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Abstract

The following document presents a training manual on CoventorWare Modeling of an Energy Harvester
in section 1.Tthe sane device is used as a training example for MEMS+ in section 2. Both sections are
material for HandsOn. The Section 3 is the SEMulator3D tutorial which is made of slides and Live
exercises.

Public introduction’

! According to Deliverables list in Annex I, all restricted (RE) deliverables will contain an introduction that will be
made public through the project WEBsite
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1 PZT ENERGY HARVESTER DESIGN IN COVENTORWARE

1.1 Introduction

As wireless sensor nodes become smaller, their energy supply is a limiting factor for further
miniaturization as integration density is limited by the space requirements of the energy storage
system. MEMS based vibration energy harvesters, such as the one shown in this example, are
becoming a key enabler for further miniaturization and deployment of energy autonomous
sensor nodes. Among existing methods, piezoelectric harvesting is the more studied thanks to its
promising results.

The device is made with the SINTEF MoveMEMS design kit. It is based on a PZT stacked on a
SOI wafer. A description of the MoveMEMS process is also given in the Using CoventorWare
manual, starting on page U4-24.

PZT CSD

Au-Cr Top electrode
themal oxide

SOl wafer

Figure 1.0 Process description

1.1.1 PZT cantilever with Si Proof mass

The piezoelectric cantilever consists of a multilayered film of SiO,/ Pt/ PZT/Au deposited on a
silicon beam of nearly 8 microns of thickness. The silicon substrate is used to make a proof mass
to improve sensing of environmental vibration or movement by decreasing resonant frequency.
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The device is similar to the one published by Shen et al (D. Shen, J.-H. Park, J. Ajitsaria, S.-Y.
Choe, H.C. Wikle III, D.-J. Kim "The design, fabrication and evaluation of a (see picture
below)). The process is also based on PZT on SOI, yet the thicknesses are different so this
exercise is made with other dimensions and results are not compared.

Uniform cantilever beam

Auburn University device (Ref 1)

Figure 1.1 Cantilever and proof mass

1.1.2 Tutorial Overview

This tutorial is organized into three exercises, which demonstrate various techniques:

Exercise 1: Technology setup
e how to start a project
e how to add material to a Material Property Database
e how to create a suitable process

Exercise 2: 3D modelling
e how to draw a layout

e how to create the 3D MEMS

e how to mesh it
[ ]

Exercise 3: Simulations in Analyser
e how to run a piezoelectric modal analysis
e how to run an harmonic with load
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1.2 Technology setup

In this section you will start a CoventorWare project and get familiar with its environment. You
will then review the default Material Property Database and add the necessary materials. Finally
you’ll create a process file.

1.2.1  Preparation

The first design step is to define dimensions of the geometry. As can be seen in

bw=200um
bl=1100pm
m:
400um / /
mw =400um
bw=200um
bl=1100pm
m:
400um / /
mw =400um

Figure 1.2 Cantilever dimensions
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1.2.2 Initialization

During this initialization process, you will create a working project directory. This directory will
contain all the files created in the tutorial, a project database for tutorial models, simulation

results, and a settings file that saves window settings.

Tasks Clues & Comments

Start CoventorWare and load the tutorial | Find the import tutorial icon.
called SINTEF_energy_harvester. In the Project Browser, a default Settings file appears on the Settings
file line. This settings file stores the combination of files as you put

them in the function manager.




U

piezoVolume

Page 8

R —
SEVENTH FRAMEWORK
PROGRAMME

1.2.3

Load and update a Material Database

Tasks

Clues & Comments

Go in the project directory and copy paste sintef_initial.mpd.
Name the copy sintef_tutorial. mpd

e MPD has automatic load and save. To create
new files you must copy/paste one first.

e Default MPD file mpd1.mpd is in Shared folder
in your work directory.

Load the sintef_tutorial.mpd.

Browse to the project folder

Add Au-Cr, PZT-CSD and Pt-Ti with following properties.

See Au-Cr properties 4, 5.

3 Edit Materials in DACW_Projects10training_sintef\SINTEF_270710.mpd

| = |

-]

| [ Mew Material ] ‘ j Import Material | | Copy Material ‘ | }( Delete Material |
Iaterial [[u_cr
|Elasti|: Constants ”Elastiu:-lsn

-

|Densitg.r(kgfum“3) ||Cnnstant—5calar E”W
|stressiMPa) [[Aniso =], Edit |
ITCE Integral Form (1K) ||Table-T |T]|V- Edit |
IThermalCond(pWiumky || Constant-Scalar H 2.970000e+008 |
|spetificHeatipJikk) || constant-seatar H“ 1.287000e+014 |
[ElectricCond(psium) || constant Scalar F 4 400000e+013 |
[Dielectric || constant-Scalar ]| 0,000000e+000 |
viscosity(kglurnis) | constant seatar I=] 0,0000002+000 |

|PieanesistiveCneﬁs(1IMF‘a}”Cnnstant_Su:alar IE‘“ Lot i I
|Cust0m Propeties File ”Film i coit Jable —_—
Ternperature Dependence
' Edit Elostic fso S5 | cClose ¢| p i - Property
1 [ Fl |1 4100006-00 |
EMP3) 2 |4.000000e+002|1.4500008-005 |
S 3 15.000000e+002|1.6000008-005 |
_ 4 10.000000e+000/[0.000000&+000]
> | ok || cance J:—]Edimmm ] | 5 |0.000000e+000|0.000000e+000 |
; 5 10.000000e+000|0.0000008+000 |
N e 7 10.000000e+000/[0.000000&+000]
o 8 [0.000000e-000] 0. 000000 +000 |
. 9 |0.000000e+000 | 0.000000e+000| ||
1 10 10.000000e+000/[0.000000e+000]|
| O l | Cancel l | ‘ o l | p— ]
= =

Figure 1.3 Au-Cr properties
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([ Edit Materials in DACW_Projects10\training_sinteASINTEF_270710.mpd | R
| 0 Mews Material I | j Import Material ‘ | Copy Material | | >( Delete Material |
Material |PzT_csD [~]
‘Elastic Constants ”EIastic—Anlsn E]
‘Densitﬁkgium@) ”Cnnstant—Scalar E”W
Stress(MPa) | Anisa [~]| Exit |
TCE Integral Farm (1K) || Constant-Scalar [~]| 2 5000006-006 |
ThermalCond(pwiumk) || Constant-Scalar [~]| 1 500000e+006 |
‘SpecificHeat(pikgk) || constant Scalar [~]| 0.000000e+000 |
ElectricCond(psiurm) || constant Scalar [~]| 2 500000e-001 |
Dielectric | FiezoElectric-Giress [~]| Exit |
iscositytkg/umis) || constant-Sealar [~]| 0.000000e+000 |
FiezoResistiveCoefis(1MPa)| Constant_Scalar [~]| Exit |
Custom Properties File || Piezaelectric_constant_for_SINTEF_CSD_PZT 3 'E'dit " o =7
| Close Iz‘
. 01111 : -+ 008
[P Edit PiezoFlectric-Stress ﬂ D112z [7.100000e+004 |
-
D1 | ] || 0.000000e+000 |[-4.1000008+000 | D133
D3 | 0.000000e+000 || 0.000000e+000 |-4.1000000+ 000 | p2233
D3 | 0.0000002+000 || 0.000000e+000 || 1.410000e+001 | D
D1112 | 0.000000e+000 |
| D4 | 0.0000002+000 || 0.000000e+000 || 0.000000e+000 | 02213
D5 | 1.0500002+001 || 0.0000008+000 || 0.000000e+000 | .
D6 | 0.0000002+000 || 1.0500002+001 || 0.000000e+000 | 01212
Dielectric | 1.6000002+003 || 1.600000e+003 || 1.5000008+003 | D1113
| (8] 4 J | Cancel I D213
- =
.—3 Edit Anlso ﬂ_j D1123
5 5+002 D3323
|2.600000e+004

| oK H Cancel ]

= u

‘ o]24 H Cancel ]

Figure 1.4 PZT properties
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3 Edit Materials in DACW_Projects10%training_sintef\SINTEF_270710.mpd

| [ Mew Material H jlmpnrﬂnﬂaterial H Cupvr-.flaterial H '}( Delete Material |
aterial |[FL_Ti [~

[~ Edit

|Elastic Constants ”Elastic-lsu

[Density(kgium3) || constant-Scalar [~]| 2.1450008-014
|stressira) [[aniso [~]| Edit
ITCE Integral Form (1) || Table-T [~]| Edit

|ThermaICDnd(pWIumK)
|SpecificHeat(pJikgh)
[ElectricCond(psium)

]|
]|
]|
]|

]| 0.000000e+000

]| Edit

”Titanium_adhesinn_layer_PIatinum_harrier_la\,rer ||

[ome | )
=)

F.160000e+007

|

|

|

|

|

”Cnnstant-Scalar ]
1.3300002+014 I

|

|

|

|

]

”Cnnstant-Scalar

|| constant Scalar 1.000000e+013

[Dielectric || constant-Scalar 0.000000e+000
[viscosity(kgiumis)

|PiezuResistiveCneﬁs(1IMPa)”Cnnstant_Scalar

||Cnnstant—8calar

|Custnm Froperies File Browse

T Froperty

;
r -
19 Edit Elastic-lso [ Edit Table-T

Temperature Dependence

Figure 1.5 Pt-Ti Properties

Additional Resources

For more information on Material Properties Database see Using Coventorware Manual section

2.

