIOG &

] Cocew Com |RARRAAG a4t L
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COVENTO

J

E :Prcu:ess Editor - [

File Edit Yiew Tools Windows Help

DESIGNER"
Process Editor

=10 %]
=181 %]

Descriptive
step names

Customizable

=1 IEY Y RIGIE A
MHurnber I Step Mame | Action | Layer Mame I M aterial Mame Thickness =
1 Substrate SubstrateStep Substrate SILICOM 10
E oo uEnce
F.OH et Etch SiightcutStep
TS chkiatenalStep ||zolation0xide THERM_C<IDE 2
eleaze HF Elch StraightCutStep  |<chooses
HOG D eposition Part 1|PlanarFillStep Etched|zolationD «ide]PSGE 0
DG Deposition Part 2|StackaterialStep |Oxidel PSG 05
et Etch StraightCutStep  |<choosex e
FCVD ConfarmalShellStep|Mitride1 SluMy_Metaltd UMPs 0.35

step hierarchy

User customizable
library of standard

StraightCutStep  <choose
ConformalShellStepPoly

POLYSILICON_MetalbLIMPsi0.7

rocess Steps
[]—-.@Anodic Glass Wafer Bonding

- % [leep Reactive lon Etch (DRIE)
- Oy Etch

[]—-ﬂElectroplating
[]—-.@Electroplating sirmplified
[]—-.@Epi- 501 [Silicon-On-nsalator)

- = E vapaoration

[]--.@Ion Implantation

- M OH Wet Etch - Backside

process steps (mapped

to solid modeling steps)

Access to
standard

foundry processes
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IE Etch StraightCutStep  <choozer - 23K 0OH Wet Etch - Frontside
" hIE Etch StraightCutStep  |<chooser [:I--@Liﬂ-oﬂ
21ALPCYD ConformalShellStepMitide2 SlaMy_ketaltd IMPs 0.35 []--.@LIG.-’-‘«
213RIE Etch StraightCutStep  |<choosex = | PCYD
214PDG Deposition ConfarmalShellStep|Oxide2 PSG 1.1 =L PCVD simplified
215w et Etch StraightCutStep  <choose
L . 'LI - = PECVD
=t = - = PECYD zimplified
= - % Feactive lon Etch [RIE]
Step Mame  [KOH 'wet Etch - P\Fielease Diy Etch
Action L% Straight Cut - 4 Feleaze HF Etch
- - U Feleaze Wet Etch
Magk IDmde'I 'l
» Ui I <choose> LI [:I--.@Silicon Fuszion ‘W afer Bonding

* Depth Distribution

MHominal Value |25 Edit |

I Scalar hd l

% Front Side

Photoresizt

P—

—Sidewall Angle(degrees]

I Scalar VI
Mominal Y alue |-35.3 Edit |

Digtribution

(- Jl Silizon-Or-nsulater (501)
- =4 5pin Casting

- = 5 pattering

- 1 Shripping

- =P S ubstrate

\ =1 Thermal Oxidation
o =2 Thermal D=idation simplified

[+~ Hoae (REETE

[+- 7] Pre Coventor/are 2005 Steps

q @Foundr}l Processes

¢ Back Side - it
Digtribution I Scalar 'I
MHominal ¥alue ID Edit |
e Hrms—————

defined by the 0<IDET and MITRHOLE mazk levels.

- g MetaUMPs
- FPalyMUMPs

&\P
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DESIGNER

Solid Modeler

e 3D Solid Model Builder

« Employs the 2D layout and
fabrication process description to
automatically build 3D models
(ACIS SAT format)

e Emulates real foundry steps, such
as etching through multiple layers
or partial backside etching
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DESIGNER™

Preprocessor

|€ CoventorWare{TM) Preprocessor - screen_shots O x|

O ptl m | Zed fo r M E MS Iaye rS File Edt Wew SolidModel Mesh Tools Help - E

BRPd EaERREE QR QAQ] Y-

. |LOD:|D = |Z—Sca|e:|1 |55, 00,359 |
Features include EE [—

EHE Soiid Mads!
. = LayerQiSubstrate)
¢ Cross-section planes
¢ Solid model partitioning & transforms

A Laryer1(Oxicle0)

H Laryer2(Poly0)

A Laryera(Oxide1 _1)
A Layerd(Cxide1 _21

. . A Layers(Poly1)
¢ Automatic layer merging to assure 8 i)
conformal meshes
. EHET Mesh Model
¢ Part and face labeling for BCs 57 Regin 1

-5 Layer2(Palyl)

Part_0(Poly0_0)

* Mesh generation E&%Ezzz-zi::::—:zzzi
¢ Mesh quality checks

Part_1(Palyd_1)
Part_2(Polv0_2)
£ Conductors/Dielectrics

J€ |CoventorWare(TM) Preprocessor - screen_shots — ol x|
File Edit View SolidModel Mesh Tools Help

|un|\aa\a@ﬁ&ﬂﬁﬁa”@|—q@e|@@q|-.ﬁl_|\& SETIE /
S . Tree expands to show only

i -1 Geometry é} Add a Cyclic Region
l‘J—@ ol Hovkl

7 Add 3 Block named

or highlighted entities
__ Same plane can be

used as x-section,
partition or symmetry.

E? SolidModelPlanesUNDEFINEL
B SolidhodeiPlaneT(INDEFIHE]
EH{E) Mesh Made!

Region 1
-

.i Pa S(F \y1 )

P Part_d(Palyi_4)

£ Part_o(Palyl_a)

@' SytnmnetryPlanel(X_yellow]
AT SymmetryPlane2r _red)

B-£28 ConductorsiDielectrics

L
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DESIGNER™ Meshing

Choose from 5 optimized mesh generators
that are ideal for MEMS solid models

1. Manhattan bricks (hexes) for near orthogonal geometry

2. Extruded bricks for multi-layered non-orthogonal geometry
(choose from 3 algorithms)

3. Mapped meshing for 6-sided volumes
4. Tetrahedrals meshing for arbitrary shapes

5. Surface meshing (triangles and quadrilaterals) for BEM e o Ef::ingigz e - e
Maximum volune element edge length (um) : 17
Local refinement controls on all model entities T P
(layers, parts, faces, edges, vertices) T
G.35000000 (0 L3
. € o AP PR ‘
Mesh quality checks ——| B p

e [Easy to read reports o e

e Highlighted display of “bad” elements

17.00

7 0 H |17.00

17.00

Import/export ANSYS meshes e D] | e |
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Overview of

ANALYZER™

« Comprehensive suite of 3D field solvers for MEMS

« Coventor solvers for thermo-mechanics, electrostatics,
damping, piezo-resistance, piezoelectric effect
« Hybrid FEM/BEM approach to coupled electromechanics
« Gas damping, Anchor Damping, TED

e Simulation management

e Versatile results visualization

Pull-in Point

Tip Displacement
c 1 1
(o]

0 5 10 15 20 25
Voltage Bias
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SOV ENTOIR

1. Comprehensive suite of 3D field solvers
Multi-physics with multi-core and 64-bit support

Overview of
ANALYZER™

2. Simulation management

and custom queries

E_ modeDomain

Fregquency | Generalized Mass| Darmping ‘
1 E3747T3E08 | 5.034922E-13 a
2 E375334E08 | 5.350629E-13 a
3 E.379169E08 811114E-13 a
4 6.380271EDS | 9.855608E-13 i

[ ]
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3. Postprocessing
Convenient pre—defined tables [T ]

Solver:  MemMech

ModelMesh:  full_ring_really

Results Summary

Tables  |modeDomain =] % .
3D Results
Load Result M

| Close

z

ﬂ @ b‘ D Microfluidics I€ Database Browser - Select a Model
' == s
— _ | Job
[ EE”“"’W H Job Queue
L Mocdal aralys
- - o T == =
|‘”‘| MemElectro  (electrostatic and electroguasistatic) IZ' - =XE@PUES2 @8
= ] modal anayats 2 Mame [ Dete Added [ Module Meme | Status
?gﬁm::”" modal analysis 626-... 10470 - 10:24:02 Membech Completer!
|‘|(‘| MemElectro  (electrostatic and electroquasistatic) ?gmwa o 10 — ) . I
;t-gm;lmw:n B35.5638 Wz
F . . . . & [y nt_ring_ready 10
)_.L hemhdech (mechanical, thermomechanical and piezoelectric) £ gq.-n eg 10 B
I ring_ordy
& [y by oty i
% CoSolveEM  (coupled electromechanical - static) 8 JuFia ol | anta ]| propertss [ pogress |
\:: E full_rirwg_weith_Jeihers ord rlectoded :n"m. Fipiimipe Analysis Mame Cosolve for 10v
. ) . & Bt g wit_jehhers andelecioded b Ty 7o WPS File RingR "
g% HarmonicEW  {coupled electromechanical - frequency domain) | Lot Tesce i Module Mame c::sﬂ,:;;;a o
+ - [—— (] | et el omment
TR MemPZR (piezoresistance)
o | [ cenest |
}E MemHenry (electrical inductance and resistance) -
2 jobis: 1 finishad
[ e | [2]
jHl Springhard [electrostatic, mechanical or electromechanical)
|J-| Dampinghid  (=zgqueezed-, slide-film or free-space fluid damping)
E Inertizahibg (proot mass or plate ineriz) V| su al |Ze r

@ visualizer

Fle Edt Vew Pt lnsert Anmate Data Frame Opbons Sopeng Todk Andlyse Coventor el

eH B %4 QG Al 3 g By B oaFOoo0 B A

uack e

Ao
A
[] At Poeckom

[] Cathe Graghics
] Piot Bppumamancns

Click tn Select, Drag tn Seiect Group
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SOV ENTOIR

CoventorWare
Compatibility

e T T - GDS
GDS _.--"" DESIGNER crr
CIF  ——— 20Ut Editor WXF
DXF 4 v IGES
[ Materials Process \ 2D
\ Database Description !
\ ,’ SAT 2D
IGES BD\\ 2d SOLID X <Tep
SAT 3D MODEL —-ﬁ»
STEP _-" 1IGS 3D
\“-—;:l::—”' SAT 3D
IDEAS UNV ’/’MESHED MODEL \\\\
PRO-E PRTZ/AS // \QA\SCH |1 STL
PATRAN PNF ! l k IDEAS UNV
' |
ANSYS CDB/RST, ANALYZER SOLVERS y ANSYS RST
ASCII STL \ y
\
SANALYZER _of
Slide 26
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MEMS Examples
in ANALYZER"™

Accelerometer
(Coupled Electro-Mechanics, Gas Damping)

RF Switch
(Coupled Electro-Mechanics, Gas Damping)

FBAR Pressure Sensor
(Piezoelectric and Mechanical Effects) (Mechanics, Piezo-Resistive Sensing
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ANALYZER™
Examples MEMS

.00 0.90 1.81 2.1

Disk gyro Displacement inside paékagjé at -40°C

ke o o ———
o FOVENTER Resonator, TED, Anchor Loss, Stress
Energy Scavenger Relief.
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COVENTOR | Energy Harvester

Experimental Validation of P -
Aluminum Nitride Energy Harvester
Model with Power Transfer Circuit

S. Matoval, D. Hohlfeld1, R. van Schaijkl, C. J. Welham2, S. Rouvillois2
1 IMEC / Holst Centre, The Netherlands,

2Coventor, France

1.000

0.100 A

0.010 A

Average Power (uW)

0.001 T T T T
1.0E-04 1.0E-03 1.0E-02 1.0E-01 1.0E+00 1.0E+01

Load Resistance (MQ)

‘+FEA —e— Measured ‘
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ANALYZER™

Examples MEMS

>

100nW power absorbed by the detector:

temperature gradient in the pixel is simulated in
vacuum at temperature of 300 K

—] METU — 10Mm
Metal-1 PolySi

Substrate o e = ¥ B
m B = -
n=well
Substrate
b b b Low-cost uncooled infrared detectors in CMOS process

Selim Eminoglu, Deniz Sabuncuoglu Tezcan, M. Yusuf Tanrikulu, Tayfun Akinx .
O00 "EBpOMHTe)QHaQ@ﬂth Electrical and Electronics Engineering, Middle East Technical University, Ankara 06531, Turkey Slide 30



Overview of

CoventorTools

l Material Properties Database and Process Editor ],_> SEMuIatorSD A
Virtual
prototyping

\_ J
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COVENTOR]

Coventor is the leader in MEMS
design automation software

to modeling MEMS and
semiconductor processes

IIIIII

OO0 "EBpouHTeEX" 2012 Slide 33



© OVENTOIR: What isE \V4 r_tual
Fabrication?

Virtual Fab
software

Actual Fab

Rectangular
area of interest

ve wafer thru i
ollowing recipe

Aimic equipme
build 3-D mod

Processed
wafer

Sample, - Visualize,
image, image,
measure measure
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OV ENTOIR . What is
SEMulator3D

A modeling tool used by leading MEMS and semiconductor fabs

Visualization

lator 30 Viewss : (/share/samu/prajectsfirian X RDLE-SEAM. 7am

GDSII Layout

e (St Yew Mose jeaton o

’_ FRP ¢ &G ERAREL Dk -Mb [<IE (108
3D Modeling Engine
builds voxel models by
applying a sequence of
’ primitive operations
mmn "

Jamm
=EEmm Simulation Mesh

EEEEN/ =

Voxels are 3D pixels

>

| Customizable to
~-J any process technology

EEDEEEDEEEDEEDDD
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SEMulator3D

Process Recipe

P Process Editor - [D:/work/SEMulator 3D/FinFet-32nm/FinFet_128_demo.vproc]

File Edit WView Tools Windows Help = E x
: v s ZF Z
SEMulator3D follows a process D@E/+bX/9e/ 82/ 3|9
Number Step Name Material Name | Thickness | Mask Name | Depth | Mask Cﬂ =F o
T - 7y s D — — -Process Lbrary
recipe” to emulate the T oeerm
. . /9.1 [Create Fins 55 E:;:Z?:non
fabrication sequence step-by- P — - Do
- -1 CVD High K Gate Dislecirc Hfo2 2 ~Epeposit
step: S - Secroiae
- 13 Deposit PolySi PolySi 95 |- gEh:h
. - {14 Planarize PolySi - [ Export Geometry
D P ro Ce S S r e C I p e I S C 0 m p o S e d Of - 15 Deposit Sin Hard Mask SilHardMask 100 ----gExpose Material
. .. | 16 Pattern SiN Hard Mask Gate 110 ----E)Fragment Operations
primitives from a standard e - Ecerertevesh
- {13 Etch Ext Spacer a5 '---EGrow Oxide
I | b ra ry 20 Spin Resist Resist 20 -~ EHimplant
| 21 Expose Resist nMOS-A Resist 0 nMO5-a ""%Interface Growth
. .-y . |22 Extension Implant nMOS-A 14 - [Mask Operations
a P rrmi t Ive Ste p S can b e i Strip Resist Resist -~ PuMeasurement
. . | 24 Spin Resist Resist 20 - w Modeling Parameters
configured (calibrated) to T s N T = et

- - EPlanarize

m atC h fab EET IR |P\"D TiN = - EgRemove Material

Action S Deposit ""j@REplace Material
"'-&Save Model

a Input is parameterized A 7 teral [ <] - At Operatons
. MaskName | <choose> 7| E— - IWafer Setup
O Parameters are geometric;

[~ FProcess Steps

MaskField | & Dark " Light Distribution  Scalar | - IWafer Setup
1 ) T —— -2 cMos Steps
process setup is easy and fast S e - 3 Bty Sieps
I Bottom side Anisotropy (vertical lateral) 112 Save Model Steps
SR - B MEMS steps
Distribution |P|ecew|se j ""ESpin Resist
Points (50,0.5),(126,1) Edit 1 ""@Export Geometry
=B rFeoL
Corner Type |R0unded j []--&Fab Processes

SEMulator3D can model any BT 3 .
process technology.

SEMulator3D Process Editor
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C GAASNIR®) [

v" Conformal deposits
CVD, PECVD, HDPCVD, etc

v' Directional deposits
Evaporation, sputtering

v Wet etches
Including selectivity

v" Dry etches
Plasma-based etches, RIE,
DRIE, etc
v" Growth
Oxide growth
Epitaxy (some)
Salicide
Electroplate

v Miscellaneous
CMP
Lift-Off

000 "EMIRINL Lyffsision

SEMulator3D Library

PECVD Deposit

DRIE Etch

of Standard Process Steps

RIE Etch

. ——CMP Dishing

Slide 37



Powerful 3D Visualization

With the SEMulator3D Visualizer, you can

“s? SEMulator3D Viewer : D:/share/semu/projects/MUMPS/Harmonic Motor/Harmonic_motor... IZI [E| |z|

fle Edt vew Mowse fnmaton feb 0 Interact with a 3-D view
ZEHE9C @S ALR2 AN Dk > EIEND _
Scene o Create and animate
e dimensionally accurate

Cross sections

o Color by material or by
electrical connectivity

o Hide/show materials or
electrical nets

o Take measurements

0 Exaggerate scale in X,y or z

o Capture 3-D images

s Step 27(HF (49%) Rele3s.. 0 Animate the fabrication steps

MEMS Motor using Metal MUMPS process
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Example: MEMS DLP
Mirror

N

A .
EBeam Spot Magn Det WD ————— Emm
100KV 30 4627x  COM 170 MIRROR! ING

DLP Process Sequence (above) and release etch (below).

DLP mirror based on a design by Texas
Instruments. Note accurate
representation of tether attachments!

Slide 39




Example: SiGe
Accelerometer

200 um

A COMB BASED IN-PLANE SIGE CAPACITIVE ACCELEROMETER FOR
ABOVE-IC INTEGRATION

L. Wen', K. Wouters', L. Haspeslagh’, A. Witvrouw”, R. Puers’
'ESAT- MICAS Katholieke Universiteit Leuven, Leuven, Belgmm
’IMEC, Kapeldreef 75, Leuven, Belgium

(b)

B 0N E N

Figure 3. SEM view of the fabricated polv-SiGe lateral

OO0 O0PEBpovsTex? 2012




Stopper

for SiIGe Accelerometer

Hpol Magn
w0 D00x

Figure 6: SEM view over the positioning of the shock protec-
fors of the fabricated jéo 815569 lateral capacitive accelerome-

O0Q.EBpouHTEX"




Demo IMEC’s SiGe

BEEE®
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Who needs

Virtual Fabrication

Process Development
0 Model the full fabrication sequence

0 Prototype process changes before
iImplementing them

0 Predict process problems
O Save wafers ($$$) and time

Foundry Services

a0 MEMS Design validation before
fabrication

o Communication with customers

MEMS Designers

0 Test manufacturability before tape-
out

O Silicon-accurate models for FEM
simulation

o Communication with fab

Process Documentation & Training

0 Add realistic 3D graphics for more te
effective documentation '

OO0 "EBpouHTeEX" 2012 Slide 44




€OV ENTOIR:

Foundry Service companies use
SEMulator3D to:

0 Communicate design and process
information with customers.

0 Validate designs before fabrication.

a Efficiently model any design changes.

0 Analyze and improve vyield.

o Allow customers to build 3D models
with SEMulator3D via PDK.

OO0 "EBpouHTeEX" 2012

Design Validation

I"‘. TELEDYNE DALSA
Everywhereyoulook

“Emulation also gives engineers the ability
to do virtual test runs to verify that a
device design is compatible with the
manufacturing process, and that the 3D
result is as expected. Moreover, design
mistakes and shortcomings can be
identified, even if they are compatible with
2D layout rules.”

XFAB

AIXED-SICMAL FOLUMDRY EXPERT S

“The benefits of visualizing accurate 3-D
virtual MEMS prototypes include increased
probability of achieving first-time success
by minimizing analysis errors, increased
design efficiency by identifying process
errors early, avoiding undesired effects
that would have reduced yield, and more
efficient communication between design
engineers and outside groups.”

Slide 45



Baolab — Design review for

PolyMUMPS with SEMulator3D

“We have now established a strict submission procedure within Baolab
for all the foundry runs, and one imperative step is to simulate the whole
die micromachining process using SEMulator3D and to visualize the 3D
result using the mechanical coloring scheme, and this must be included
in the final report.”

Green indicates Oxide not removed despite non-vieolation of design rules

¥ boolab

MIDCROSYSTEMES

OO0 "EBpouHTeEX" 2012 Slide 46



SEMulator3D

Geometry Export

SEMulator3D Reader

0 An open version of SEMulator3D Viewer that anyone can download from
Coventor’s website

0 SEMulator3D users can distribute
3D models to anyone. -
0 Encourage your prospects to try it out! —> _}“ =

Customers
Archived

SEM3D File

2 SEMulator3D Reader

Colleagues

Model Creator

Management

Mesh Generation

0 SEMulator3D Meshing creates accurate
surface and volume meshes for simulation:

0 Thermal "\
O Mechanical stress/strain b
o Diffusion X

Q Electrical parasitics
a Multi-Physics (MEMS)
0 SEMulator3D meshes can be used with
CoventorWare Analyzer and 3rd-party solvers T
OO0 "EBpouHTeEX" 2012 Slide 47



Im

Design your MEMS In stable well-known manufacturing
processes using CoventorWare development platform

>Data available:

» Specific material property databases

e Library of foundry specific process emulation files
» Layout template file incl. DRC

e Case studies and tutorials

Technology = DESIGNER™ SEMULATOR3D ™ MEMS+ ™ ANALYZER™ Fabrication run

OO0 "EBpouHTeEX" 2012 Slide 49



Library of Standard

Foundry Processes

DALSA — post-processing on CMOS
IMEPKU — Polysilicon
PolyMUMPS — 3-Layer Polysilicon Surface

SOIMUMPS - SOl H E O E N O

Nitride  Poly0 1stOxide Poly1 2nd Oxide Poly2  Meta

MetalMUMPS — Electroplating . PolyMUMPs
Tronics 60pum SOI-HARM - epitaxial SOI 0
MultiMEMS — Piezoresistive Bulk
SINTEF — MOVEMEMS PZT (beta)

SOIMUM

8% BEAMS or THIN
DIA RAGM
\ANlSﬂTRUP\EALL\’
ETCHED CAVITY
ceass  MultiMEMS l/

HHHHHHHHHHH

OO0O "EBpouHTex" 2012 Slide 50 20



Overview of

CoventorTools

{ Material Properties Database and Process Editor ]| > SEMulator3D h
4 Virtual
MEMS+ \ q prototyping
» MEMS behavioral . (N J
modeling environment /| DESIGNER \

* 2D Layout Editor
« Solid Modeler (2D to 3D) - \
- Preprocessor for FEA | ANALYZER
» Suite of field solvers,
hybrid FEM & BEM
« Comprehensive coverage
N, for MEMS multi-physics

DEAGRYCE A% A DA X+ Ak S8 40 LL0NK
X AP+ RABARE L - ZAD ORI

= Components

/

Slide 51
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OV ENTO | Overview of

CoventorTools

Resonator
Accelerometer

Gyroscope

OO EaysoiRITER" 2092 Slide 52



Solution for MEMS Resonator

Design and Integration



- MEMS Reson

quartz replacement or SOV ENTOR:

RF applications

* Electromechanical Series-Resonant VHF Micromechanical Resonator
e Piezoelectric Reference Oscillators

Yu-Wei Lin, Student Member, IEEE, Seungbae Lee, Student Member, IEEE, Sheng-Shian Li, Student Member, IEEE,
Yuan Xie, Student Member, IEEE, Zeying Ren, Member, IEEE, and Clark T.-C. Nguyen, Senior Member, IEEE

Voo Output Sustaining Ampiifier

—  Cutput
Amplitude

I—rlll '.l"-,l‘l,"l.' Time

Power (ldeal)

Freq.

-~ Standby# . GND Power (Actual)

[pin1)

Freg.

MEMS part

OO0 "EBpouHTeEX" 2012



SOV ENTOR

Electrical Characteristics

Parameter Symbol Min. Typ. Max. Unit Condition
Output Frequency Range f 1 — 110 MHz
Frequency Stability F_stab -20 - +20 PPM Inclusive of: Initial stability, operating temperature, rated power,
25 - +25 PPM supply voltage change, load change, shock and vibration. S o
ITime quartz
-30 - +30 PPM |+ 20 PPM available in extended commercial q
=0 — w50 ppM | temperature only replacement
Aging Ag -1.0 - 1.0 PFM ‘st year at 25°C eleCtromeChanlcal
Operating Temperature Range T_use -20 — +70 °C Extended Commercial
-40 — +85 °C Industrial | | | r
Supply Voltage Wdd 171 18 189 V') OSC ato
225 25 275 V')
252 28 3.08 \')
297 33 363 )
Current Consumption Idd — 6.7 75 mA No load condition, f= 20 MHz, Vdd =25V, 28Vor33V
- 61 67 mA No load condition, f = 20 MHz, Vdd =18V
Standby Current |_std - 24 43 A ST = GND, Vdd = 3.3V, Output is Weakly Pulled Down
- 12 22 A ST = GND, Vdd = 2.5 or 2.8 V, Output is Weakly Pulled Down
- 04 0.8 wA ST =GND, Vdd = 1.8 V, Output is Weakly Pulled Down
Duty Cycle DC 45 50 59 % All Vdds. f<=75 MHz
40 50 60 % All Vdds. f= 75 MHz
Rise/Fall Time Tr, Tf - 1 2 ns 20% - 80% Vdd=2.5V, 2.8V or 3.3V, 15pf load
- 13 25 ns 20% - 80% Vdd=1.8V, 15pf load
Cutput Voltage High VOH 90% - - Vdd IOH=-4 mA (Vdd =3.3V)

IOH = -3 mA (Vdd = 2.8 V and Vdd = 2.5 V)
IOH = -2 mA (Vdd = 1.8 V)

Oulput Voltage Low VoL - - 10% vdd [IOL =4 mA (Vdd = 33 V)
IOL=3mA (Vdd = 2.8 V and Vdd = 2.5 V)
IOL=2mA (Vdd=18V)

Output Load Ld - - 15 pF At maximum frequency and supply voltage. Contact SiTime for
higher output load option
Input Voltage High VIH T0% - - Vdd Pin 1, OE or ST
Input Voltage Low VIL — — 30% Vdd Pin 1, OE or ST
Startup Time T_osc — — 10 ms Measured from the time Vdd reaches its rated minimum value
Resume Time T_resume — 30 4 ms Measured from the time ST pin crosses 50% threshold
RMS Period Jitter T_jitt - - 40 ps f=75MHz, Vdd=25V, 28Vor33Vv
- - 6.5 ps f=75MHz, Vdd=18V
RMS Phase Jitter (random) T_phj - 06 - ps f =75 MHz, Integration bandwidth = 900 kHz to 7.5 MHz,
VDD-25V,28V, or33V
- 08 - ps f =75 MHz, Integration bandwidth = 900 kHz to 7.5 MHz,
VDD=18V

OO0 "EBpouHTeEX" 2012



=

How do we design on

General design:
* Find geometry that resonates at desired frequency

* Array devices so impedance (motional resistance) is low so it connects to
circuits effectively (RF 50 ohm or good for sustaining amplifier)

* Drive and sense electrostatics
* Reliability: Stress relief
* Package effects

Frequency stability
* Effect of temperature, stress, packaging(!) to make compensating circuit?
Phase noise reduction (most challenging for MEMS!):

* High Q (low loss)
— Vacuum sealed: Thermoelastic damping loss and anchor loss

* Power handling (how high a voltage can | drive it before it goes nonlinear?)

OO0 "EBpouHTeEX" 2012



should the shape be”
(From SiTime Patent 7227432)

oz United States Patent

Coventor’'s MEMS+ for design tradeoffs, optimization, electrical-in,
electrical-out, and frequency stability

3.37MHz 3.34MHz

OO0 "EBpouHTeEX" 2012 2.40MHz Resonator_Square.3dseh
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And how will | are

For better power handling and lower impedance

All are possible with MEMS+

108d 108a
102d : }
e 1064 106d
106¢c 106a 106¢ 106a 104 104
106b
108c — - x
108b 108c 102¢
108a FIGURE 43D
108d
106d -
106¢ 106a 106¢ 106a
106b 106b
vl
102¢ 108¢ 108b 108¢c 108b W
102b

2.28MHz

. (added mass of coupling
~ beams lowers resonance)

OO0 "EBpouHTeEX" 2012
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-t

Coupling Be

B Editor - C:\matfsupporf\ResonatorCollateralisweepCouplingBeamArray. m* . U Se M E M S+ 2 . 1 With M atlab

" Coventor MEMS+ - C:/mattfsupport/ResonatorCollater alRes Fi: Bt Text Go Col Took Debug Desktop Window Hep

5 Ddd $MmBo0o - denf b-S0060 B8 sw 53

Biss e lircsl ¥ rroce [ e ——— to sweep the Coupling Beam
q4-= h = cov.mensplus.Memsplus3iDSchematic{'Resonator_Squarehrray.3dsch®):

D@-ARYC -BigRR s mdB X+

fopaain I [ U Length and compute the
3! s o modal frequencies

g Also view spurious mode
dependency

Coupling
Beam Length

Frequency 2.28MHz 2.18MHz 2.10MHz

Resonator_SquareArray.sch

000 "EepounTex"' 20f3dded mass of coupling beams lowers resonance



-
e

—

e

Anchor Placement

Anchor where
resonator doesn’t move
(nodal points). But it
does rotate there.