E{mFa) 1.68 e+00°
1 | | =.8000006-006 |
2 | 4.0000008+002 || 9.200000e-005 |
| ok || cancer | 3 | 5000000e+002 || 9.500000e-008 |
[ — 4 | B.000000e+002 | 9.7000008-005 |
(3 ot Ao = 5 | 7.0000008+002 | 1.0000008-005 ||
B | s.000000e+002 || 1.020000e-005 |
o 7 | 0.000000e+000 | 0.000000e+000 |
¥  |ERnnncEgni g
. 5 | 0.000000+000 | 0.000000e+000 |
S: | 9 | 0.0000008+000 | 0.0000008+000 |
. ' Mi 10 | 0.000000e+000 || 0.0000008+000 |
ok || cancel
i | H = ] E \ 0K H Cancel ]

——
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1.2.4  Create a process

Once the materials are available in your Material Property Database you need to use or create a
rocess description. Here we’ll update a process with new steps.

Tasks Clues & Comments

1. Load the process sintef _initial shown in

ExerCise 1 . Pay attention if the step

— Material lame is a deposit or etch. You have the choice for

Silicon-On-Insulator (S0T) etch type.
Thermal Oxidation Buried_Oxide Si02
Grow Crystal Silicon Si_Handle SILICON_100

{2 Wet Oxidation Ouide_layer Si02

- 3 Cxide Etch Backside

| 4 (ide Eich Froniside

! 5 Sputtering Bottom Electrode Bottom_electrode |Pt_Ti

| 6 PZT Chemical Solution Depesition |PZT_piezoelectric |PZT_CSD

-7 Metal Deposition Top_electrode Au_Cr

|8 Top electrode Patterning

- 9 PZT Patterning

- 10 Bottom Electrode Patterning

11 Backsidet Etch

-12 RIE Release Etch

and save it as sintef_tutorial.proc

| Process Editor - [D:/ ‘training_sintef/Devices/SINTEF initial
ity

[ File Edit View Tools Windows Help

EEEINEYIEEEYEEEEE])

MNumber Step Mame Layer Name Material Name | Thickness | Mask Name Photoresist | Depth | Mask Offset | Sidewall Angle | Comments = -
Substrate Sbstrate_\Wafer |SILICON_1D0_| 380 SubstrateMask The order of th,., || = Frocess Library
Silicon-On-Insulator (SOI) Starting paint, ... B ﬁMode\ing Actions
Thermal Oxidation Buried_Oxide Si02 0.3 (= P User Defined Steps
Grow Crystal Silicon 5i_Handle SILICON_100 | 7.34 At start of proc... -~ £ Anistropic Wet Etch |
Wet Oxidation Oxide_layer Si02 1.5 Oxidation, fr - 8 Anisotropic Wet Etch|
Oxide Etch Badkeide Oxide patternin 4 Generic Wet Etch

- EMGeneric Dry Etch
LA4Deep Reactive Ton E

Step Name |Oxide Etch Backside - CWReleage Dry Etch
Action 23 Straight Cut Release Wet Etch
- EWStripping

Mask BETCH
¢~ CutLastLayer Completely = A

Photo t I— hd
" By Depth Idepﬂ1=U,GIUba|Tme Edit | ororesis

- EMThermal Oxidation
M Generic PECVD (]

- I Sputtering .
~ Sidewall Ar s) e .
& By Layer(s) Oxide_layer hd Edit | vaporabon
- | PCVD
Distribution ISalar 'I
= By Material(s) |<chnnss> v[ Edit | - E=5pin Casting
Nominal value [0 Edit -1 Silicon-On-Insulator |
- . [+ 'Elon Implantation Sur
Front Side I™ Antisymmetric Increments: - [E Bectoplating
i i -
Back Side XFaces [5 - Bliea
- Lift-0fF
¥ Faces [0 (-5 Anodic Glass Wafer £
[+ ESNICOH Fusion Wafer
- Offset - BFuundry Processes
Distribution ISmIar LI
Nominal Value IU ﬂl
0]
Comments | oyide patterning, frontjback, induding alignment/saw-marks. (1
O
— =

Figure 1.6 Initial process
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Tasks Clues & Comments
2. Add the 3 deposit steps as shown below to make the Just note the thicknesses
piezoelectric stack.

MNumber Step Mame Layer Name Material Mame | Thickness | Mask Mame Photoresist | Depth | Mask Offset | Sidewall Angle

Silicon-On-Insulator (SOI)

Thermal Oxidation Buried_Oxide 5i02 0.3

Grow Crystal Silicon Si_Handle SILICON_100 |7.34

Wet Oxidation Oxide_layer Si02 1.5

Oxide Etch Backside BETCH = 4] a
Ox iy Froriside ALTGN + [ [
Sputtering Bottom Electrode Bottom_electrode |Pt_Ti 0.12

PZT Chemical Solution Deposition | PZT_piezoelectric |PZT_CSD 2

Metal Depaosition Top_electrode Au_Cr 0.2

Figure 1.7 Deposit steps over oxidized SOI wafer

Tasks Clues & Comments
1. Add the etch steps for the top electrode, PZT, bottom On the backside etch you will etch the silicon
electrode and the backside and frontside etch substrate.

b. On the front side, you need to etch 3 layers:
oxide_layer, buried_oxide and Si_handle.

2. Save the process. The validation will be made by creating the 3D
model.
Number Step Mame Layer Name Material Mame | Thickness | Mask Name Photoresist | Depth | Mask Offset | Sidewall Angle
=2 Silicon-On-Insulator (SOI)
Thermal Oxidation Buried_Oxide Si02 0.3
Grow Crystal Silicon Si_Handle SILICOMN_100 |7.34
-2 Wet Oxidation Oxide_layer Si02 1.5
-3 COxide Etch Backside BETCH = 8] o]
uk Qxide Efch Froniside ALTGN + a 4
| 5 Sputtering Bottom Electrode Bottom_electrode |Pt_Ti 0.12
-6 PZT Chemical Solution Deposition | PZT_piezoelectric |PZT_CSD 2
- 7 Metal Depaosition Top_electrode Au_Cr 0.2
- 8 Top electrode Patterning TOPEL + 0 1}
-9 PZT Patterning MOPIE 0 a
- 10 Bottom Electrode Patterning BOTEL - 0 1}
- 11 Backsidet Etch BETCH = 4] o
- 12 RIE Release Etch FETCH - 0 a

Figure 1.8 Final Process

Now you are done with the technology which is the basis of all CoventorWare project. You are
ready to start building your device.

1.2.5 Building the 3D model

This exercise will guide you through the creation of your MEMS device in 3D. It explains how
to draw a layout using the process you have chosen, then build the 3D solid, mesh it and finally
name the relevant patches.
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1.2.5.1 Layout Editor

The layout Editor will start with the layer names defined in the process.

Tasks

Clues & Comments

1. Open the Layout Editor and review the layer parameters
using the layer browser

We will use only some layers of the SINTEF

process.

As defined in the process, ALIGN is ignored.