3.28MHz — much stiffer (was
2.28MHz) and the anchors
interfere with the mode
(squares are not moving
symmetrically)

OO0 "EBpouHTeEX" 2012



A ‘zero impedance’ anchor: Choose support beam dimensions so the
resonator frequency is its first mode of twist about z

e Doesn't interfere with desired resonator mode
 Reduces stress on anchor, and thus reduces anchor loss

S00

1.52-GHz Micromechanical Extensional
Wine-Glass Mode Ring Resonators

Yuan Xie, Member, [EEE, Sheng-Shian Li, Member, IEEE, Yu-Wei Lin, Student Member, TEEE,
Zoying Ren, Member, IEEE, and Clark T.-C. Nguyen, Fellow, IEEE

_______

Anchor_ .-~

T -

Fig. 3. Schematic of an EWGR support beam, equating it to a beam
with simple-fixed boundary conditions.

OO0 "EBpouHTeEX" 2012

51 MHz -— 25x too high for
this 2MHz resonator



Quarter wavelength beam and resonance frequency both depend on coupling
beam length. Where is optimal length to make the support beam %4
wavelength of the array’s resonance frequency?

OO0 "EBpouHTeEX" 2012
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Zero Impedance Anck

EOVENTOR

525 % 105 Effect of Anchoring on Resonance Frequency
. . ——Afithout Anchor
Run single MATLAB script to 23 —— v srerer |
Specify mode shape of interest 1 | Choose
becity g 22 : 250um (or
*Sweep over Coupling Beam | | so) for |
g minima

Lengths impact of

. 2051 3 ”
«Automatically extract mode | _ anchor!!
frequency for mode shape of . | | | |
Interest (even If mOde number " o Coguop[llmgBeamLﬁigth 0 0
C h an g e d) I compareSweeps.m

*Plot

O O O " E B pO Vl HTeX" 2 O 1 2 Resonator_SquareArrayFlexAnchor4.3dsch
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Frequency Stability

Temperature
Thermal Expansion Elastic Modulus temperature dependence
_ 1ol E=E,(+awe(T-Ty))

e = - =25x10° /K

1 6E .
— 2% _ 55x10°/K
et *

Effect of both on frequency:

X 1{}5 Freq. vs Operating Temp at 10VDC Freq. Stability vs Operating Temp at 10VDC

2327 -25 96
2326
-25.97
2325
2324 _ -2598
= x
T =
> 2.323 S
(=) —
= |;] -2599
3 —_
4 2322 T
= =
2.321 -26
232
-26.01
2319
2318 i i i i i _26.02 i i i 1 H
-40 -20 0 20 40 60 80 -40 -20 0 20 40 60 80

OO0 "EB pon HTex" 2012 Temperature (°C) Temperature (°C)



ey Ty S

Process Variat

on Frequency

X 1.36 Freq. vs Process Variation Thickness at 10VDC

X 105 Freq. vs Process Variation BeamLength at 10VDC

0O0(

2.3236 | . | 2.335 i ! ! !
2.3236 ---------------- .
i i i 233
2.3236 ----mmmmm e - mosmnos s e rosmenoneoas .
¥ 23236k A S L Sl ESPp
5 z i z g~
e e 1 |s
=1 | 5 | =
iRV o] — —— S S 4 |e %%
I : : ! [
DEIREL - I EEEEERERERE e .
i i 2315
23238 |- .
23236 I L i 299 i I i i
29 295 30 305 31 122 1222 1224 1226 122.8 123
resonator thickness (u) BeamlLength (u)
X 1.3Freq. vs Process Variation Electrode Gap at 10VDC X 1.35 Freq. vs Process Variation BeamWidth at 10VDC
23236 T T T T T T
23236 235
23236 234 §
T 23236 T 233 f
) ) j
S 2.3236 = e :
3 3 .
(= o :
L 23236 223 :
I L :
23236 23 §
23236 229 :
23236 I I I I I I 228 ] ] ] I ] ] ]
, 0.7 0.8 | 09 1 1.1 1.2 13 14 236 237 238 239 24 241 242 243 244
) "EBpounHTEX" 201 2Ekectrode Gap (1) BeamWidth (u)




Coupled Mechanic:
Electrical and IC

SOV ENTOR

Model is
immediately
available in
Cadence
Virtuoso and
Mathworks
Simulink and
MATLAB.

No extraction or

—_ “in vour | €quivalent
MEMS+ circuits to create.
Electrostatic Mechanical Mechanical Mechanical @ Vbias
ctuator Capacit Losses, Q Inertia Stiffness T @ CaptureS mUItlple
L o modes.

- Vo - = : .
_ — T T Parametric
Co R, L .

/‘ _Lpse Capactior e _—H—I Fully nonlinear
rEquivaW L‘—‘ | | Electrostatic

(simplified for illustration) [ ' spring softenting
OO0 "EBpouHTeEX" 2012




EOVENTOR

MEMS+ model is still fully parametric and can show output electrical response to
input electrical stimulus. Below we see dependence on Temperature and DC Bias

Jun 1, 2011 X Displacement B]  Junt, 2011 Output Sense Current A Junt20n Output Sense Yoltage H
]
— fHx Elleut — Imdfouty — RelWout)
400 1.2 600 500
350
1.0 400+ Fan
3004
= 2504 g .8 g 200+ 200 %‘
(= o =0 (=1
£ 200 g . [ L, E
150
A4 -200+ 200
1004
50.0 T T T 2 T T T i -400 T T T 400
2.323 232325 2.3235  2.32375 2.324 2.323 2.32325 23235 2.32375 2.324 2.323 2.324
freq (MHz) freq iMHz) freqg (MHz)
Jun 1, 2011 Temperature effect on Output Current m Jun 1, 2011 DC Bias Effect on Output Current 1
— lout (233.15K) — lout (273.15K — lout (313.15K) — lout(353.15K — 10VDC  — S0VDC aovoC 130¥0C
1072 R
1074

=4 =

=107 =107

= = :]
-7

1072 ! . .
000 "EébOMHTé&" 201232 req e 2.33 234 235 2.25 2975 freqyir;sz

T
2.325 2.35




o

Production Design

Coventor’s Analyzer tool suite
o Stress Relief

e Loss mechanisms to improve Q
* Thermoelastic Damping
* Anchor Loss

 Package Effects

OO0 "EBpouHTeEX" 2012



Exploring designs
Stress Relief

20u Fillet

Mises Stress: 0.0 05 09 14 19

0.18u Fillet "\d“/x __
MisesStress:. 00 05 08 14 19 COVENTOR

OO0 "EBpouHTeEX" 2012
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-

Effect of details or

mechanics

2.46 MHz

O0(

Perforations 1u X 40u slit 2u X 40u slit 5u X 40u slit
Frequency 2.4MHZ 2.41MHZ 2.46MHz




Thermo- elast|c Dam;prn

No Perforations 5u X 40u@Center 3 uniformly distributed
5u Square holes
Q 26550 33083 26800
Frequency 2.41MHZ 2.48MHZ 2.42MHz

OO0 "EBpouHTeEX" 2012



What does anchoring do to the mechanical response?
Small substrate added below resonator

Freq Amplitude | Strain Strain Strain
At Energy Energy Energy
2 300MHz | Resonator | Substrate | Substrate
(green) (red)
No 2.324MHz | 0.265 9.32e5 0 0
Substrate
Substrate | 2.320MHz | 0.308 12.9e6 63.1 0.39

Adding the substrate allows anchor to twist slightly which

very slightly lowers the resonance frequency, but also
allows a higher amplitude of oscillation which improves the

strain energy. Note the twisting generates strain directly
below the anchor (green block) and little elsewhere in the
OOO "EBpouHTex" 2012 substrate
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~Anchor loss

The small energy present in the larger substrate is the
origin of anchor loss

Magnitude of
displacement
field in
Substrate
showing
outgoing
— acoustic
—— wave

Shear wave _
Re(displacement X) Use absorbing boundary
conditions to treat substrate as

infinite and compute lost energy

Q = 74e6 without thermoelastic damping

So thermoelastic damping of 26,000 on previous slides is the

dominant damping mechanism!
OO0 "EBpouHTeEX" 2012



affect anchor Ioss’? m

Any asymmetries from process or design won't perfectly “twist” the anchor. On the right, we drive
it asymmetrically and generate both a compressive and shear wave which lowers Q

. . Asymmetric drive
Symmetric drive y

X

Push 1 side only

COVENTOR

COVENTOR

000 "Esponnt&™=204£00,000 Q = 863,000



102d
S 114

106c  106a

6d
104
106a|
114 114 106b
116
118
114
- ﬁ o
106
104

102:;/' 108¢ 108b 108¢c

106c  106a

106b

K102b

When package warps with temperature, anchor _ _
points spread apart or come closer causing stress, (Simulations
which changes frequency (or offsets capacitances) not completed)

OO0 "EBpouHTeEX" 2012



Conclusions

Coventor’'s MEMS+ and Analyzer tools work together to take resonators from
initial design ideas to production.

General design:
* Find geometry that resonates at desired frequency

* Array devices so impedance (motional resistance) is low so it connects to
circuits effectively (RF 50 ohm or good for sustaining amplifier)

* Drive and sense electrostatics

* Reliability: Stress relief

* Package effects (TO DO)
Frequency stability

* Effect of temperature, stress, packaging(!) to make compensating circuit?
Phase noise reduction (most challenging for MEMS!):

* High Q (low loss)
— Vacuum sealed: Thermoelastic damping loss and anchor loss

* Power handling (how high a voltage can | drive it before it goes nonlinear?)
(TO DO)

OO0 "EBpouHTeEX" 2012



Coventor Solutions for Vibratory
Gyroscopes
Design and Integration



-
-
I . ',
Car navigation® Navigation device
Small o g Portable gan?e
*
i
Robot attjtude control SLR camera i
Ofiw kEREEH —BLIhAS Vibratory gyroscopesj
T _ : Ber40 ;
i1 Digital camera
FushAs |
I
Size !
)
Radio contro icopter
RIEAUATS ,
oW : .. - F
2 v (0 = .
Ring laser gyroscopes (RLG (K745 o .
g = s pes (RLG) Fiber optic gyroscopes (FOG) %#H: o% Typical angular rate for
ot P i as gyroscopes 2 o
(1 2 L—tf—) - Car navigation system 10 °/sec
- Car control 30 °/sec
- Camera image stabilizer 100 °/sec
- Game controller 300 °/sec
) - Golf swing detection 3000 °/sec
Source: www.epsontoyocom.co.jp
Large

1" /year 1" /d

Bias Drift

OO0 "EBpouHTeEX" 2012

1" /h 1" /min



Overview

Introduction
* Applications of MEMS vibratory gyroscopes
* Typical gyroscope specifications
* Coventor’s Value:
— Design and integration challenges

An example showing use of Coventor’s tools
— a single-axis gyroscope from the Univ. of British
Columbia

* Frequency response and electrostatic spring softening for the
matched-mode condition

* Simulation of sensitivity and cross-axis sensitivity
* Damping estimation
Conclusions

© Coventor Inc. 2011 Slide 3
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Spec sheet for com

InvenSense IDG-650

PARAMETER CONDITIONS MIN TYP MAX UNITS
| SENSITIVITY
Full-Scale Range At X-0UT and ¥-0OUT +Z000 s
AL ¥4 50UT and ¥4 50UT +440 e
Sansitivity AL X-0UT and ¥-0OUT 0.5 miiis
At X4 50UT and Y4.50UT 227 mi/iis
EEEEER
Initial Calibration Telerance At X-0UT and Y-OUT 6 %
Calibration Drift Over Specified At X-0UT and ¥-0OUT +10 %
Temperatura
Monlimearity AL X=0UT and ¥-0OUT, Best Fit Straight Line <i % of F5
Cross-axis Sensitivity +1 %
ZERO-RATE QUTPUT (ZRO)
Static Output (Bias) Factory Set 1.35 W
Gyroscope specs
i . heation T . F With Auta Zera +20
th at can be simu | ated Initizl Calibration Tolerance Relative to VRE P — aen my
with Coventor tools ZRO Drift Over Specified Highlighted parameters are shown in the following slides
Temperalura
Power Supply Sensitivity i@ 50 Hz 10 ‘el
FREQUENCY RESPONSE
High Fraquency Culoff Internal LPF -50° 140 Hz
__ | LPF Phase Delay 10Hz 4.5 =
( MECHANICAL FREQUENCIES
X-Axis Resonant Frequency 20 24 28 kHz
¥-Axis Resonant Frequency 23 27 KN kHz
\_Frequency Separafion X and ¥ Gyroscopes 3 kHz
NOISE PERFORMANCE
Total RMS Noise Bandwidth 1Hz to 1kHz, At X-CUT and ¥-0OUT 0.3 mY rms
POWER ON-TIME
Zerg-rate Output Setiling to £3°/s 50 200 ms
Spec sheet for ADI ADXRS620 NULL'
Mull =40°C to +105°C 22 25 28 v

OOO " EBpOVl HTeX" 20 1 2__ Linear Acceleration Effect Ay ais 01 “fseciq




EOVENTON

Single proof mass gyroscope fabricated in SOIMUMPSs technology
* Thickness: 25 um, Minimum Gap size: 2 pm Measure Angular Rare around Z axis

Actuation (x)

Sensing (Y)

Reference: M.Sharma, E.H.Sarraf, E.Cretu (The Univ. of British Columbia),
“Parametric Amplification/Damping in MEMS Gyroscopes”, MEMS 2011

OO0 "EBpouHTeEX" 2012
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S-Function

Netlist
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A& he- pEEE

MATLAB [
SIMULINK

cadence

Launch File Edit Yiew Create Check Options

S-Function Interface

_— Y0
‘-'Y" Virtuoso® Schematic Editor L Editing: MEMSLIb AccelerometerSchematic [— |[&5 |

Window  Help

(=0~ R=NE

mousesingleselectPt)
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Spectre / UItraS|m
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MEMS+

=|=' Coventor MEMS + - C:/Design_Files /MEMS+2/ACCL/|

/University_of_British_Columbia,/BritishColumbia_Gyro.3dsch i o =] ]
=R 2
L MaterialDataBase | == ProcessEditor -H= Innavator |
InR~-dB9e-BllaRd ®DtBIXESAlS0
Zomponents

wlaelielDalls 2 sy x0E® s g
e |

E1®18 Components
Bty LocalFramel \
ity CrablegFiztures
=] ﬂ_ngldPIatel

i de Layers0L
B ProofMass
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Pr.ofjf_MaSS B Crab leg fixture
(Rigid Plate) (Beams)

-

Sense comb fingers
(Straight Com
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Mechanical Frequenc

Initial Design — Drive/Sense modes have a frequency split
e Drive and sense mode frequencies can be compensated by adjusting the DC bias voltage on the
sensing or actuation comb drives

e
TS =
File Edit Wiew Insert Tools Deskiop window Help -
Do lH S| k[ S0 MB®E -2 0] =3 22 5V o0V o5y

Actuation mode (x) © I

8.0361 kHz é <—I—I—m— Electrostatic spring softening
- i\
% Sense mode (y) - //] \\
= 8.3674 kHz g /) \

&~
S ———
8100 8300 8500 8700

Frequency (Hz)

Drive mode (x) Sense mode (y)

Deformed shapes are exaggerated accordingly

OO0 "EBpouHTeEX" 2012



EOVENTON

Simulated in MATLAB

Vary Damping Coefficients to meet given Q factor (1000)

2000 —— ; ! ! ; ! ! ! ! 2200 ! ! ! ! ! ; ; ! !
1|0k ........ ......... ........ ........ ........ ........ :. ........ . i a0k ........ ......... ........ ........ ........ ........ :. ........ e _
: : : : : Drrve mode (x) § : : § : § Sense mode (y )

1= 1] P ....... ........ ......... ........ ........ ........ ........ ......... 1800

1600

2 factor ()

1200k - ........ ....... ........ ........ ........ ......... ........ ........ 1400

1000

1200

G00 1000 -

BO0 1 1 i 1 f 1 200 i i i ; i i 1 i i
12 1.4 1.6 1.8 2 22 24 2B 28 3 3.2 1.2 1.4 1.6 1.8 2 22 24 2B 28 3 3.2
Damping Coefficient (M/mds)) R Damping Coefficient (M/(m/s]) R

Q factors are measured as a ratio of AC to DC amplitudes

Damping Coefficients in actuation and sensing are
estimated and assigned to rigid plate (Highlighted in yellow)

“algix
1|

222868

OO0 "EBpouHTeEX" 2012
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Parametric Stu

Vary a design parameter, Beam Length in Y, to
measure resonant frequency change

Mechanical stimuli are applied Next, set the Beam Length = 407 um, and vary Bias
Voltage, measure resonant frequency shift
8410 — — —
: : : : —8— Drive
2400
8390
3 ¥ gz
Length of 4 straight S
. . 5 g0t
__ beams is varied T
13 420 pum in Initial Design = 6360
- E
5600 r ! 1_ r . T E 850
4 : —8— Drive
: : : : : : : 8340
ason k- ...... ......... ........ ........ ........ ........ L RTR SSRN
: : : : : : : : : 8330
< 8400 B 2 3 4 5 5 7 85 8
2 Bias voltage ()
£ 8300 Resonant Frequency change in Drive/Sense-Dir
5 with Bias Voltage
2 5200
o
a100 -
8000

i i i i ; i i i i
400 402 404 405 408 M0 M2 M4 HE ME 420
Parameter Bearn' (um)

Resonant Frequency change in Drive/Sense-Dir

OO0 "EBpounHTEX" H(tpHeam Length



Sensmwty and

for Capacitive Sensing

Vary sidewall angle in the process, measure

Differential sense Capacitance

Matched Mode
- Beam Length = 407 um,

- Damping Coefficients, X-dir 2.4e-6, Y-dir 2.55e-6 (N/(m/s))

Key simulation parameters
DC 5V to proof-mass

AC £2V to actuation comb drives
Apply angular rate 1 °/sec in Z-dir

sk ........ ......... .......
04_ ........ ........

03k ........ ........ .......

Differential Capacitance (F/dps)

02k .......

a1k P ........ ;

Ll

Dg_ ........ ......... ........ ........ O S SRR
gk ........ ........ ........ 1. .......
1 ........ ............... .....

OEL--- ......... ......... ........

. : R S -
§300 8320 83:10 8360 5350 8400 8420 85440 81160 8480 8500

Freguency (Hz)
Simulated Differential Capacitance

OO0 "EBpouHTeEX" 2012

S0V: ol

Simulated in MATLAB

Apply angular rate 1 °/sec in Z-dir

PRl
.

9.4

Sensitivity (F/dps)

T
: Single Layer Beam:

Width

gl e Leﬂ\ Right
iidewall sidewall
angle angle
AL ° ?
Beam
TE Y. d 1
B

0

i i ; i i i i ; i
oot 002 003 004 005 006 007 003 009 041

Pararmeter Side Wall Angle (deg.)

Sensitivity vs. Sidewall Angle

Next, Apply angular rate 1 °/sec in X-dir

Cross-axis Sensitivity (%)

035

03r

015k

0

i 1 i i i i 1 i i
0ot 002 003 004 005 005 007 003 009 041

Parameter Side Wall Angle (deg.)

Cross-Axis Sensitivity vs. Sidewall Angle

Other effects such as misalignment (In-Plane rotation Angle) or anisotropic elasticity can be included



SOV ENTOR

Simulated in MATLAB

Measure linear acceleration stability, Reject external vibrations : .
Transient Analysis

Sample experimental data below from a source

G o o '°

~ ~ e 1

S 08  Good Gyro — no outputs e S 08  No Good Gyro — undesired ——

a 06 in all x, y, z-axes y-axis » 06  outputsare observed yanis

O\ "y =—I-AEIs O\ — i-8K|5

— 04 — 0.4

& 02 = 02 { /

8 oo m 3 00 M

o 02 o 02

o o

N -04 N =04 \

D 0 D 08

N N

o 0.8 o o8

E o € 10

9 0 500 1000 1500 w0 9 0 500 1000 1500 2000
Applied Acceleration (Hz) Applied Acceleration (Hz)

Source: www.epsontoyocom.co.jp

Apply sinusoidal acceleration (1g) to see

acceleration stability over frequency ==
ST T I = , ,
. o /Capautance change is observed
=== ‘/ in y-axis stimulus
I A I / Gyroscope register an incorrect
% e e S SR s i S~ e = reading when subjected to a
b » " A_____— . : linear acceleration in the same
§ direction as Coriolis force to be
2 sensed.
BT RS e e S L P T

OO0 "EBpouHTeEX" 2012



Gas Damping Analys

- System Decomposition

Stokes solver

Couette flow
for slide-film damping

Stokes solver

B
B
B
(

Stokes solver

L

Contributions to x or y-direction gas damping of the gyroscope
(Note: other damping mechanisms are likely negligible at low frequencies)

© Coventor Inc. 2011
OO0 "EBpouHTeEX" 2012

actuation
S -

SOV ENTOR

= 6.34

§

§ 636

E 538 =814 x2 Fingers
w == Fingers x14
= -6 1 Finger x26
S 642 ‘:N-_.,.______"

.44
1] SE05 0.0001 0.0002 0.0002 0.0003

1/ Mumber of Panels)

14 x2 Fingers 3 Fingers 1 Finger

Simulated Results

Proof Actuation Sensing
Mass Combs Combs

Damping
Coefficient 1.050e-5 2.485e-6 3.312e-5

(N/(m/s))

Total fluidic damping coefficients are
x-dir: 1.30e-5 (N/(m/s))
y-dir: 4.36e-5 (N/(m/s))

Slide 13




Launch FEile Edit ¥iew Create Check Options

Window  Help

cadence

- @ %9 > ';\ b5 :IE >

fmouse L: mousesingleselactPt)
(13| >

M: mousePoplpg

R: ddsOpenLibhanager)
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Rigid,

proofmass

[ -
mmmmm
uuuuuu
uuuuuuu
uuuuuuuu
;;;;;;;;;
bbbbbbbbb
hhhhhhhhhhh
nnnnnnnnnn
*

, V2
X
Accurate 6-DOF comb /

electrostatic models
with fringing fields

Motion

Nonlinear
Beams

perforated

SOV ENTOR

V1 =13.1 + Vac sin(wt)
V2 =13.1 — Vac sin(wt)

Out of phase voltages
on stators resonates
proof mass in Y
direction

What amplitude of drive,
Vac, leads to nonlinear
frequency response?

30 DOF system, Q=1600, fO = 7014 Hz

OO0 "EBpouHTeEX" 2012



Use FrequencyHysteresis
module to compute nonlinear
frequency response for

Vac=1,15,2, 2

2, Figure 2

.5, 3 Volts

File Edit “iew Insert Took Desktop Window Help

ODdde h|RKRODE A-

10"

2 0Ee=m

— AC Mag =
T |—— ACMag=1.
— ACMag=72
— ACMag=2.
| | —— ACMag=

O 1
6940 6960 6980

1 1 1
7000 7020 7040 7060

FR%E [Hz]

7080

OO0 "EBpouHTeEX" 2012

Mechanical nonlinearity
‘bends’ curve to the right
in typical Duffing effect.

Electrostatic nonlinearity
would bend curve to left,
but since maotion is parallel
to fingers, electrostatics
remained comparatively
linear.

Total CPU time to compute
these 5 curves: 1100 seconds



Conclusions

CoventorWare and MEMS+ together
can simulate crucial gyroscope specs
* Sensitivity
* Cross-axis sensitivity
* Full-scale range and Nonlinearity
* Linear acceleration effect and shock response
* Noise

MEMS+ is ideal for design exploration and
optimization
* Use CoventorWare to verify MEMS+ results

* Some physics require CoventorWare field solvers
— Gas damping of comb drives
— Mechanical details such as filets and anchors Filets at connections

WUUNUULIS

Slide 17
OO0 "EBpouHTeEX" 2012



Solution for MEMS Accelerometer
Design and Integration



Overview

Introduction
* Applications of MEMS accelerometers
* Typical accelerometer specifications

Simulation of key accelerometer specs using Coventor tools

* Asingle-axis accelerometer in IMEC'’s SiGe process
* Frequency response and sensitivity of design
* Damping Analysis
* Harmonic Analysis
» Verification with FEA
» Transient response under a g pulse
» Simulation of self-test functionality

Comparison between simulation and experimental results

Slide 2
OO0 "EBpouHTeEX" 2012
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Applications of

MEMS accelerometers

4 . Consumer
Higher L
Industrial

é“ Rotation
P

= ‘

qcJ .

Position

*U_,) Tracking

)

8 Aerospace & Defense

'?tjrxxgé:ﬁis
e
Lower Navigation "_, “
1 } —

1 10 100

Acceleration Sensitivity (g’s)
Slide 3
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SOV ENTOR

Coventor tools can
simulate these specs

OO0 "EBpouHTeEX" 2012

—

Model No. AD22279 Model No. AD22280 Model No. AD22281
Parameter Conditions Min  Typ Max Min  Typ Max Min  Typ Max Unit
SENSCR
Output Full-5cale Range | lour = £100 pA 37 55 70 g
Monlinearity 02 2 02 2 02 2 %
Package Alignment Error 1 1 1 Degres
Cross-Axis Sensitivity -5 +5 -5 +5 -5 +5 %%
Resonant Frequency 24 24 24 kHz
Sensitivity, Ratiometric Voo=5V,100Hz | 5225 55 57.75 361 38 39.9 2565 27 28.35 mV/g
(Over Temperature)
OFFSET
Zero-g Output Voltage Veur — Voo/2, —200 +200 —150 +150 -150 +150 mV
{Over Temperature)? Vo=5V
NOISE
Moise Density 10 Hz — 400 Hz, 1.1 3 14 3 1.8 35 mg/Hz
5V
Clock Noise 5 5 5 mV p-p
FREQUENCY RESPONSE 2-pole Bessel
—3 dB Frequency 360 400 440 380 400 440 360 400 440 Hz
—3 dB Frequency Drift 25°Cto 2 2 2 Hz
Toea OF Taaex
SELF-TEST
Output Change V=5V 440 550 660 304 380 456 216 270 324 mV
{Cube vs. Vo) ?
Legic Input High Veo=5V 35 35 35 v
Logic Input Low V=5V 1 1 1 v
Input Resistance Pull-down 30 50 30 50 30 50 k()
resistor to GND
OUTPUT AMPLIFIER
Output Voltage Swing lour = +400 pA 0.25 Voo—0.25 | 0.25 Vo—025 | 0.25 Voo—-025 | V
Capacitive Load Drive 1000 1000 1000 pF
PREFILTER HEADROOM 280 400 560 g
CFSR @ 400 kHz 5 4 3 v
POWER SUPPLY (Vi) 4.75 5.25 4.75 5.25 475 5.25 v
Functional Range 35 6 35 6 35 6 v
Quiescent Supply Current | Voo=5V 13 2 13 2 13 2 mA
TEMPERATURE RANGE —40 +105 —40 +105 —40 +105 °C
Slide 4



IMEC single-axis

accelerometer

Process & design data provided for IMEC SiGe process
* University reference available, design files available from workshop

(1) Electrode deposition H

(5) Bond pad deposition and patterning

(2) Ouide depasition and patterning l g I

(6) Structural laver patterning

(3) Structural layer deposition _.-rl 1-'

(4) Oxide deposition and patterning ~ (7) Sacrificial oxide release

Si-6ub " sio, B Erectrode
B Pol-sice structral layer  Sac. Oxide & Bond pad
Figure 1: Schematic view of the poly-5iGe lateral capacitive Figure 2: Fabrication process flow of the poh-SiGe lateral
accelerometer with self-testing electrodes and shock protec- capacitive accelerometer

fars

Reference: L. Wen, et al, “A Comb Based In-Plan Capacitive Accelerometer
for Above-IC Integration, U. Leuven and IMEC, Belgium, 2010