2. Change the necessary Dark/light option in layers

Dark or Light will define if the shape is preserved

or etch

p
(4 catlayerbrowser 0w *—- -

]

File Layer )
+ 3 EHE noos 83 E
Layer .
Layer Calor il |v|s| | Poarny| ™MSk | Darkdudht | oiraeel sps | cipoxe
Mame Mame mMask Field
an Mask
Substrat... blue nane W | @+ O- |Substrat. (OD @L [ SubstratfZLODD [ Substrate 3
BETCH red nane M ¥| ®+ O- BETCH |@D OL | MBETCH ML1D0 WMBETCH [[S
ALIGN green nane W[ @+ O- [ALIGN OD @L | FaLGHN FL2oo Ealch L]
TOPEL yellow nane V¥ @+ O- TOPEL |(OD @®L | WTOPEL MILiD0 WTOPEL [&
MOPIE cyan nane W ¥ @+ O- MOPIE @D OL MMNOPIE L4000  FMOPIE |5
BOTEL P aray nane M| @+ O- BoTEL @D OL WEBOTEL LS00 MBOTEL [
'nFETCH B magenta nane M M| @+ O- FETCH @D OL WFETCH [LEDD  WFETCH [ &

Figure 1.9 SINTEF process Final layer brower
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Tasks

Clues & Comments

3. Select the NOPIE layer and create a rectangle of 200um
iny and 1100um in x.

4. Select the FETCH layer and create a rectangle of 200um
iny and 1500um in x.

5. Select BETCH and create a square of 400um side, and
look

Use the arrow in the current layer menu

b. Use the rectangle tool on the left toolbar and
draw or enter points.

¢. Use Modify > object to change the rectangle
corners positions.

for its relative position.

6. Copy and paste the NOPIE rectangle into the TOPEL
layer.

7. Copy and paste the FETCH rectangle into the BOTEL
layer.

Use edit> paste to layer once the object selected.
Place it and then correct its position or define its
center while in the paste to layer menu

8. Save the library as Energy_harvester and the cell as
cantilever

The library is the .cat file storing the cells. One cell
is just defined here but a hierarchy of cells can be
created using the reference cell function.

EETCH

BOTEL =FETCH

Figure 1.10 Energy Harvester Layout
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1.2.5.2 Build the 3D model
Once the layout and process established and saved, the next step is to build, manipulate and

check the 3D solid.

Tasks Clues & Comments
1. Create the solid and check it. Just click the build 3D icon and save it as
harvester.
b. For checking different viewing tools can be
used
2. Correct either the process or layout if some errors See
appear.

re

mw = 400pr

as a reference.

b. In the drop-down arrow next build 3D icon
choose the rebuild option to recreate the 3d
solid from the modified process and/or layout.
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Figure 1.11 3D model of the energy harvester
1.2.6 Meshing

To run analyses into Analyser, a mesh is of course required and also patch (surface) names.
We’ll do this right now.

Tasks Clues & Comments
1. Add all the layers in the mesh model Only one region should be created
2. Name the patches at fixed beam end as anchor. Use the zoom and rotating tools to be sure to

select all the patches. You should have 6.
b. Right click and find set name function

3. Name the patches of the piezoelectric layer Hide all layers except PZT to have a better
corresponding to the electrodes as topel for the Au-Cr viewing/selecting
electrode and botel for the Pt-Ti electrode

4. Mesh with parabolic Manhattan bricks of 50 microns size | Right click and find mesher settings
inxand y and 0.3 in z. Define a maximum of 4 elements | p, Look in Advanced options
in the thickness.

5. Save it as harvester_meshed.
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1.3 Simulations in Analyser

Figure 1.12 Meshed Energy Harvester

A piezo harvester acts like a battery (capacitive power source).

(o

Q

IR0

Re

o

A J j_

Figure 1.13: Equivalent circuit for piezo energy harvester

Figure 1.13 shows an equivalent circuit for a piezo harvester. In closed circuit (CC) conditions
(i.e. when Rload = 0), the piezoelectric layer generates a charge only and no voltage is generated
across the electrodes. In open circuit conditions the piezoelectric layer outputs a voltage without
any charge. Both these ideal conditions can be simulated with Coventor’s MemMech PZE
solver.
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To simulate CC the potentials on the electrodes are set to be equal, e.g 0V. MemMech will solve
for the charge on each electrode generated by the reverse piezo electric effect. To simulate OC
one electrode is set to TiePotential, the other to a potential, e.g. 0V. MemMech will solve for
the unknown potential on the electrode that has the TiePotential specified and charge for the
electrode that has potential specified.

Note, the MemMech PZE solver must have either a charge or voltage specified on each
electrode. To simulate OC conditions one might therefore specify zero charge on each electrode.
However, CoventorWare does not have the BC option to specify charge in the GUIL. However, if
no charge (or voltage) is specified, the solver assumes 0 total charge. So you can specify a zero
charge indirectly by not setting a voltage boundary condition on an electrode.

Note also that, the surfaces of the piezoelectric layer are covered with a conducting (metal) layer
to allow electrical connection. This electrical layer also enforces an equipotential over the
underlying surface of the piezo. To enforce this condition in the MemMech PZE solver, use the
tie potential boundary condition to constrain a constant voltage over the electrode.

1.3.1 Running a mechanical analysis

Tasks Clues & Comments

1. Open Analyser and run a mechanical modal analysis on This analysis does not include piezoelectric effect.
the harvester model with the settings described on Figure
1.14
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Physics [Mechanical =] Set the memory at maximum 80 % of your
available RAM.
Analysis Options 32 bits systems are limited to 3GB
Linear o Nonlingar? [Montinear =]
Festart from prey. result O ¥es (@ Mo ‘ }
Solver Memory (ME Eimil
Time Dependence SteadyState ‘ fy (ME) I: ‘ |
) Max Murnber of Increrments |D |
Stap Time(s) 1.0E-5
: Initial Increment Size |1.E| |
Cutput Timestep(s) 1.0E-6
_ - Minirnurn Increrment Size oo
Timestep Method ariable
Maximurm Increment Size 0.
Salver Tirmestep(s) 1.0E-7
. Max Equilibrium lerations 16
Residual Tolerance(mi) 10.0 . o .
Max Discantinuity terations 12
Max Temperature Inc.(kK) 10.0
Max Murmber of Cuthacks 3]
———————— Cuthack Factor 0.29
Additional Analysis Modal
=r Mumber of CPUs to use All available E ‘
Solution Method Lanczos _
Maodal Analysis 7
Specity modes by Nurber of Modes =] Change the default to all available.
Number of Modes 4
Minirnur Fred. (Hz) 0.0 |
Maximum Freg. (HZ) o0 |
Freq. of Interest (Hz) |D.D |
Murnber ofvectors |D |
Harmmonic Analysis
Minimum Freg. (Hz) | |
Maximum Freg. (Hz) | |
Mo, of Frequencias | |
Wodal Damping Coeff. |D.1 |
Include thermaelastic damping? -I-Eyl‘du O Yes =
| Advanced
| ok || cancel || Next-- ]
SurfaceBis | FixType | Patch1 | andi | Patch2 | and2 | Patch3 | Loadvalue | Yariahle | Transient
Setl | [t ll[anchor =lfand  Fl[none  Fllfland  [Fl[none  [l[Scalar = 00 Fixed [=][Fixed [
Figure 1.14 Mechanical modal analysis
Tasks Clues & Comments

2. Look at 3D results and note the frequencies and mode
shapes. (see Figure 1.15)

The piezoelctric effect is ignored in a mechanical
analysis. These modes are purely mechanical.

3. In the Tables choose mechdomain. Look at the
maximum displacement.

This 91 um displacement in z is due to residual
stress.
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WE modeDomain | S | .
Fregquency | Generalized Mass| Damping
1 THMM01BEDZ 9.890393E-08 ]
i 3.44811549E03 A 7T7E458E-08 1]
3 ¥.320258E03 f.12896E-08 1]
4 2.087264E04 4.205255E-08 1] !

o

um

z

b

3

Mindal Displacement hiag .. 0.0E+00

um

Modal Displasemert Mag.: 0.0E+00

TAED1

344116 H

20EM

ATEE He

f&E-01

§.8E-01

&TEOT

COVENTOR

1.2E+00

8.7EM

COVENTOR

1.2E+00

Figure 1.15 Mechanical Resonant modes

hdodal Displacemert hiag.: 0 0E+00

um

2aE01

790102 He

A8E-01

aT7E01

COVENTOR

1.2E+400

Modal Displacement hag.: 0.0E+00 29EM 48E-01 27EM 1.2E+00
um 72028 ke COVENTOR
= — .
E mechDomain | £ |
M L Minirnurm
Node Displacement | 9.746744E01 0

Mode ¥ Displacement

3.478031EM

-3.744859E00

Mode Y Displacement

6.320879E-02

-5.320879E-02

Mode £ Displacement

9.169676EM

-1.203778E-32
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1.3.2  Running a piezoelectric modal analysis

Tasks

Clues & Comments

1. Run an open circuit piezoelectric modal analysis the

settings described on

Physics [Piezoelectric |
Analysis Options
Linear or Monlinear? [Manlinear [
Restart from prev. result Oves @ Mo
Time Dependence |Steadystate [
Stop Time(s) [1.0E-5
Output Tirmestep(s) 1.0E-6
Timestep Method [variable
Solver Timestep(s) [1.0E-7
Residual TolerancefmmM) [10.0
Max Temperature Inc. (k) |1 0.0
Additional Analysis modal
Solution Method Lanczos
Modal Analysis
Specify modes hy |Numhernfn-10des [
Mumber of Modes |4
Winimum Fred. (Hz) (0.0
Maximum Freg. (Hz |D.D
Freq. of Interest (Hz) 0.0
Mumber of Yectors |D
Harmonic Analysis
Minimum Freg. (Hz) |
Maximum Freg. (Hz |
Mo, af Freguencies |
Modal Damping Coeff. |D.1
Include thermoelastic damping? @®Mo O ves
SurfaceBCs | FixType [ Patch1 [ andi [ Patchz
Setl Theal Sl[anchar_[] [none__ C:
Setz F otential Hlbotel  Elfand  Flfnone Ef:
Seta | TieP otential Hlltonel  Flland  Fllnone JTlIE

ok || cancel || Met=— 7 |

This piezoelectric BCs simulate sensing behavior
where the top electrode gets a voltage thanks to
applied stress

2. Look at results and note the new frequencies and max

displacement.