OO0 "EBpouHTeEX" 2012
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T
= ™

Layout of single-
accelerometer

Sensing comb

MemElectro
or MEMS+

Self-test comb Differential
MemElectro capacitor
Low-pass filter
— ILPF |
/2
Signal — T Output
source M _
Amplifier Demodulator
Slide 6
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Sensor specs

Parameter Conditions Min  Typ Max Min  Typ Max Min Typ Max Unit
SENSOR
Output Full-Scale Range | lour = 2100 pA 37 55 70 g
Nonlinearity 02 2 02 2 02 2 %
) Fackage Alignment Ermor 1 1 1 Degree
Cross-Axis Sensitivity -5 +5 -5 +5 -5 +5 %
[ Resonant Frequency 24 24 24 kHz
Sensitivity, Ratiometric Voo=5WV, 100Hz | 5225 55 57.75 36.1 38 399 2565 27 28.35 m\/g
L (Over Temperature)
Slide 7
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x = = e

Reson aht'.fré;q.:

modal frequencies ano

Mode 2 — Z direction

Mode 1 —Y direction
9.5 kHz

OO0 "EBpouHTeEX" 2012



Output Rangeflii’/-ﬁi:_fﬂfl'

SOV ENTOR

validated with FEA

0.35 , , 0.25 I , ,
MEMS+ Simulation Result MEMS+ Simulation Result
0.3 *  CowventorWare Simulation Result U *  CowventorWare Simulation Result 1
0.2
€ 0.25
<)
r O
o ¥ < 0.15
e 0.2 3
8 N k
@ ©
2 0.15 <7 £ /
wn Y. o 01
E P 3
° ¢
> 0.1 P /
/ 0.05 -
0.05 <
0 0
0 20 40 60 80 100 0 20 40 60 80 100
Input g level Input g level

Input g Vs Y displacement of proof mass Input g Vs normalized capacitance of sensing comb fingers
C,-GC,

Normalized Capacitance =
C,+C,

Slide 9
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OV ENTOR

Stokes solver for damping between sense comb fingers

Key simulation parameters
Ambient gas: N,
Pressure: 1 bar
Temperature: 300K

Reynolds solver for slide damping

(Note: other damping mechanisms are likely negligible at low frequencies) Slide 10

OO0 "EBpouHTeEX" 2012



Fluidic damping a

OO0 "EBpouHTeEX" 2012

Damping Coefficient

(N/m/s)
Proof Mass 2.45E-07
ST Structures 1.83E-07
Comb Fingers 2.02E-05
Total 2.06E-05

Slide 11



e

Harmonic analysis wit

damping

1
~

=
o

|
oo

1
©

Amplitude (m)
H
o

10 g
10° 10" 10° 10° 10" 10°
200 S ——
O 150 e
: \
(D)
Z 100
(0]
(7]
8 5
& \
O0 ' ""“'1 ' "'““2 ' "'““3 ' "'““4 ' = 5
10 10 10 10 10 10
Frequency (Hz)
Natural frequency: 9.58 kHz
Damping ratio: 13.3% Slide 12
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Transient respon
g pulse

Transient Analysls trant tme = (05 —> 2 ms)

Input g puise

1
%

SO0

0.5 g pulsetrain

OO0 "EBpouHTeEX" 2012

& O

Transient response of accelerometer
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The MEMS+ model of the accelerometer is
connected to a simple IC circuit here to
demonstrate the MEMS + IC co-simulation.

For example, we can simulate the
sensitivity of the device as shown in the
plot below. Other performance parameters
can be studied as well with this simple
circuit.

-

— [vout

Mag (v)

1071

| MO(58.52Hz, 18 46m)

1073
T T T T
109 10l 102 103 104 10°

15.45Hz| 18.435mv Treg (Haz)

Sensitivity: ~18.5 mV/g with Vdd = 5V



MNOISE

Noise Density 10 Hz — 400 Hz, 1.1 3 14 3 1.8 35 mg/Hz
5V
Clock Noise 5 5 5 mV p-p
FREQUENCY RESPONSE 2-pole Bessel
—3 dB Frequency 360 400 440 360 400 440 360 400 440 Hz
—3 dB Frequency Drift 25°Cto 2 2 2 Hz
_ Toss Of Tunx
( SELFTEST
Output Change Voo =5V 440 550 660 304 380 456 216 270 324 my
(Cube vs.Vop)?
Logic Input High Voo=5V 35 3.5 35 v
Logic Input Low Voo=5V 1 1 1 v
Input Resistance Pull-down 30 50 30 50 30 50 k()
\ resistor to GHD

How much y-displacement due to 5V bias on self-test comb?

* Since we know sensitivity (mV/g) and y-displacement vs. acceleration, this will give us the output
change in mV

Slide 15
OO0 "EBpouHTeEX" 2012



DC Analysis “dc: ¥ldo = (0% -> 5 %) El

=118 fProofhas sy

10

8.0+

&. 04

2.0

2.0 T T T T
0.0 1 2 3 4 5

s.ovl B53zmyY dc (v

Y-dir displacement of Proof mass

Voltage on top self test comb is swept from O to 5V
Zero g is applied on the proof mass

OO0 "EBpouHTeEX" 2012



Slmulatlon and

experimental results

x 107 CV Curve Comparison

—— Experimental Data
—— Simulation Data

1
L 4

Capacitance Error Percentage

Voltage (V) Voltage (V)

The static CV results were plotted and compared. The
left figure has both experimental and simulation data, and
the right figure shows the difference in terms of

percentage number for each voltage point.
OO0 "EBpouHTeEX" 2012



Coventor Solutions for

Vibrational Piezoelectric Energy Harvester

Design and Integration



Overview

Introduction

* New applications for MEMS Energy Harvesters
* Energy Harvesting Principles

* Key characteristics

* Design and integration challenges

An example showing use of Coventor’s tools

* Energy Harvester and conditioning circuit design
* Validation with measures
* Packaging

Conclusions

© Coventor Inc.
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“Applications

miniaturized Energy'" |
Harvesters

= Powering Distributed Wireless Sensor Nodes

= Powering Implanted Sensors for Health Monitoring
£

" ReCharging batteries j"; Autonomous wireless
o . i e temperature sensor
< Monitoring Tire Pressure ;. . % g Source: Holstcenter
e
=

. ; =
Wireless Body Area Network —%
Source: wikipedia g

* IDTechEX (England)
“-The Energy Harvesting Market will growro 4.4 billion dollars in 2020 from 650 million dollars in 2010 ©

* Innovative Research and Products (USA)
- " The market will expand 73.6% to 1.254billion dollars in 2014 from 79.5 million dollars in 2009"

Source: Hi-Globe website

© Coventor Inc. 3
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= ergy H arvestlng

Principles

Power sources: Harvesting methods:
Vibrations Piezoelectric
Thermal Electromagnetic
RF waves Electrostatic 0
Light Thermoelectric
Wind Pyroelectric

. Photovoltaic

Source: Hi-Globe website

© Coventor Inc. 4
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Vibration E nerg 2

Harvesting Efficiency

Piezoelectric:

Piezoelectric material has its dynamical
strain converted into voltage difference
Electrostatic:

Capacitive harvesting with geometrical
variations inducing voltage difference
Electromagnetic:

Inductive behavior thanks to dynamical
oscillations of magnets inducing electric
current in coils

Possa Governing Practical Theoretical

P Equation Maximum Maximum

£ : — 1 2 x 3 2
Electrostatic = '_;"JE 4 ml/em 44 mliem”
Electromagnetic u= B%‘ 4 4 mlem? 400 mJ/em®

Source: H. Vocca, NiPS Laboratory, Dipartimento di Fisica, Universita degli Studi di Perugia, Italy

© Coventor Inc.

OO0 "EBpouHTeEX" 2012




Vibration Energy F

Specifications

Key Characteristics

» Operational frequency range :

* Depends on application : ambient vibration harvesting => low frequency
and broadband or tunable harvester

» Generalized ElectroMechanical Coupling
 Material and technology choice

» Power density (W/cc)

 Power to size compromise
» Energy management and storage

« Different conditioning circuits depending how the energy will be used

© Coventor Inc.
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~ Vibration Energ

Harvester
Example Design

Cantilever with mass :

Use of the d31 piezoelectric coefficient

—

Resistive

Load Rl

Z /

gOV ENTOR

Design Options
Electrodes: On sides of piezo layer
for d31 or interdigited combs on top

Spring k for use of d33
Mass m Piezoelectric stack: Unimorph,
Damping d  Pimorph or multistack with series or
parallel configuration
Equivalent Model :
. mechanic  electric
| D
= i T !
IO LS 35 CION
: A o
o :

Rm F)° 1 1
R|Oad ,opt. I:)Ioad,max. = (_j

© Coventor Inc. 7
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~ Vibration Enet

Harvester
Simulation Challenges

Power output of different conditioning
circuits vs resistive load value

N — AC d
rd
/ *\ —— DC, act. rect. EI }7 74{ %
.-~ % |— DC, Schottky
8 —| >, Y |[— DC, pn-diode T 5 8
S I
\\ \\ - 1T
hY
SNon oy

output power / uW

o
o.gm
il
|1

mard

0.01 0.1 1 10 100
load resistance / MC)

FEA result is limited to power through a basic passive load
« Basic RLC circuit can be plugged to piezoelectric electrodes

Including diodes or transistors is impossible

= Circuit simulator is needed for getting the real output power from the
energy harvester complete system

© Coventor Inc. 8
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i

Coventor Design Flow

SOV ENTOR

Materials and process data

4\ MathWorks

Matlab/Simulink for
Piezomechanics

sSinef PDK |- _ : _
available lll!- - Device S,

—~ simulation
ME VS

Damping

Co-Simulation of
Harvester and circuit

Verification and

detailed analysis
i !
_f\-- 37 %
T’ w ’ ’ ' "“m:‘“" ' :o\IENTI:IR i i 5
CoventorWare Analyzer e i
© Coventor Inc. cadence 9
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Holst Center cantllever

Sputter deposition of Aluminum Nitride on a silicon wafer

and glass packaging

Vacuum-packaged piezoelectric vibration energy harvesters: damping contributions and autonomy for a
wireless sensor system

R Elfrink, M Renaud, T M Kamel, C de Nooijer, M Jambunathan, M Goedbloed, D Hohlfeld, S Matova, V Pop, L Caballero
and R van Schaijk

J. Micromech. Microeng. 20 june 2010

Al top

electrode // Piezoelectric
AIN 800nm

Pt botto Silicon mass

electrod

Oscillating with

acceleration

85 uW reported

Experimental Validation of Aluminum Nitride Energy Harvester Model with Power Transfer Circuit
S. Matova, D. Hohlfeld, R. van Schaijk, C. J. Welham, S. Rouvillois
Eurosensors XXIII conference 2009

© Coventor Inc. 11
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MEMS+ model made of
a MITC shells and a
rigid plate

Circuit in Virtuoso ihtludihg
the harvester model

gnd.

© Coventor Inc.
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refinement

@ Structure with non
overlapping electrodes

@ Anchor potential effects

Piczo layer with
electrodes

B

1.7e01

I5E0 S2EM TOEM

00 He

o Measured Rload = 5.3 MChm

e, B ——
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Anchor v RUakly 0554
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Direct harmonic FEA

with resistive load
and measured
damping
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EOVENTON

« Three wafer process: two glass and one Silicon
bonded by SU-8 roll coating
« Unique wafer-scale vacuum package between glass

wafers Harvesting adhesive
bonds

module

100 i i i I i i |
| —— packaged %
[l —1+opened package
H —O—unpackaged g_w
10 = %
E%ﬁ} mass beam
L . ..
: | A 4 Damping analysis in FEA
72 i s
g IEF:_J "I._: \ - S "
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04 f E"c--.“
= e
ot — aj_—“
Results used in
000 0.95 1w 1.05 110 MEMS+ mode”ing
Hormalized Frequency [Hz]
HEET S .
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L

Advantages for Piezoe

Energy Harvesters

MEMS+Cadence

4= Optimum load analysis for different conditioning circuit
4= Design of the Energy Storage System together with the harvester

CoventorWare

@ Precise design of electrodes
3 Stress map

Combination:
& Damping simulations
¢ Study of packaging effects

© Coventor Inc. 15
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MEMS & Semiconductor
SOFTWARE

Coventor solutions for Pressure Sensor
Design



CoventorWare™

2012

{ Material Properties Database and Process Editor ]

MEMS+ \ v

* MEMS behavioral |
modeling environment | DES | G N ER

* Based on Saber from . 2D Layout Editor
Synopsys + Solid Modeler (2D to 3D) - \
~~ ANALYZER

. e

 Suite of field solvers,
hybrid FEM & BEM

« Comprehensive coverage

for MEMS multi-physics

* Preprocessor for FEA |

/

Slide 2
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COVENTOIR

Bottom glass cap

AEAER 4@ Q4Q LLLL ® BE H EE

Passivation
metal trace

AEER +4Q QQQ LLLL ® 6L EH EE
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Capacitive
Pressure Sensor

Back-side etch
membrane doping

Top glass cap
sensing electrode
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Device

[& Coventarware(TM) Proprocessar - prossure_sensor_sidewall-clip
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E CoventorWare(TM) Preprocessor - pressure_sensorclip

File Edit “iew SolidModel Mesh Tools Help

Z—Sca\e. Ready

COVENTOIR

=] -I: Geometry
= & Solid Model
= LayerSubstrate)
=
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5 1
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£ Conductors
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Effect of Silicon-

Glass Stack

Z-displacement Von-Mises stress
T=100 °C T=100 °C

* Visualizer

File Edit Wiew Axis Fi Style Data Frame ‘Workspace Tools Coventor Help wis  Field Style Data Frame ‘Workspace Tools Coventor Help

[30 20|xv| s

Zone Layers:

#Hlv Mesh
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Drag for data zoom region. Shift for paper zoom.
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ANALYZER™:

Capacitance

0-1 atm

25°C

no residual stress
bias 5V

* Visualizer

File Edit View Axis XY Style Data Frame ‘Workspace Tools Coventor Help
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ANALYZER™: Z-

displacement

OO0 "EBpouHTeEX" 2012

1 atm

25°C

no residual stress
bias 5V

* Visualizer
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ANALYZER™: Von-

Mises Stress

OO0 "EBpouHTeEX" 2012

1 atm

25°C

no residual stress
bias 5V

* Visualizer
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Effect of Residual

Stress

capacitance
0-1 atm

25 °C

bias 5V

—Jl- no residual stress
—Jl- residual stress: oxidel00MPa(C); doped silicon 10MPa(C)
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pressure (100=1atm)
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Effect of Residual

Stress

Z-displacement
0-1 atm

25 °C

bias 5V

—Jl- no residual stress
—Jl- residual stress: oxide 100MPa(C); doped silicon 10MPa(C)
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MEMPZR

* MemPZR finite element solver

® Stress mapped from mechanical mesh

onto PZR mesh

72 visualizer
Fie

30 Canesian  w

Zone Layers:
v Mesh
¥ Contour J
[~ Vectar
[~ Scatter
[ Shade
[ Boundary
Zone Effacts
[v Lighting J
[ Translucency

Zone Style...
Fedraw | -

All )

Performance

2| g Ak %
B F A

=

80
ol O]
O
=)

v
7|z

B &

CQuick Edit..

] i
-

Click to Select, Drag to Select Group

OO0 "EBpouHTeEX" 2012

Edt View Plot Insert Data Frame Workspace Tools Coventor Help
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ANALYSER™
Keypoints

COVENTOIR

¢ Developers of MEMS and Micro-fluidic devices use CoventorWare
ANALYZER solvers to simulate the physics required

e ANALYZER incorporates all the physical field solvers necessary to
successfully analyze, understand and verify these devices

e \Well-Established Finite Element solvers for mechanics, thermal,
electrostatic, piezoresistive and piezoelectric problems

¢ MEMS specific finite and boundary elements
¢ MEMS specific physics
¢ Simulations run in a Job queue
* Status monitoring
® Multi-core support
® 64 bit support
e Powerful results viewer
¢ Many options on rendering, data calculation, macro recorder

OO0 "EBpouHTeEX" 2012



Coventor Solutions for MEMS Capacitive
Microphone
Design and Integration



Overview

Introduction
* Applications of Capactive MEMS Microphones
* Atypical product spec and which specs be simulated
* Design and integration challenges

An example showing use of Coventor’s tools
* Simulation sensitivity
* Simulation of electro-mechanics
* MEMS sensitivity noise analysis for SNR spec
* Design optimisation to minimize noise

© Coventor Inc. 2011 Slide 2
OO0 "EBpouHTeEX" 2012



Applications

MEMS Capacitive Microphones

350 -
300
250 -

200

M$

130

100

50

2006 2007 2008 2009

Source: Yole Development

OO0 "EBpouHTeEX" 2012

Silicon Microphone Market 2006 - 2011

2010

2011

a Automotive applications

a Consumer Electronic
(Camera / Camcorders [ ...}

aVolP

m Hearing Aids

m Mobile phone applications



Spec sheetfor
Microphone @:{

ADMP404

SPECIFICATIONS

Ta=25°C, Voo = 1.8 V, unless otherwise noted. All minimum and maximum specifications are guaranteed. Typical specifications are not

guaranteed.
— Table 1.
M |Cr0 h 0 n e S eCS Parameter Symbol | Test Conditions/Comments Min Typ Max | Unit
p p — PERFORMANCE
. Directionality Omni
that can be simulated Sensitivity 1 kb, 94 B SPL 4 38 o35 | dev
. Signal-to-Noise Ratio SNR 62 dBA
Wlth COVG ntor tOOIS Equivalent Input Noise EIN 32 dBA SPL
Dynamic Range Derived from EIN and maximum acoustic input 88 dB
I Frequency Response’ I Low frequency —3 dB point 100 Hz
High frequency —3 dB point 15 kHz
Deviation limits from flat response within pass band =3/+2 dB
Total Harmonic Distortion THD 105 dB SPL 3 %
Power Supply Rejection Ratio | PSRR 217 Hz, 100 mV p-p square wave superimposed onVpp = 1.8V 70 dB
Maximum Acoustic Input Peak 120 dB SPL
POWER SUPPLY
Supply Voltage Voo 15 36 Vv
Supply Current Is 250 | pA
OUTPUT CHARACTERISTICS
Qutput Impedance Zout 200 0]
Output DC Offset 0.8 Vv
Qutput Current Limit 90 A
Capacitive Load Drive 1000 1000 1000 pF
PREFILTER HEADROOM 280 400 560 g
CFSR @ 400 kHz 5 4 3 ViV
POWER SUPPLY (Vio) 475 5.25 475 5.25 4.75 5.25 v
Functional Range 35 6 35 6 35 6 v
Quiescent Supply Current | Voo=5V 13 2 13 2 13 2 mA
TEMPERATURE RANGE —40 +105 —40 +105 —40 +105 °C
© Coventor Inc. 2011 Slide 4
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Design and Integratio

Challenges

Architecture: Multi domain physics

 Mechanics, electrostatics, fluidics & electronics

-
NI

Package Electronics

Back plate

Diaphragm

Back volume

OO0 "EBpouHTeEX" 2012



i

Design and Integratio

Challenges

Co-simulation of:

Charge causing voltage Electrostatic potential
fluctuation P applied between plates
\I

Fluid pressure impulses
cause change in
capacitance —_

Back plate -> diaphragm /

(damping and noise)

Pierce hole
(damping
Fluid pressure in back volume and noise)

OO0 "EBpouHTeEX" 2012



Coventor -MEMS+

for Cadence Vlrtuoso

Coventor MEMS™*
oAssembIe design in 3-D

o Coventor MEMS+ - Cifsource/memsplus/trunk/src/MEMSplus/Modules/innovatorfunit. . [= B8]
o,

b}

B MabrilatoBoie | 55 ProornEidto F er—

"R EARICS | R® kLB X A A A A O Oe
ox Dot REL BB G -

"AD 7 0 5oz 10

Parameterized MEMS
Component Library (.lib)

< Coventor MEMS+ - Untitled

MR-~

B MueuDaabace | B8 Procsssfdeer | i inovter | W Soene)

P Oefoen Moda [Transere 3] Tiea | 2024 : o @ 1 Franes[10 9 [Cogmmon: )

Copates LH ".’J-‘“‘PPD.? G -l AP @@ xwr o
3

L

WCVENTOR

@Visualize simulations in 3-D

OO0 "EBpouHTEX" 2012

9 Export MEMS Model

EOVENTOR

Cadence Virtuoso
@ Insert MEMS model in schematic

|'V- Virtuoso ® Analog Design Environment L Editing: MEMSLI /= | 0% |

Launch File Edit Yiew Create Check Options Window Help cédence

1= -l > KX > [T >

nmouse L: : R:

3(4)| Pl Cmek Move 52l 0 Status: Ready | T=27  C| Simulator. spectre | State: Testan:

eSimuIate 1

Spectre/UltraSim

cadence

I Taggle Visikiley R Togg
14 0 F CAE OFF dx: d¥: Dist Cmd: Sedect Box

9 Place MEMS pCell in layout



Fixed backplate
(perforations not
shown)

Backplate cavity

Back volume
cavity | e —

OO0 "EBpouHTeEX" 2012

Electrodes

Diaphragm



eFully coupled simulation between microphone and IC

e Sensitivity,
ed.c., a.c., transient, noise.

*Monte-Carlo, optimization

*Enabled by parametric model

¥ Virtuoso® Analog Design Environment L Editing: MicrophoneGeneric generic_circuit schematic

Launch FEile Edit Miew Create Check Opfions Migrate Window Help cadence
= d 0 mR OB e /UEE T L L. E

WP x 100000 & /Pa x 100000)

freq (Hz)

mouse L: schiingleSelectPt]) h: sevietlistandRun('sevSessionz) R: schHikousePopUp()
7(11)| = | Cmdt: Sel: 0 Status: Ready | =27 C| Simulator: spectre
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g

ElectroMechanical

Simulation

* Microphone with perforated back plate using circular and arc shaped flexible plates with pressure
loads and electrodes

(Perforation are not shown in the image) Results of a Modal
Analysis with Cadence or Matlab/Simulink

OO0 "EBpouHTeEX" 2012
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ElectroMechanical

Detailed Design

Analyzer, MemMech
Analyzer, DampingMM

Non-ideal (rigid) back
plate
Non ideal

anchor

Gas damping




o

ElectroMechanit

Detailed Design

* Determine effect backplate stiffness
* Determine effect of non ideal anchor on diaphragm stiffness

Analyzer investigate
effect of non-rigid
backplate

Limit of MEMS+
Diaphragm model
Analyzer investigate
effect of hon-ideal

anchor

z
%Y Mises Stress:  3.1E-D1

x MPa

1.38+02 - 26E+02 3.8E+02 5.1E+02
COVENTOR

%* Mises Stress. 0.0E+00
x MPa
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MEMS Microph

Sources

Electrical thermal noise Electrical noise

- ]
~

cadence’ — —

Noise due flow resistance Backplate
across diaphragm

. —

Noise due to mechanical
resistance to diaphragm Noise due

motion flow through
pierce hole

Diaphragm




MEMS Microphone

Sources

MEMS+ Flexible plate electrode model

MEMS+ Cavity model
supports noise

Acoustic resistance

Backplate resistance

Diaphragm mass

Diaphragm compliance

Acoustic compliance




MEMS:
Cavity Model @H

* The Cavity component is an add-on to all MEMS+ flexible plate
models for Microphones

_ _ Initial Flexible
* Models the effect of a fluid trapped in a Plate Position

cavity underneath of above a flexible

plate.
* Fluidic connector for the cavity Elzg[)rlgeglate
pressure and an optional pressure
connector for the external pressure
* The model supports the Cadence : ; | Cavity with
noise analysis i Flow “— Fluid
External | St ]
Pressure | |
Cavity |
Q Pressire
Fluid Compliance Fixed

Layer

OO0 "EBpouHTeEX" 2012



Flexible Plate

Model

* The individual layers of each plate component are modeled by a finite shell element
known as MITC (mixed interpolation of tensorial components)

* The approximation of the shell edges is defined by the number of mechanical
connectors being used

* The number of mechanical connectors can be set in the parameters of the
corresponding plate component

OO0 "EBpouHTeEX" 2012



eFully coupled simulation between microphone and IC

*Noise,
ed.c., a.c., transient

*Monte-Carlo, optimization

*Enabled by parametric model

¥ Virtuoso® Analog Design Environment L Editing: MicrophoneGeneric generic_circuit schematic

Launch FEile Edit Miew Create Check Opfions Migrate Window Help cadence
= d 0 mR OB e /UEE T L L. E

VisgriiHz) o f=qreiHzh

freq (Hz)

mouse L: schiingleSelectPt]) h: sevietlistandRun('sevSessionz) R: schHikousePopUp()
7(11)| = | Cmdt: Sel: 0 Status: Ready | =27 C| Simulator: spectre
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..i"

Advantag es -for

Microphone S|mulat|on

Microphone model from MEMS+

* State of the art flexible plate and cavity model suitable for microphones

— Mechanical and electrical non-linearity
— Stress, stress gradient, inertial force, contact

— Electrode perforations for fringing fields
— Motion in 6 degrees of freedom
— Flow compliance, resistance, intertance
— Parametric
* Leverage 20 man years of model development
— Physics and simulation performance

Microphone + IC model simulations in Cadence

* Fully coupled simulation between microphone and IC
— d.c., a.c., transient, noise, sensitivity, Monte-Carlo, optimization

Validate, verify design details with FEA/BEM tools

OO0 "EBpouHTeEX" 2012



Coventor Solutions for RF Switch
Design and Integration



MEMS Switches

MEMS Varactors
Transmit/Receive Duplexers (TDD) * VCO Tuning
Band/Mode Selection * Variable Matching

Time-Delay for Phased-Arrays - .
Antenna Diversity :
Reconfigurable Antennas

e i

MEMS Filters (Resonators) .

Transmit/Receive Duplexers (FDD) ¢
Band-Select Filters
IF Channel Filters
Image Rejection
RF Filter Bank
VCO Stabilization
Self-Filtering Mixers

OO0 "EBpouHTeEX" 2012

Variable Delay Lines
Variable Filters

Micromachined Transmission Lines

Filters / Diplexers
Antennas
Antenna Array Manifolds

MEMS Inductors

Oscillator Tank Circuits
LC Filters
Bias & Matching Circuits |




Challenges of RF ME

Specialized Physics
* 3D electrostatics
* Electro-mechanical coupling
* Energy loss mechanisms
* Piezoelectric, magnetic,...
* Residual stresses
* Contact forces
* Sticking

Integration Challenges
* Different processes
* Different packaging
* MEMS co-design with IC and R

Coventor’s Mission:
* Different design tools Replace build & test
with simulation

© Coventor Inc. 2011 _
OO0 "EBpouHTeEX" 2012 Slide 3



Angular rate
(gyroscopes)

(Qua

elays, SWI'[C es
and varactors

N/

© Coventor Inc. 2011
OO0 "EBpouHTeEX" 2012

Accurately simulate

» Electro-mech. coupled actuation
» Electrostatic fringing fields

* Thermal sensitivity

» Gas damping effects

« Actuation voltage (pull-in)

e Switching time

« Contact force ...




|IC designers and system architects require a MEMS device block
for their schematic-based simulation environment of choice

-Signal uspeng ]
G Vembrancliig

Launch FEile Edit Miew Create Check Options Window Help

............. “Re-oUT

S : RF-OUT
‘ ~ “Conta

o,

an /h\-/l

Slide 5
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0 \ 108

Coventor i cadence Virtuoso

€D Assemble design in 3-D € Insert MEMS model in schematic

' - © import MEMS model
ﬂ__ — to Cadence library

it A BB o AR B L L .

e Visualize simulations in 3D 9 Place MEMS PCell in Virtuoso Layout Suite
OO0 "EBpouHTeEX" 2012



BEM solver for electrostatic force due to bias voltage
-- uses surface mesh

RF switch

"Pull-in" Result
-- find last stable voltage

TTTTT

0.2
0.4+
-0.6F

Repeat until
convergence

Tip Displacement
j=]

-1t Pull-in Point—
1.2

0 5 10 15 20 25
Voltage Bias

FEM solver for solid mechanics displacement
-- uses volume mesh

OO0 "EBpouHTeEX" 2012
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Visualize
simulations in
MEMS+ 3D

System
MEMS / IC co-simulation

OO0 "EBpouHTeEX" 2012
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Switching time