3. Run a query to get the voltage on topel.

The frequency shift is due to piezoelectric effect.
The residual stress impact differs and the
displacement is only 86 um.

b. Note the piezo bricks have only 20 nodes
instead of the 27 node of standard parabolic
bricks. So results are inherently slightly
different. A mesh convergence study is needed
to validate them.
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Physics [Piezoelectric B | - —
3 modeDomain ﬂ
Analysis Options Eregquency | Generalized r-nass| Camping
_ ) : | 1 B.27G284E02 | 9.955046E-08 o
Linear ar Monlinear? |Non||near E]| - 5 A L 5
Festart from prev. result OYes (@ No 3 7 198187E03 F150564E-08 0
Tifme Dependence |SteadyState =] 7 e e a I
Stop Timeds) [1.0E-5 |
Output Timestep(s) [1.0E-6 | | ok
Timestep Method [variable =]
Salver Timestep(s) [1.0E-7 | .
Residual Talerancedmt) |1 0.0 | {3 mechDomain ﬂ
Max Temperature Inc. (k) |1 0.0 | Maximum | Minirmum
Mode Displacement | 9.252341E01 2.310451E-38
e itenal Sl Modal ﬂ Mode X Displacement | 3.311541E01 -3.379091E00
i Mode v Displacement | 4.9463801E-02 | -4 946759E-02
Solution Method Lanczos E| §

Maodal Analysis

I Mode Z Displacement

5.607833E01 |

-1 211111E-32

Specify modes by Mumber of Modes E] | oK
Number of Modes 4
Minimum Freq. (Hz) [0.0 |
Maxirmum Freg. (Hz) |D.D ra s = — M
Freq. of Interest (Hz) 0.0 [ cten topel FPEF topel PZEPotentialim_2
Mumber of Vectars b | Sim1: 1 1.147242E00 0
Harmonic Analysis
Minimum Fre. (Hz) | oK
Maximum Freg. (Hz) | S— —
M. of Freguencies | |
Modal Darmping Coeff |D.1 |
Include thermoelastic damping? @ Mo O Yes
SurfaceBCs | FixType | Fatchi | and1 | Fatch2 | andz | FPatch3 | Loadvalue | Wariahle | Transient
Set1 i Cllanchor_Cl[and  Clfnone  Ellland Clllnone  Cl[scalar FIL 00 [Fixed CJ[Fixed [
Set2 Potential [botel Fll[and F[none Flland E[none Fl[scalar )l 0.0 ||Fixed [=]|[Fixed =]
[ Sef3 |[TiePotential Flltoper  Cllang  Fllnone  Cllang Cllpope  FllScalar L 00 ||Fiked [=]|[Fixed =]
| ok [ cancel || Nes-»T—— ’ (2]
Figure 1.16 Piezoelectric modal analysis settings and results
1.3.3 Running an harmonic with resistive load

Tasks

Clues & Comments

1. Run a piezoelectric harmonic analysis around the first
mode of the open state with 1G acceleration on Z and a
resistive load of 100k ohms with the settings described
on Harmonic analysi.

The acceleration is an harmonic BC. Keep surface

settings.

b. Go in circuit elements to set a resistor between
the 2 electrodes.
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Edit Acceleration W

Physics [Piezoelectric =]
Analysis Options
Linear or Manlinear? |N0n|inear E]|
Restart from prev. result Dves @ Mo
Time Dapendence |Stead\;State E]|
Stop Time(s) [1.0e-5 |
Output Tirmestep(s) [1.0e-8 |
Timestep Method |Variab|e E“
Solver Timestep(s) [1.0E-7 |
Residual Toleranceimh) |1 0.0 |
Max Termperature Inc.(k) |1 0.0 | i
Additional Analysis |Direct Harmuonic E]| |
Solution Method |Lanczos E“
hodal Analysis
Specify modes by |Number0fnﬂ0des E“
Mumber of Modes |4 | |
Minimurn Fre. (Hz) 000 |
haxirmurm Freg. (HZ |D.D |
Freq. of Interest (Hz) |D.D |
Murnber of Wectors |D |
Harmanic Analysis :
Minimum Fregq. (H2) BO0 [
haxirmum Freg. (Hz) B4l !
Mo, of Frequencies 20
Modal Damping Coeff. |D.D
Include thermoelastic damping? @ Mo O Yes A
o
| ok || cancel || Nes-» |

|
o

-
E Harmonic_VolumeBCs

Az

n.a

9.8e6

Cancel

Harmaonic \-folumeElCSJ BCType Fart Loadvalue wariahble Fhase |«
[ Setl |[Acceleration  [=][ALL =[Acceleration = Edit |[Fixed [=][Real =

Gl

Circuit_Elements

Type

Terminal_1

Terminal_2

p
B e e S L W N
i . —

B

Property Value

Wariahle -

1 |[Resistar

=] [botel

=] [topel

[[Resistance  [=]]l 1e-B

]

Figure 1.17 Harmonic analysis with circuit element resistor settings

Tasks

Clues & Comments

2. Look at results plots for displacement and power.

The resistor plays a damping role in the analysis.
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Figure 1.18 Harmonic Analysis Results

1.3.3.1 References

1. D. Shen, J.-H. Park, J. Ajitsaria, S.-Y. Choe, H.C. Wikle III, D.-J. Kim "The design,
fabrication and evaluation of a MEMS PZT cantilever with an integrated proof mass for
vibration energy harvesting", J. of Micromechanical and Microengineering, vol.18, April
2008

2. To find documentation please go to: Start > All Programs > Coventor >

CoventorWare2010 >Documentation or browse to
...\Coventor\CoventorWare2010\docs
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2 PZT ENERGY HARVESTER DESIGN IN MEMS+

2.1 Introduction

As wireless sensor nodes become smaller, their energy supply is a limiting factor for further
miniaturization as integration density is limited by the space requirements of the energy storage
system. MEMS based vibration energy harvesters, such as the one shown in this example, are
becoming a key enabler for further miniaturization and deployment of energy autonomous
sensor nodes. Among existing methods, piezoelectric harvesting is the more studied thanks to its
promising results.

The device is made with the SINTEF MoveMEMS design kit. It is based on a PZT stacked on a
SOI wafer. A description of the MoveMEMS process is also given in the Using CoventorWare
manual, starting on page U4-24.

Figure 2.1 Process description
2.1.1 PZT cantilever with Si Proof mass

The piezoelectric cantilever consists of a multilayered film of Si02/ Pt/ PZT/Au deposited on a
silicon beam of nearly 8 microns of thickness. The silicon substrate is used to make a proof mass
to improve sensing of environmental vibra ions or movements by decreasing resonant frequency.
The device is similar to the one published by Shen et al (D. Shen, J.-H. Park, J. Ajitsaria, S.-Y.
Choe, H.C. Wikle III, D.-J. Kim "The design, fabrication and evaluation of a (see picture
below)). The process is also based on PZT on SOI, yet the thicknesses are different so this
exercise is made with other dimensions and results are not be compared.
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Figure 2.2 Cantilever and proof mass

2.1.2 Tutorial Overview

This tutorial is organized into three exercises, which demonstrate various techniques:

Exercise 1: Technology setup
e how to start a project
e how to use a design kit
Exercise 2: Design in Innovator
e how to parameterize dimensions
e how to create the 3D MEMS with components
e how to connect components
e how to apply Boundary Conditions
Exercise 3: Simulations in Cadence

e how to run a piezoelectric modal analysis

2.2 Technology setup
In this section you will start a MEMS+ project and use The SINTEF MoveMEMS design kit.
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2.2.1  Preparation

The first design step is to define dimensions of the geometry. As can be seen in

bw=200um

bl=1100pm
m:
400um / /
mw =400um
beam_width =200um
beam_length
=1100pm
mass_length
=400um

mass_width
=400pm

Figure 2.3 Cantilever dimensions

2.3 3D Device Creation Guidelines

The Section 6 of the MEMS+ User Guide and Reference has a description for each component
used in this tutorial.