Results in ME

¢ MaterialDataBase | o= ProcessEditor | 5= Innovator |

421
512

Simulator | & swithcRF3dsch | > swithcRF 3dsch |

@& & e

Components

= ExternalSchematic
=g 10
=" Components
+ B Rectangularflatel

-
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=l Mechanical Connectors
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Electrical Connectors

= Electrical Connectors

7 01

Fluidic Connectors

=l Fluidic Connectors
&7 101

Outputs

= Outputs
® %3 101

Graph Window
Graphs
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Graph Iteml
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MEMS & Semiconductor
SOFTWARE

MEMS and System Design: MEMS+ for
Matlab/ Simulink
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* MEMS+System and IC Challenge

* The MEMS+ approach

¢ Accelerometer example in Simulink
¢ Using Matlab scripting

¢ Conclusions

OO0 "EBpouHTeEX" 2012
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Coventor MEMS+

for Matlab Simulink

Coventor MEMS*
€ Assemble design in 3-D @ mport MEMS Model

MATLAB
' SIMULINK

& Lovent:
ba-»
B Mureratsiate | B8 ProcessEdtor :m
DARRICD (GHB 4 A DB Xb A 2H 4
X @ RARHH G -]

@ Insert MEMS model in schematic

. T HE
Parameterized MEMS == S M rjﬁ{
Component Library (.lib) T

I
O simulate
A\ 4

S-Function Interface

@ Visualize simulations in 3-D
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Accelerometer

Design Example

Single-axis accelerometer
¢ Differential capacitance
¢ Made with DRIE on SOI

Upper
stator

Proof

Mass Sigma-delta modulator
* 2nd order--> good stability
® Provides control & ADC

Lower

stator \

* |ncreases dynamic range
N and sensitivity
D -‘__‘_\_‘_. = T T Cifferenc 1_ Tt_g _t _l _Df'f_ o _2 Integrator 2 Comparator Latch
I nalogu @ b @ b D D Q %iﬁtream
Suspension : _'1_B_t —!
| ——1 A
& :

http://lwww.beis.de/Elektronik/DeltaSigma/DeltaSigma.html
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Define Materials and

Process

* Material and process properties can be specified as
constants, variables, or algebraic expressions

MEMS+ Material Database MEMS+ Process Database

=i; Coventor MEMS+ - C:/Users/Welham/MEMSp/SDAccelerometer/Accelerometer.mmdb

51 Coventor MEMS+ - C:/Users/Welham/MEMSp/SDAccelerometer/Accelerometer. proc

OO0 "EBpouHTeEX" 2012

linked to material properties

b= b DE- P P
£ MaterialDatabase | &5 ProcessEditor == Tnnovator | -
) B MaterialDataBase 5 ProcessEditor == Innovatar |
DE-AE9C % By o (| X do| tookrer ‘—l_ _
E}[i Material List Material Properties 8 x E D g N E @ @ c@ | + % "% lE x aIe
= % onided Mame Value Units l‘_\lame Layer Mame IMaterial Name Material Color Thickness I.tem Library =
- - Visual Properties =} == Substrate Substrate SILICON 50 =} == Substrate
=) Makerial Orientation : Euler Angles - . g% Stack Materiall EOR DPE_Oxiden 3 5 15 Group of Steps
=1 Euler Angles . £ Stack Materialz  SOI_Device SILICOM 25 - % Conformal Shell
il Degrees v & Straight Cutl £ Stack Material
] Degrees g Deletel B4 Planar Fill
0 Degrees ¥ - g2 Delete
. Density 2.3298-15 kafum3 v " gt Straight Cut
= Elastic Constants : Isotropic v - ¥ Confarmal Shell
= Isotropic - 2% Stack Material
R 167000 MPa v - B Planar Fil
nu 0.278 -2 Delete
# PreStress ¢ In-plane Isotropic v - g4 Straight Cut
t- Stress Gradient in 2 : In-plane Isotrapic v
= Thermal Coefficient of Expansion
- alpha 2/58-06 1k
i Zero Stress Temperature 293,15 KW
- Thermal Conductivity wigel WM v
- Specific Heat wncef k¥ v
- Electrical Conduckivity 1 Sim W
t- Piszoelectric Coafficients  Stress Coeffiden ¢ >
H- Reelative Permittivicy @ Isotropic v
- Piezoresistive Coefficients Yariable g X
Relative Permeability wnalaF| Name value
- Coercivity wnal’| Alm = ab Wariables
-+ Saturation Magnetization wngisd| Afm 'E‘ T 20315
Vil —
Mame Value
= ab Yarisbles
L T 29315 . . .
Temperature “T” is defined as a variable then
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Device Creation

¢ The MEMS device models are created with a library of
parametric component generators for suspensions, plates,
combs and electrical pads

Variable
Marne Yalue
= ab Variables
-~ T 293.15
[+ "I3 mass_
+ *13 Finger_
@ nur_Fingers 10
i+ tla susp_
@ comb_anchor_width 500

1 variables to the | & MassDamping
. . — P
Simulink or _

Cadence symbol

Demonstration

OO0 "EBpouHTeEX" 2012 Slide 12



System
Simulation

COVENTOIR

* MEMS system design completed with addition of sigma-delta
control loop using models from the Simulink library

£l SigmaDeltaMEMSpSimulink_v1 *
Tox

555555 Seapad
r\ > Ty
eeeeeeeee
B =
uuuuuuu e UJ
»{V_Bs Fj-yb -
o i
= v_Botbiive Cap_s
uuuuuuu coslaromate 12
v_shu
B {v_TopCont
V_TapDrive
2
a2
[ s+1eg
VVVVVV Transfer Fonl
@ F/B Foree +1
[
cccccccccccc
b
Constant!
Switoht Cuns‘]anﬁ
]
FIB Force 2
ady ode23t
Conce pt:
.

Use controller to hold proof mass steady for any acceleration, and

use feedback control signal as outpuit.
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Force-feedback control of

accelerometer

Error capacitance

Input acceleration:
a, = sin(wot) at 256 Hz

ScopeZ Scoped
e ThAy
[V i
Sine Wavel P_Massy

Ground1 | INL'] J‘i
| V_BotControl i1
= | V_BotDrive Cap_ Drivi
=]
GIQIIH 42 Accelerometer_v2
TopCon
Cap_SenseTopDrive
Constant2
TopDrive

Accelerometer_v2

Output bitstream
& control signal

Low-pass filtered
output signal



Stability Simulations

IN Simulink

e [TUTTY

Single-DoF results

y DoF only

Multi-DoF results

Unrestricted
motion

Unstable: “Noise” grows until the combs pull-in!
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Stability Simulations

IN Simulink

Could do FFT of bitstream and attempt to
interpret....

Instead, load into MEMS+ to visually observe device
behavior:

1-DOF model in MEMS+

Dl Gy T b Dispiacament ¥ {urm)

0.080413108 125809

osboiserse oezsm

-0.00587365

0600338831 - o, R W o § 4 636857

1-DOF model erroneously considers Controller excites suspensions
the system stable into flapping uncontrollably

OO0 "EBpouHTeEX" 2012



COVENTOIR

MEMS |:'> Geometric
Concept :,‘ design

Vary suspension length

Component Design

of suspensi ngth esponse
a T
—_— length =
45 —— length = 1200Um | --------fmmmmems oo
—— susp length =
- FECTRRRCRERSNELTEy
R s S
2
L)
1
05+
0
0

of suspensi ngth on response
08 ;
_ length
07H — length a
— length
R e e
e e e e R e i
=
]
o
S
S L0 e TP PP PP e R R PPt |
02 /
L R e
i
10 15
Input g level

Design Tradeoff: Sensitivity vs. Linearity

* Nonlinearities from mechanics and comb electrostatics
e Parameter sweeps computed in seconds

OO0 "EBpouHTeEX" 2012



Component Design

MEMS [::£:> Geometric
Concept : design

Design Tradeoff: Sensitivity for Bandwidth:

s Frequency response of the Y-dir displacement 3 Frequency response of the Y-dir displacement

Vary suspension length = - o

uspension length = 1200um [1
9

uspension length = 1400um
10"
1200
-1
" S ‘ ;
1400 10° 10° 10* 10°
Frequency (Hz)

* Not just mechanics or electrostatics: Whole system characteristic

Amplitude (m)
3

OO0 "EBpouHTeEX" 2012



System performance

G _ Circuit/Co
MEMS eometric ntrol

Concept design Design

tradeoffs
Increase comb finger gap

IE ' /
—— A VAVAN
= |
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Package Deformation

Package deforms due varying ambient temperature
» Deformation causes zero-g offset
e Can only predict zero-g offset with multi-DOF model

 Can the effect be minimized?

DC Sweep - Displaced Anchor
T T T

1.6 T T 1
' ' [ ]
: X: 400

B T e e T T e e LR :1.542

2 S S oSS S _
=z i

‘-: ‘1_._.._._. ____________________________________________________________ —
= H
a 1
E H

O S i LECITETEY P AEPEERL EEFEREEE SEPPEFEI SRR -
o H
& :

B —H6H i:t-ibA -
=l '
~ '

Qo e m b -

02 o b e b -

0 i i i i | i |
0 50 100 150 200 250 300 350 400

Temperature in K

= _FlE
Cigisete: DIEAN  FEETT  IGEMD  ZEND LIEMD

MFEA of package MEMS+ simulation with package deformation

Exaggerated thickness and displacements

¥
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MEMS & Semiconductor
SOFTWARE

Design optimization using MATLAB and
MEMS+




MEMS+-Matlab

Interface (no Simulink)

Drive MEMS+ from MATLAB

'
1. Open MEMS+ 3D schematic — =5t

M B0 c 59 Aewf B-BRE0RE B8 sk Jx
B ot R e OO o

) This e ses Cel Mode, For '!I"f_‘ll'ﬁull.ll. se the papid cocke Beralion video, the publdhing video, o belp,

- - 24 %% load matrices of wafer data (C_Youngs and Cpely thick)
2. Creating an instance of the
- 25
27 %% Compute deviece performance
I - - - |28 =  MemsplusSystem|'new', 'GyroscopeCapoulputs WaterMap.3dsch')
an a S I S O eCt D C AC M O a 29 %% get the nominal variable valuss
y - , ’ (20 vars varsZmap (Memsplussysten{ "getVariables"));
M Epoly = vacs{"Epoly’):
32 poly_thickness vars (" po 1ickness");
- - - |73
|34 %% initialize a Wafer map of resonant frequencies
3. Setting the desired inputs B LI
dE = C_freqsHzSense = zeros{size(Cpoly thick)):
a3
38 aln
- - 38 = = T A
4. Call mput bject :
. Calling compute() on object @ .o
4z for k=1:length{Cpoly thick{:})
|43 = vars('E 'y o= Epoly*(l + C_Youngs (k) /100):
44 vars | "} poly_thickness* {1 + Cpoly_thick{k}/100};
45 — MemsplusSysten (' ipiables . mapZvars (vars));
5 EXt raCt reS u It d ata fro m 46 = abcd = MemsplusSystem( getivsten 17,0,statesc0, inputs) ;
[ ] la7 [shapes, fregsHz] computeModessimple {abhad) ;
|48 — C lregsHeDroivelk) = lregsHzil):
- LE C_freqsHziense (k) freqsHz (2)
object | o
il dizp(k):
52 Yend
53 = end

0
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MEMS+-Matlab Interface

(no Simulink)

M £ Tedt Go o Took Debug Dekbo Window Hep

O Moot | S ooty S browes | oD s‘:!d :"*9"; a. :;* E-OE89F 88 sad: e
JE-ERIC B mad 0 P8 BA AL LA GRETE B 0 T s oo P i T R P ARG WG, 5 T
e sx M+ RER i o 24 % load matzaces of wafer data (C_Youngs and Cpoly_thick)
Comgorents 25 load @af at
i FgeFatel 26
B Do TR & -
1 Beam 27 4 Conpul itw par;
L Beam B a a 28 = Memsplus@ysten | *}i
£l Bem 29 W get the
30 4] iakles ']
- 31 - Epoly =
az - poly_thl ¥ s*);
script 2
11 initialive 3 Wafer map of Tessnant fraquancis|
35 0 - ;
- 9 i iy _th i
:
38 AP 1 Do
. | Pt | Emdmcatn 40 10 t CPU t
e = = minutes ime
S B e m 400 mod
T ad— i Ll to compute ode
ety .
fi i T
o v frequencies
s o .-
- 1 4
M 50
T £

Wafer Map of Drive Resonant Frequency (Hz)

Sense Frequency

Wafer Map of Sense Resonant Frequency (Hz)

0os

004
7040 003

002
7085 001

-001

=002

003

-0.04

00855 0

Drive Frequency .
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MEMS+-Matlab Interface
(no Simulink)

> Figure 3

T Mseristatese | o oty | 4= beovele | 1 Scened
DE-AR9E P(aAR e mARXESASE TS e DR AP L AGRY B

G 0x Qs RAR 57 -t AG @@ ez vinw

Vary suspension width and plot
response

OO0 "EBpouHTeEX" 2012

File Edit Wiew Insert Tools Deskiop ‘Window Help ~

NSHS K ARMBDRL- 2 |0E eI

¥ 10'? Frequency Repsonse “ariation with Suspension Length
4.5

susp_length 1000

7 N A susp_length1200
———— susp_length1400
2sl susp_length1600

susp_length1800

Arnplitude

+!
o
_______
________________

L L . 1
1] a0 1000 1500 2000 2500
Freguency (Hz)
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Enable MEMS

Eco-System

* MEMS+ parametric design format provides a new standard
to facilitate the communication between the partners of the
MEMS eco-system

Parametric
MEMS™* Design

FAB Model oM
PDK Parameters ustomer
\\ MEMS IP
Layout Developer/ Models

owner
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MEMS & Semiconductor
SOFTWARE

MEMS and ASIC Integration,
Optimization issues: MEMS+ for
Cadence Virtuoso
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Coventor MEMS+

for Cadence Virtuoso

Coventor MEMS™*
oAssembIe design in 3-D

o Coventor MEMS# - C:fsource/memsplus/irunkfsrc/MEMSplusModules/innovatar/unit... [a |18
3.

k]

B MatrridlotaBose | 25 PaooenEdboe | 4% Infivstor

NEIRICS| GRS AR X A A A O Oe
fx A4+ RAR RN & - d A P G sz ¥[10

Parameterized MEMS
Component Library (.lib)