2.3.1 Initialization

The MEMS+ interface offers access to all its modules through a single console. They include the
Material Database, the Process Editor, Innovator, and Scene3D (this one appears when opening
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simulation results). See

.
4. Coventor MEMS+ - Untitled

= | -E i

hE~-FE

| ¥ MaterialDataBase | == ProcessEditor | =k Innovator |

P

I DE-FR9QC-B (DR BB X E»a

I}} ﬁ}}
Components g x @"}’ﬁﬂdﬁ%% E:;v #2 » Mechanical Connectors & X

"l ®& Components EMm

Inputs g5 X

4 ] Inputs .
[+ =r Arceleration Py -

echanical Connectol

I 3

I» €% Angular Velocit .

Electrical Connectors =4

& El

ectrical Connectors

LI 3

Figure 2.4 MEMS+ environment

P
4w Coventor MEMS+ - Untitled

= |- E .

DE~F =
e |

| ﬁMata'laDamEase | £ ProcessEditor | == Innovator

2

DE-GEYQC-Bi (S £ BALB Xk

Components g X @%ﬂﬂﬁ&’j% lf_.::v uPn » Mechanical Connectors & X

B oa @ ﬁ»

%3 Components

Inputs [

4 ] Inputs
[ =r Acceleration

35 Mechanical Connecto

4 I [ ]

I €& Angular Velocit <

Electrical Connectors [ 4

& Electrical Connectors

Figure 2.4 MEMS+ environment
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1. Start MEMS+. You can select the subwindows and displace them
2. Explore the interface, change options and move menus by dragging anywhere.
to create the environment as seen in

-
4+ Coventor MEMS+ - Untitled

OE~ &

| ¢ MaterialDataBase | = ProcessEditor =k Innovator L
DE-BR9QC-B (aHS & B

Components g x @._I_. £ E p _fﬁ_l _fﬁ] |

%3 Components
Inputs B X
4 ] Inputs
» =p Acceleration
» £ Angular Velocit] <
\\\\
IC;\
utputs Inputs

2. Figure 2.4 MEMS+ environment ‘
2.

2.3.2 Modules

2.3.2.1 Material Database

The first step in creating a design is to enter the material properties associated with the
fabrication process in the Material Database, which stores materials and their properties in a
.mmdb file. In the Process Editor, the user associates the process with the material database file,
and the material list stored in that file becomes available in the individual steps of the process. In
turn, the material properties of the selected materials are taken into account in the device
simulation. The user can create a material database or can select and modify an existing
database.

2.3.2.2 Process Editor

The second step in creating a design is to use the Process Editor to create a description of the
sequence of steps involved in the fabrication process. The user creates the sequence by selecting
prototype steps from the Item Library. Each step has parameters that must be specified. For
example, for deposit steps the user must specify the material to be deposited and the deposit
thickness. For etch steps, the user must specify a mask and an etch operation by layer, material,
or depth. In Innovator, the user selects this process file so that individual components can be
assigned to the process deposit layer(s).
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2.3.2.3 Innovator

Innovator allows users to assemble their MEMS device using a library of parametric
components. As components are added, the user sets the dimension and layer information. Each
component has a rich set of parameters that can be incorporated in a P-cell implementation. The
component then appears on the canvas as the user defined it. Any mistakes in dimensions or
orientation are immediately apparent to the user. When the model is complete, the user can
export a layout in GDS or a solid model in SAT format or import the MEMS model into a
Cadence Virtuoso P-cell or a schematic.

2.3.2.4 Scene3D

Scene3D allows users to import and visualize results from Cadence Virtuoso. This module is
only accessible then a result file is selected. Users will be able to visualize DC, DC sweep, AC,
and transient results with Scene3D. In Cadence, when the user creates a schematic using a
MEMS+ symbol, and then simulates that schematic, Cadence produces results files with the
same name as the Innovator schematic used to produce the MEMS+ symbol. Those result files
can then be opened in Scene3D.

24 Use a design Kit

When MEMS+ is first launched, the Innovator tab is active. All MEMS+ components require a
valid Material Database and process file as input. In the next steps you will load the SINTEF
Material Database (.mmpd file) and MoveMEMS process flow (.proc file). The 3-D schematic
file is dependent on the material database and process files, so if you select a 3-D schematic file,
MEMS+ automatically loads the material database and process file used to create that schematic.
Clicking on either the Material Database or Process Editor tabs will display the associated files.

Tasks Clues & Comments
1. Click on the Material Database tab and load the a. Use the “replace” icon from the menu bar
SINTEF_MPD.mmdb. b. The SINTEF_MPD.mmdb is stored here:

C:\CoventorMEMS+1.0\Examples

2. Review properties and check they are the same as a. In the Material Properties sub-window make the
shown in next pages. Expression column appear by right-clicking on
top bar.

Once the materials are available in your Material Property Database you need to use or create a
process description. Here we’ll load MoveMEMS process.

Tasks Clues & Comments

1. Load the process MoveMEMS.proc shown in Figure 2.5. a.
2. Review the steps.
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aterialDa 5e roce: itor = Innova
MaterialDataBa: L5 ProcessEdito =1 Innovator

DE-EEYQO-B & By LR X
MName Layer Mame Material Name  Material Color Thickness Mask Mame Photoresist
4 == Substrate Oxide_layer sio2 s GND
£a bottom_oxide_etch BETCHZ2 Negative
2 substrate wafer Substrate wafer  SILICOMN_100 380
£ back etch BETCH Negative
£ oxide buried_oxide  Si02 L [E
4 si handle Si_handle SILICON_100 7.34
£ oxidation Oxide layerfront  Si02 s
g4 release FETCH Negative
== PtTi bottom electrode bottom_elec Pt Ti | 012
£ Bottom electrode patterning - . BOTEL Negative
£ Conformal Shells piezo PZT K
g4 PTT paterning NOPIE Negative
= Conformal Shellé top_elec Au_Cr 0.2
£ top electrode patterning TOPEL Positive
4| 1 2
Process Step Properties & X Variable 5 X
Name Value Expression Units Name Value
Layer Name bottom_elec bottom_elec 4 ab Variables
4 [Material : Pt_Ti -] M Pistress  Te:8
Pt Ti <3 Si02_stress -3e+08
T - <3 PZT stress  1.75e+08
Thickness 012 012 um * T 27315
Wafer Side = Front = Front
Surface Conformality Factor (SCF) 1 1
UnderSide Coating
"Round Corners : undef V]
012 017 17607 um < ul '

Figure 2.6 MoveMEMS process as described in MEMS+

Now you are done with the technology which is the basis of all MEMS+ project. You are ready
to build your device.

2.5  Design in Innovator

This exercise will guide you through the creation of your MEMS device in 3D. It explains how
to build the geometry from the MEMS component library, create mechanically and electrical
connections, and expose variables of interest so that they can be changed in the simulator.

2.5.1  Let’s parameterize!

In MEMS+ you can define variables in the variable table. Variables names can be created as
unique names or share a common group name.
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Tasks

Clues & Comments

1. In the innovator tab, Save the model as Harvester

2. Add the variables to the model as shown in

2. Figure 2.7 Var below.

a. Right click on Variables and add a group or a
variable as needed.

©  Some limits can also be added for each
variable. This allows you to integrate some
design rules directly in the 3D Schematic

® You can also define logical statement like
If...then...else. It is written with the syntax:
if(a<=b,c,d)

in the simulator.

3. Expose beam and mass groups to enable their direct use

When opening the MEMS+ device properties you'll
be able to change the exposed parameters.

Variable
Mame Value
4 ab Variables
1 PZT_stress 1.75e+08 variables
=<ul Si02_stress -3e+08 defined in the
3 Pt_stress  Te+03 MPD
AT 27315
4 [ beam_
2 length 1100
.8 width 200 added
4 {1l mass_ variables
2 length 400
¢9 width 400

Figure 2.7 Variables

2.5.2 Create the 3D model

In this section you will use one rigid plate component to create the mass and one flexible plate to

model the piezoelectric beam.
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Tasks

Clues & Comments

1. Open the help and browse to the components properties

a. Review the parameters of each component
while adding them for better understanding.

2. Add one rectangular plate standing for the beam and
name it PiezoBeam.

a. Right click on Components and select Add

© The plate is flexible and the number of
mechanical connectors (18) is given by
orders in x and y.

3. Add a piezo layer and name the 2 added electrode
connectors top and a bottom.

a. Again just right click on plate.....the piezo is
recognized as PZT automatically

b. Use electrical viewing mode to identify E1 and
E2.

-
4+ PiezoBeam Properties

-:-Elg

Name Value Expression
[+ Lecal Frame

[» Rayleigh Damping

Model Type %2 nonlinear &2 nonlinear

4 Layers: buried_oxide, Si_handle, | =

[+ buried_oxide
[ Si_handle

[» Oxide_layerfront
[ bottom_elec

[+ piezo

[ top elec
Vertical Offset 0

| | 4 Center

x 1100

»

Units

m

beam_lengthﬂ- um *

0 um

beam_length [ um -

beam_width I um -

Order inx 5

=

Orderiny g

7w

[~ Face Type

[ S W e W A

45 Components -
4 B PiezoBeam I
i Layer:buried_oxide
a2 Layer:Si_handle
i Layer:Oxide_layerfront
b Layer:bottom_elec
i Layer:piezo
i Layeritop_elec
= Piezolayerl <
' 10 G

m

Electrical Connectors g X
4 .@ Electrical Connectors

I #% bottom

[ E“l top

Figure 2.8 Beam properties
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Tasks

Clues & Comments

4. Add one rigid plate composed of two rectangular
segments and name it Mass.

a. Use the properties of

[ 4+ RectangularSegment2 Properties e -
" —— i o
MName Value Expression
4 Local Frame
4 Origin
% 1300 beam_lengt
y 0
In-plane Angle 0
> Flip
Merge Add = |
Fl .Layers.' buried_oxide, 5i_handle v]
|| > buried_oxide
> Si_handle
> Omide_layerfront
> bottom_elec
Vertical Offset 0
> Center
4 Size
X 400
¥ 200
> Perforation
P 1
4% RectangularSegmentl Properties - -
MName Value Expression
4 Local Frame
4 Qrigin
b 1300 beam_leng
y 0
In-plane Angle 0
> Flip
Merge Add = ]
4 .Layers: Oxide_layer, Substrate_\ V]
| > Oxide_layer
» Substrate_wafer
Vertical Offset 0
> Center
4 Size
X 400
y 400
> Perforation

a. Figure 2.9 Mas.

b. The layers are given in the picture below for

both segments.
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4+ RectangularSegment2 Properties -4 E@ﬂ
MName Value Expression Units
4 Local Frame
4 Origin
X 1300 beam_length+mass_|engthf2' um ¥
y 0 00 um ¥
In-plane Angle 0 00 Degrees =
> Flip
Merge Add v | Add +
4 .Layers: buried_oxide, 5i_handle v]
I > buried_oxide
> Si_handle
> Oxide_layerfront
> bottom_elec
Vertical Offset 0 0
> Center
4 Size
X 400 mass_length [
y 200 bearn_width .

p
4= RectangularSegmentl Properties -

PR Y

Expression

beam_length+mass_|engthf2. um *

| :T
Units & \

0.0 um *
0.0/ Degrees =

Add - | i

> Perforation

MName Value
4 Local Frame
4 Origin
X 1300
y 0
In-plane Angle 0
> Flip
Merge Add - ]
4 'Layers: Oxide_layer, Substrate_\ =
| > Oxide_layer
> Substrate_wafer
Vertical Offset 0
> Center
4 Size
X 400
y 400

mass_lerlgth. um *
mass_width' um *

[ OK ] [ Cancel ] [ Apply ]

253

Figure 2.9 Mass two segments properties

Mechanical connection

Tasks

Clues & Comments

1. Connect the mechanical connectors of the plates

together.

a. Use the Mechanical Connector viewing mode.

b. Use the Autoconnect and place the point at
beam end

2. Fix the beams end that act as anchor.

a. Use the fix icon. The connectors become yellow
when selected and grey once fixed.
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fixed mechanical
connectars

EE+RBL H& G- HAB @ & skl -

linked mechanical
connectars

Mechanical Connectors [ ¢

4 $ Mechanical Connectors

= Vil

> @ M2

[ 4@ M3

> - M4

[ -8 M5

> -8 M6 (4)
g M8

[ -3 M9

[ <@ M10
> @ M11
[ <@ M12
PG Mmid
[ <@ M15
[ <@ M16
[ <@ M17

[ <@ M18

4 mn k

e Vari... Mechanical Con...

ELTL="

mﬁlg

MName Value Expression
4 Initial Position
X 1100
¥ 0
4 'Layen buried_oxide V]

4 buried_oxide
Thickness Override undef
Vertical Offset 0
I» Fixed DoF's
> Exposed

Units

beam_length [ um ¥
0 um ¥

[ um ¥
0 um ¥

o< [ concs [ aepy |

Figure 2.10 Mechanical connection

2.54  Expose all needed information

Tasks

Clues & Comments

1. Expose the Inputs : acceleration and angular velocity

These will be input in Cadence environment to
excite all DOF for the modal analysis.

2. Expose the electrodes

These will become pins in the simulator so that the
device can be driven or sensed.
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You have finished the design. The device should match that shown below on

|

O
[ e

4

4

o]
4 a

2-4B

ialD. | e prec

Components

& PiezoBeam

.ib Layer:buried_oxide
2% Layer:Si_handle

4= Layer:Oxide_layerfront

4w Layer:piezo
2= Layer:top_elec
& Piezolayerl
‘_Mass
4= Layer:Oxide_layer
25 Layer:Substrate_wafer
4= Layer:buried_oxide
2= Layer:Si_handle
> Layer:Oxide_layerfront
i Layer:bottom_elec
4 & RectangularSegmentl
4= Layer:Oxide_layer

s ‘CovemorMEM@r,
o 1nnovator | Y& sceneaD |

DE-BRYQC-B [GRIH £ BB X S A SF

Components

5 e B2 A M|

8x e+ RAP KN G- HAD () sokfz v]1 - Mehanical Comectors
|

A Layer:Substrate_wafer

4 & RectangularSegment2
4= Layer:buried_oxide
2& Layer:Si_handle

2= Layer:Oxide_layerfront

aw |ayer:bottom_elec

|

Electrical Connectors & X
4 £ Electrical Connectors
£} bottom
&3 top
Bectrical Con... | Inputs | Item .

4 3 Mechanical Connectors

<M
@ M2
b @ M3
o MW
@ M5
& M6 ()
< M8
< M
> @ M10
> <@ Ml1
@ M12
& M4
@ Mi15
@ M16
@ M17
@ M18

Variable

Name Value

4 ab Variables
43 PZT _stress 1.75e+08
M Si02_stress -3e+08
43 Pt_stress Te+08
AT 27315

4 (12 beam_

T (@ length 1100

£9 width 200

4 (12 mass_
¢9 length 400
£@ width 400

=

FAigure 2.11 Final Device.
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- Coventor MEMS+ - D/CW_MEMS-/SINTEF/harvester.3dsct

DE-F 2
| Material | 5 Processeditor | <l 1nnovator l & ScenedD |
DE-ER9C-B @E8 + LB Xk A S5 00 /5 B2 ~F5 +A0K D » @ |
Components & X ;}»}»}2@@ P~ Q;v W A (@ @@smzile +  Mechanical Connectors EX‘
4 %3 Components FI 4 35 Mechanical Connectors ‘
4 & PiezoBeam I oM |
4= |ayer:buried_oxide @ M2 ‘
2= Layer:Si_handle I @ M3 |
4= Layer:Oxide_layerfront I & M4
4w |ayer:bottom_elec I @ M5
e Layer:piezo @ M6 (4)
2 Layer:top_elec M8
= PiezoLayerl & M9
] 6‘-7Mass & M10 "
4= Layer:Oxide_layer % Mi1
2= Layer:Substrate_wafer @ M12 |
4= Layer:buried_oxide M4
2= Layer:Si_handle @ Mi15 ‘
‘i& Layer:Oxide_layerfront @ M16 |
4w Layer:bottom_elec @ M17 |
4 & RectangularSegmentl @ mi18 ‘)
4= Layer:Oxide_layer = |
2 Layer:Substrate_wafer N LIES)|
4 @& RectangularSegment2 Name Value 1
|

4 Layer:buried_oxide
2= Layer:Si_handle

4= Layer:Owide_layerfront
i Layer:bottom_elec

4 ab Variables
3 PZT _stress 1.75e+08
2 Si02_stress -3e+08
3 Pt_stress Te+08

- AT 27315 |
Electrical Connectors & X 4 13 beam_ |
4 ﬂ Electrical Connectors £9 length 1100 I

#1 bottom £9 width 200 )
£ top 4 %13 mass_ |
m, ¢9 length 400 |

| - — ’ £9 width 400

Electrical Con. Inputs [ Item
| — e

Figure 2.11 Final Devic;

2.6 Simulations in Cadence

This section demonstrates how to import a MEMS+ model into Cadence Virtuoso and then run
an AC, DC, and transient analysis on a schematic which includes that model. It is not intended to
be a detailed tutorial on how to use Cadence Virtuoso; for details on how to use the Cadence
Virtuoso interface, see the Cadence Virtuoso online documentation.
This section of the tutorial assumes that you have Cadence Virtuoso installed and configured to
run with MEMS+, and that you are familiar with Cadence Virtuoso.