1

< Coventor MEMS+ - Untitled

LR~

£ MueraDataace | B8 Processtdter o Ineovater | W ScenedD
P Oefoen Moda [Transere 3] Tiea | 2024 o @ 1 Franes[10 9 [Cogmmon: )

Comgrreets ax HarRABA LS G - AD @ sk w0y
.L

IEE

9 Export MEMS Model

Netlist

@Visualize simulations in 3-D

OO0 "EBpouHTEX" 2012

Cadence Virtuoso
@ Insert MEMS model in schematic

|V- Virtuoso ® Analog Design Environment L Editing: MEMSLI = 3%

Launch File Edit Yiew Create Check Options Window Help cédence

(=K >l Q >l e ]

nmouse L: : R:

3(4)| P\ Crck: Move Sel: 0 Status: Ready | T=27 C| Simulator: spectre | State: TestAn:

@Simulate

A\ 4

Spectre/UltraSim




Design and Integration

Solutions

Coventor’s Value

MEMS Multi-Physics: !
mechanical +
electrostatic + IC

 With complex geometry

 With Linear and non-linearity coupled
physics lL

\Z

T

Linear or partially

linear for IC Design MEMS Designer:

Non-linear
electroechanics

OO0 "EBpouHTeEX" 2012



COVENTOIR: and Integration
Challenges

Coventor’s Value

« Speed vs accuracy

Linear Non-Linear
Time
Faster: less “accurate”

Slower: more “accurate”

—— - = - —— - —_@_—_—

A Linearity
Speed

Design

Verify

~
Ll

A
OO0 "EBpouHTtex" 2012 ccuracy

~
Ll



COVENTOIRS

Cadence Virtuoso
Cell Generation

* The 3D Innovator design is imported into the Cadence
Library Manager using the MEMS+ import tool

L&

L MateriaDatabase | 1 ProcessEditor
lp@-aR9e-2|lass
X6 <4

Companents
=1 %13 Components

ai- Coventor MEMS + - C:/source/memsplus/trunk/src/MEMSplus/QA/InnovatorSchematics/DLM. 3dsch

FEile Edit Miew Design kManager

ER o i [ ibrary Manager: WorkArea: fhome/gunar/Cadence610

& Mirror

== RightTorsionBeam
== LeftTorsionBeam
@ RightTarsionAnchar
& LeftTorsionnchor

_ Show Categories

_ =hao

1, BottomElectrodeRight
1 BottomElectrodeLeft

~ Library

~ Cell

Befresh selected cell

Variable

Mame

= ab Wariables
| .8 Orienkation US_BthS
ahdlLik

analogLib

hasic

FMERMSF oundryTechLib
i

FEMSLIR

cdsDefTechlLib

O -

Cptions...

Create Tech Library from Process..

I

Messages

.
b

Log file is “homesgunar/Caden

-

OO0 "EBpouHTeEX" 2012

Open file

Loak in: |[Ef1 ‘hamessrouvillfsourcesmemsplustrunk/sre/MEMSplus/Qadnnovatorschematics o ¥ e [
Marme | Size Type | Date kodified |
[ ButterflySWa 3dsch 377 KB 3dsch File 19 Mar 2010 11:55:59
[ Capacitor.3dsch 33 KB 3dsch File 19 Mar 2010 11:55:59
[0 CCPCapacitor.3dsch ddsch File 13 kar 2010 11:55:59
[0 ComhTest3dsch ddzsch File 19 bdar 2010 11:55:59
Bl DLP.3dsch 78 B Jdsch File 19 Mar 2010 11:55:59
[0 DoubleMassGyro.3dsch 350 KB 3dsch File 19 Mar 2010 11:55:59
[0 Flowers 3dsch 427 KB 3dsch File 19 Mar 20710 11:55:59
[0 Gyroscope.ddsch 163 KB 3dsch File 149 kdar 2010 11:55:54
[0 Gyroscope_BeamPath... 125 KB 3dsch File 19 Mar 2010 11:595:59
[ Gyroscope_Perforatio... 165 KB 3dsch File 19 Mar 2010 11:55:59
[0 Gyroscope_3SplitComb.... 171 KB 3dsch File 19 kAar 2010 11:55:53
[ Pendulum. 3dsch 13 KB 3dsch File 19 Mar 2010 11:53:59
LR T A P Y P R e elie ] =g P = R Y Y P ] P T e A0 N LA LA |
File name:  DLP.3dsch [ Open |
Files of type: LMEMS+ schematic (*.3dsch) |_Cancel |
4
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COVENTOR = igzigsiuiisaiiie
= Cell Views

¢ The MEMS+ import tool automatically creates a parametric
layout and schematic view

=0 |E.3

| __ Vinupso® Layout Suite L Editing; DLPLib DLP Jayout
Launch File Edit ¥iew Create Verify Connectivity Options Tools Window Help cadence

=N= e | & M X @ 2| 42 o = >T___|||Q >f__\|\:1'.
I = 4 | B~ U5 @ | %0 || selecta seipo Selma Seio)o |

File Edit Miew Desigh Manager MEMS+  Help cadence

_ Show Categaries _ Show Files

Library Cell View

Virtuoso® Symbol XL Editing: DLPLib DLP symbol

Launch File Edit “iew Create Check Opfions Window Help cadence

¢, 1R ] & &

DLPLib OLP
Gyroscopelib = | | simulation
Manajit_z0100330_lib
RF SwitchLib
TeodorLib
Us_Bths

Il

e =

M & 5 l# 0 mx @ e

[0

Messares

Lag file is "*homessrouvill/CadencedT DibManager.log”.

| mmouse L: Enter Paoint
1(2) | Select the figure to be moved:

| Il -

_imouse L: mouseSingleSelectPt M: celnstallAppigetCurrentying R: schHiMousePoplp()
24| = | cmet: set: 0]
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Virtuoso Cell

Parameters

* The created cell views features all parameters that were
exposed in MEMS+

Virtuoso® Layout Suite L Editing: DLELib DLP layout

=i Coventor, MEMS+ - C:/source/memsplus/trunk/src/MEMSplus/QA/InnovatorSc)

hE~&

T MaterialDataBase l 1 ProcessEditor =H= Innovatar l
DE-EE9Q-B(laiSH R Bad B X540

apply To only current n instance n Components g X Cg) "I" A E ﬁ 3:'-4 5}_] &x - *mz.

=] DTE Components

(=10

Launch File Edit “iew Create Verify Connectivity Options Tools Window Help cédence
1= dlls eld C @ X O
Iy 5 | -0 W

Show _ system o user & CDF
+ @ Mirrar
Eirowse Reset Instance Labels Displa = RiftTorsionBeam
play + == LeftTorsionBean
Property Yalue Display + @ RightTorsiananchar
I— - Library Mame oLE| ‘u + @ LeftTorsionAnchor
v Virtuoso® Symbol Editor XL Editing: DLPLib DLP symbol o + 1y BottomElectrodeRight
. — . - Cell Mame oLp & ' + ity BottomElectrodeleft
Launch Eile Edit ¥iew Create Check Options Window Help  ¢g
Wigw Name symhol Pﬁ_n
= & &l "%}" [ ¥ @ @ Q Q Instance Mame 11 \value ' o B x
Variable

Add Delete radify Name
User Property Master Value Local Value Display

ab ‘“ariables

parthame ILP =T 293.15
;8 Orienkation 45
£8 Origin' o
£8 Driging o
COF Parameter 8 alpha a
8 beta 1e-06
+ ¢la Mirror
Crrientation 45 a12 TorsionBeam
a5 toke

Crigin®' pRar (T}

Crrigin pPar ("E") Post

+ "3 Electrode

1]

alpha

heta

rdirrorSize

orsionBeamThickness

2eQflleBasename orSchematics DLE. 3

Suggestscaling

nmouse L: mouseSingleSelectPt M: delnstall App(getCurrentWind R: schHikdal
2(4)| B ‘ Cancel | Apply Defaults Previous Mext | Help
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MEMS Device

Schematic

* The MEMS designer adds sources to the exposed electrical
pins and confirms the device performance running DC, AC
and transient simulations

Launch FEile Edit Yiew Create Check Options Migrate Window Help cadence

= & )4 B » | Q » [T » [[workspace: Basic -

_________ Active : Graph Window 11 - o=

Ediit  Fral Graph Axis Trace Marker Zoom Tools Measurements Help cadence

&0 # FEEE = [ =1 [Aaber [ ]
Apr1s, 2010 Transient analysis m
B/ 10/ M1rx
15

10

_nmouse L: schingleSelectPty)
I 2.0
3(5)| = 0 50.0 100 150 200

[ 145.8us[ 2195mv time (us)

@ >
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OVENTOIR

MEMS Device
Simulation

¢ Simulation results can be loaded back into MEMS+ and

animated in the 3-D canvas

Launch FEile Edit Miew Create Check Opfions

tdigrate  Window Help

cadg

a1~ Coventor MEMS+ - C:/source/memsplus/trunk/src/MEMSplus/QA/InnovatorSchematics/DLP. 3dsch.trans

Components

BE
hE~&F

& MaterialDataBase ] = ProcessEditar

-=‘= Innovvator & Scenesd l

DaformModelSimu\atiDn ﬂTimeb‘HQ‘?e-DS sk} L) 7J7 & @ H #% 3 |||Exaggeration:  r|»

1 @ % O s Q= [P » [workspace: pasic

ExlE4 4+ RARL &S|~ A B|E G sz -1 ~

File Edit

Frame

Graph  Axis

Trace Marker Zoom Taools

Measy

S B #

Apr 18, 2010

F & =

57

@ X 4b = b

Transient analysis

B /10/MLrx
15

10

£
=
=5
-1.0
-15
_mmouse L: schiingleSelectPty)
P -2.0
3| > .
[ 145.8us[ 9195mv
e >

50.0

100
Time (us)

= Externalschematic -
-1%08 11 Tl
= ™15 Components
= @ Mirror
‘ifi Layet:Hinge
-'_5 Layer:Post
A Layer:Mirror
{']_" Electrode Contac
B MirrorPlate
B PostHale
s TopElectrodeRigh
s TopElectrodeleft
& Plate
B Tophotch
B Bottomiotch

] [

LandingPad_LJL
+ Ty LandingPad_LR
+ fty LandingPad_LL

+ fty Righthotch & smo
1 r
Graph Winduw 8 X
Graphs 8 x T
——— 0i%
fephs 016
= Graph Iteml 014
[T fx 01z
[ty 0881
[TL{M1f= e
fT1IM nna
1ty 00z
J1fm1fre o i
Ze-05  de-05 Ae05 Ee 05 0.00010.000120000140.000160.00012 0.0002
150 200
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‘ | = SRAM
COVENTOR = .
S5 Memory Cell Design

* The IC designer, meanwhile, creates a schematic of the
SRAM memory cell underneath each mirror...

V), =Bias Voltage
¢|a= Address Voltage

? =Addres: Voltage
" Complement ‘
g ;

Regioris of

./ -
" Electrostatic
Attraction

N\tamory Cell
A EMUSSRAM}

Bit Line ~Bit Line
Bit Line ~Bit Line
—— =
~Data } Datg ~Data
=) =)
J_I?/;I_L Cadence Virtuoso schematic of the memory cell
Word Line
Word Line
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SOV ENTOIR : C(_)mplete
= Pixel Cell

¢ The CMOS SRAM cell can in turn be connected to the mirror
to assemble the complete pixel cell

e DMD mirror in @ Schematic of the
combined device and
memory cell model

0 DMD mirror with
memory cell

e Hierarchical symbol
of a DMD mirror with
memory cell

6 Memory cell schematic
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COVENTOR: e VHERGE ARy
S5 Schematic

* The pixel cell is replicated to form an array and connected to
the driving electronics

V,, =Bias Voltage
§, =Address Voltage

$ =Address Veltage
" Complement

Cadence Virtuoso schematic of memory cell

“& Virtuoso® Schematic Editor L Editing: DLP Array5X5 schematic = O X

Launch Eile Edit Mjew Create Check Opfions Migrate Window Help CEdEI’I(E

-~ Regionsof
.~ Electrostatic

Attraction 2 - |||€}b = b 2 :g ]

I

_Memory Cell
" (CMOS SRAM}

Il mouse L mousesddPn I: Rotate 30 R: schHikdousePopUpn

Hlerarchlcal Symbol Of a DMD mlrror ?(1 9)| Foint at DbjECt to move Cmd: kMove Sel: 0
with memory cell
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COVENTOR, = R e
= Simulation

°* The complete mirror array can now be simulated with the
Virtuoso simulators: Spectre, UltraSim or APS

% Virtuoso® Schematic Editor L Editing: DLP Array5X5 schematic - a3 X

Launch File Edit Miew Create Check Options Mdigrate Window Help CEdEI‘ICE

_|||i_L | __|||"%}L’> 2l « 2l B I

File Edit Frame Graph Axis Trace Marker Zoom Taools Help cadence
GrESOFEE S oK M0 RNt S0 [abel
Transient Analysis “tran’ time = (0 5 -> 125 us)
B/net76 B/ net0l193 B /ILZ/V Left<l> E/I12/11/Mlz<1 =

imouse |
7019)| Po

V()

["24 51us| 0.0 time {us)

@ > graphl selected: double-click to bring up attribute dialog
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Accelerometer

Wlth 2A Feedback Loop

* MEMS+ generated accelerometer model with ZA force
feedback loop in Cadence Spectre:

Plate Displacement

ﬂ Virtuoso® Schematic Editor L Editing: Accelerometer v3 SigmaDel_opampl schematic EMass Displacement '

Accelerat|on Input Launch File Edit View Create Check Options Migrate Window Help
@ % 0@ 0 5 e

S e R =

N O @ @
L T S s

h: sevhletistandRun('sevsessionz)

Control Signal
The transient simulation with Spectre
completed in less then 10 seconds !

OO0 "EBpouHTeEX" 2012 Slide 15




Conclusions

MEMS+

® Device design via state-of-the-art non-linear FEA models
— Electrostatics

— Mechanical and electrical non-linearity
® Stress, stress gradient, inertial force, contact
— Motion in 6 degrees of freedom
— Parametric
e Access 30 man years of model development
— Physics and simulation performance

e Cadence available for gate level simulations

® [ everage all the benefits of Matlab & Simulink for
system level design

— Toolboxes
— Scripting
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