2.6.1.1 Additional Ressources
For more information on configuring Cadence for MEMS+ see Section 3 of the MEMS+
Installation.

2.6.2  Creating the Schematic

In this section we will cover the Cadence Library Manager,

Schematic: MEMS+ schematic Import. Creation, parts library, wiring,

Layout: Cadence tech file, display resources, GDS import/export, shape creation, hierarchy
references, Pcells, LSW manipulation, F3 key, ruler, world view (and other tools).

2.6.2.1 MEMS+ import into Cadence
The first step to simulating a MEMS+ model in Cadence is to import it into the Cadence
Virtuoso environment.
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Tasks Clues & Comments

1. Start Cadence Virtuoso, and open the Library Manager. a. At our Paris office, we have created a bash
shell which set up the environment for MEMS+
and launch Virtuoso. Just type cadence610 in a
terminal.

b. Once opened, select Tools > Library Manager.

2. Import the technology from MEMS+ using command a. Use the MEMS+ menu in the library manager
Create Tutorial Tech library from process and name it b. In the dialog that opens, specify a technology
MoveMEMS library name and browse to the MoveMEMS

process file.

3. Import the harvester MEMS+ model into the technology a. Select the technology library and go in MEMS+
library you have just created. > Import Innovator 3D Schematic.

b. Make sure the Layout and Model options are
selected

[ Select Process File and New Library Name

all the 3 .mmdb. .proc, .3dsch must
be in the same folder

Mew Technology Library Mame MoveMEMS

MEMS+ Process File Jhome fdemo /CW_MEMS+ /SINTEF / MaveMEMS proc

[ Import options, destination libraries and folders

Cell Local  Absolute

Library Layout hodel

TvlovelW[EWVS n harvester| o~ o~ B v

e

Help

Figure 2.12 Import the process and device

Tasks Clues & Comments

1. Open the layout, select one suspension arm and open its | Note the layers in the LSW are taken from the
properties. process description; see Error! Reference source
not found..

2. Open the symbol and check all exposed connectors are a. Note that the symbol has 8 pins: the 6
set as pins then open its properties. mechanical inputs and the 2 electrical pins; see
Error! Reference source not found..

b. Edit > Properties > CellView
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Sorn Edit Help

Figure 2.13 Harvester Layout

[ Edit Cellview Properties - X
‘ ‘ g |5hUW system o user |
[@instanceMName] - -
Froperty Walue
Library SINTEF
Cell harvester
Wieny symbol
[@partName]
| T . Add Delete hadify
User Property Walue
FZT_stress 1. 75e+08
Ft_stress Te+08
ScenedDfileBas. o /CW_MEMS+/SINTEF /harvester. 3dsch [0ff

Si0EZ_stress -3e+08

Suggestscaling

heam_length 1100

heam_width 200

mass_length 400

mass_width 400 i
parttlame harvester ft
vendorkame ft

0 o

m Cancel | Apply Defaults

L
oa
=

Figure 2.14 Harvester symbol
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2.6.2.2 Basic schematic creation

We’ll start to study the MEMS only by adding sources on the harvester pins.

Tasks

Clues & Comments

1. Create a new cell named harvester_testbench with the
schematic of Error! Reference source not found. using

vdc voltage source, resistor res and gnd for the ground.

a. Work in the MoveMEMS library

b. Copy paste vdc source and just change its cell
name for gnd and you’ll have the updated
component as they are all in the same library.

2. Set the voltage on the DC electric pin to 0.

No actuation and closed state modelling.

3. Check and Save and correct possible errors.

Read the virtuoso log CDS.log for hints and ask for
help

: wdo=@ -
. dcrn==_.
. | o

§ r=Rlaad
|

harvester

=

Figure 2.15 Test schematic for Harvester component

2.7 Simulations

Tasks

Clues & Comments

1. Turn on the sources on the accelerations and angular
velocities for the AC modal analysis.

Set the acmag of vdc sources to a non-zero
value...1uV is fine. Keep the acphase and vdc to 0
for all

2. Launch the simulator ADE L.

3. Go in Setup > Model Libraries and browse to the
varactor_mems.scs file (see

This is to indicate the location of the MEMS+
device to Cadence simulator so it can netlist the
complete schematic.
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[ spectreo: Model Library Setup
- ModelFile |

B Global Model Files
- & Fhomedd adencell 0V MovelEWISharvester/harvester scs
£ h add model files

|55 e

3. Figure 2.16 Lin).

[ spectreo: Model Library Setup - %
. section |
B Global Model Files
+o o Fhomeddemo/cadenced 0f MoveEMS harvesterharvester sos .4
B ere o add odel flle- o
@
@
#
o

m Cancel | Apply Help

Figure 2.16 Link Cadence to MEMS+ model
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2.7.1  Modal analysis

Tasks

Clues & Comments

1. Set an AC analysis from 100 to 10k with 10k number of
steps in a linear mode.

Check you get the same line as in
Figure 2.17 .

2. Set the gmin value to 0 : In the ADE window, select
Simulation > Options >Analog. In the Simulator Options
dialog that opens, click on the Algorithm tab and Set the
gmin value to 0.

The gmin parameter controls the creation of
additional conductances across each and every
nonlinear device of the netlist. Its purpose is to
facilitate the convergence of the solver. However,
on typical MEMS devices, the default alue of 1e-12
is high enough to significantly affect the precision
of a simulation with a MEMS+ model. It is best to
run simulation involving MEMS+ devices with gmin
set to zero. However, if you need gmin to be set to
have the simulator converge, please verify its
effect on the MEMS device.

3. Set the Rload to 1T (1 teraohm)

4. Save this session as a CellView and name it ac.

so you'll keep your settings

5. Start the simulation and check results are the one in
5. Figure 2.17.

6. Browse results once the analysis is done to find signals
inside a component. In this case open ac-ac and open
instance 10 (MEMS reference in virtuoso)

a. Go in Tools > Results Browser and double click
ac_ac then 10

©® Note the instance number 10 and the
connector number M6 may be different in
your case.
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MamesSignal/Expr - |Walue |Plot |Save | Sawe Option | |

2L Virtuoso (R) Visualization & Analysis L Results Browser

~ B
i 1l

= Results in shomesdemo/gimulation/

File Tools Options Help

Zesgion Seftup Analyses  Mariables Outputs  Simulation  Besults Tools  Help CEdEI’ICE
Il Status: Setting Rload = 1., T=27 C  Simulator: spectre State: ac ]
Design Variahles Analyses ==

Type -~ [Enahle | Arguments = %
1 ac ' 100 10K 10k Linear Mumhber of Steps Start-Stop =
- | ®AC
..r:- m l\._ 's oe
Cutputs  Trans

cadence

?| Choose Design ...

9. 0.0 L dl Bl Bacd (s

\Dafault [M aghitude
J

fhomeddemossimulationsharvester_testhenchi/spectresschematic/psf

B kB fhomesdemassimulationsharvester_testhenchispect... -
- Signals Eearch
3 modelParameter-infa LT Ll M3ay Lk
3 element-info mgay mgw mgaz mgy
; az Yz 1% z
[ outputParameter-info
[0 designParam'als-info mg:x mgx mg:ﬁx mg::x
[ primitives-info.primitives Mﬁrg Mﬁg Maury M1Daxy
i E i‘;?i;';tl’:;”m's“bms MBves ) MIane g M3vs N1 Day
By ry kASary rAGyy k10az
vz LR kA9wz kAT O
Q- B shei J

21|

Figure 2.17 AC analysis

" Graph Window 22 _ O x

File Edit Frame Graph Axiz Trace Marker Zoom Tools Help cadence
SruasSFEEBE ¥ g B Il o B[ A] Mingmax [-100v [[7o0v
AL Anahsis "ac freg = (100 Hz -»> 10 kHz) .
— Jl0fMEz  — fI0jMeEy  — Jl0/MEx — Jl0fMErz F10, b
T
M3z n04kHz, 685 8v)
600
500
400
=
E\ 300
200 0(741.1Hz, 161.9%)
1004 _/‘41(3.622KH2, 61.1v)
o i L
-100 T T T T
o 2.0 4.0 G0 g0 10
[7.012kHz|  30.734Y i) (e
@ >

Figure 2.18 AC signals plot
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Tasks

Clues & Comments

7. Back into MEMS+ open DC results into Scene3D

Use open icon and choose the file with the name
extended by .dc.

8. Measure the maximum displacement at device tip

9. Open AC results into Scene3D.

Same with .ac

10. Use the graph tool to place the view at the peak
frequencies and animate the 2 resonant modes found.

a. To add signals select the part in the component
tree and drag it in the new graph

. Right click to use Move progress bar here and
Add data label.

c. Exaggerate displacements and increase the

scales for a better viewing.

| & MateriaDataBase | & Processditor | o Innovator | & ScenedD |

Deform Mode |Simulation  + |Frequency 747.46

Hz b)) p_|,-'-| '7 o @ D AEFrames 100 v i o
8x AP+ RPAL S &~ AW @ @R seelz ~]1 ~

Components
4 ExternalSchematic
|
a g Components
[> B PiezoBeam
b @ Mass
Graph Window g X
Graphs 8 X -
a Graphs 1e0 f 7013.16 , 2.50703
4[] Graph tem1 T [ e
“ 10_M6_x 1e-2 [ Z
M6y / g
A 1_M6_z 1e-4 e AN L
b~ 10_M6_rx /’J" P
o 0_M6_rz 1e-6 ”;;K o I j_/
1e-8 - R ) ) _ _ _ - __
I - [ ——
18_10 _I 1 L 1 ..'J..; L 1 i L 1 L 1 L
1000 20&[( 3000 4000 5000 6000 7000 8@0 9000

Figure 2.19 Resonant modes in z and rx/ry
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3 USING SINTEF MOVEMEMS DESIGN KIT INTO SEMULATOR3D

MEMS & Semiconductor
SOFTWARE

Process Emulation
with SEMulator3D™

SINTEF MoveMEMS training

Slide 1

Overview

e Presentation (20 minutes)
- What s Virtual Fabrication
- What is SEMulator3D
- Selected Use Cases

e Demonstration on SINTEF MoveMEMS (10 minutes)

e Hands-on Exercises (30 minutes)

Slide 2
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What is Virtual

Fabrication?

Virtual Fab
software

Rectangular
area of interest

imic equipment
0 build 3-D mode
artial or full sequenc

following recipe
artial or full sequenc

Processed
wafer
Sample, Visualize,
image, image,
measure measure

Slide 3

Who uses/needs
virtual fabrication

Process Development Team

« Model the whole process sequence,
including CMOS

- Find problems before mask tapeout
or running wafers

« Save wafers ($$$) and time

Memory Cell
{CMOS SRAM}

Device Designers

« Silicon-accurate 3-D models for input
to analysis tools

- Design Review

Technical Writers

o An easier way to add realistic
3-D graphics for more effective
documentation

Example: DLP Mirror

Slide 4
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What is

SEMulator3D

A modeling tool used by leading MEMS and semiconductor fabs

GDSII Layout Visualization

3D Modeling Engine
builds voxel models by
applying a sequence of
primitive operations

Lo mmsemea

.“....'“ _Simulation Mesh

>

Customizable to
any process technology

Voxels are 3D pixels

Slide 5

Alternative
3D Modeling Approaches
Solid Modeling - Analog Voxel Modeling - Digital
o Exemplified by Pro/E, SolidWorks, o Exemplified by SEMulator3D
Solid Edge, CATIA, etc. and medical image processing
o Surfaces are modeled with o Volume is filled with uniformly
mathematical shapes (planes, sized cubic voxels = 3D pixels

cylinders, spheres, NURBS...)

Section of a voxel model

. Advantages of SEMulator3D voxel models
NURBS surface for semiconductor applications

Fidelity — faithful to real process technology
Robustness — modeling operations do not fail

Scalability — modest CPU and memory req’s;
(model build from transistor to to wafer-level)
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COVENTOR 3 Start with 2-D layout

Import GDSII data from any source
o GDSllIfiles
o Cadence Virtuoso Bridge
o Knights/Magma Camelot Bridge

or create your own with the
included SEMulator3D layout tool.

= Cadence Virtuoso Bridge

EBEYa-a-ja

BYNDNOR O &

gma Camelot ridge '

(formerly Knights Technology) Slide 7

Add the 3™ dimension...

Process Editor

P Process Editor - [C-/aWork/SEMu3D-2007/CHOS,_Logic_Gate/CHOS,LogicGate. vproc] EED) Step Library
Fle Edt View Toos Windows Help BEEY B L g
D@al<bx 9¢ a2 azg) » Modeling Primitives
Namber | Step tom [vateril time \Mness\::vﬁm iy ‘ « Standard S teps
e | * CMOS Steps
Process » Fab Processes
Sequence s |
¥ oo | Users can...
o]
(| e = A Eme o Select a pre-defined, generic
W e : i process stack
Parameters Mmmg m Sidowall Angle(degrees) [0
of Selected< iy o Create a custom process stack
Step using steps from the library
% Sk ths step i speciied mask has o lyout data [1oFF =] |
i g B 0 Calibrate steps with data from

cross-section measurements

o Create custom steps
with Python scripting

Implant | o Import a process stack from an

Excel spreadsheet or other data
formats (e.g. XML) via Python

Slide 8
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SEMulator3D Library
of Standard Process Steps

MEMS/CMOS process steps

Shallow Trench Isolation

Implant, Extension Implant

Spacer Formation

Lithography

Oxidation

Diffusion

CVD (many types)

(D)RIE Etch

Isotropic (wet) etching

Lift-Off

Sputtering, Evaporation

CMP

Fle Edt Vew Mouse Anmaton Hep

= SEMulator3D Viewer : D:/share/semu/projects/MUMPS/Harmonic Motor/Harmonic_mator.... [= |[B]fX]

2HF 9 es+RARRML &Y P e EIEND

Powerful 3D
Visualization

With the SEMulator3D Visualizer, you can

a Interact with a 3-D view

— o Create and animate
egan dimensionally accurate
e cross sections

o Color by material or by
electrical connectivity

o Hide/show materials or
electrical nets

a Take measurements
o Exaggerate scale in x,y or z

o Capture 3-D images

)
3}
]
]
)
)
]
)
t
2
]
.
&)
I
)
t
i
!
)
)
1
!
2y
i

o Animate the fabrication steps

Step 27(HF (45%) Releas...

Slide 10
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EOV ENTOR] Use Case - Design review

“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.”

MMMMMMMMMMMMM

Design courtesy
of QinetiQ

Colored by material Colored by electrical connection
Slide 12
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Use Case - 3D design check

==
Top view of SEMulator3D model

L T
I WOV TR

Visual inspection of SEMulator3D
model showed isolation trench
structure would have been
improperly exposed to subsequent
DRIE

=

Design Error

DRIE Oxide Mask Slide 13

‘Use Case - Process Development

During development of X-FAB’s technology, undesired pockets formed
in mechanical layer during release etch

Detailed 3-D process model of the
protective oxide layer confirmed the
hypothesis about the process failure:

The release etch for the movable parts
was etching through thin spots in the
protective oxide layer

X-FAB 1.0KV 9.4mm x15.0k SE(L) 9/2:

3-D Model Slide 14
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The Traditional Way - Static 2D Cross
Sections

o Created in a drawing program or PPT

o Not to scale; not scalable

o Manual => High effort to reproduce the
graphics

Process Documentation
and Training

7

T 1

Process

Handbook 'y

The New Way - Interactive 3D Views
o Created with SEMulator3D

o To scale, supports interactive
measurements

0 Quickly and automatically re-generate
for new design & processes and variations

o Automatically generate ppt-slides
o New free viewer (2011 version)

Slide 15

Beyond MEMS
Processes...

SEMulator3D applies to

semiconductor processes as well

CMOS Logic
a FEOL and BEOL

o Digital and Analog/Mixed Signal
o Advanced processing nodes (22 and 15 nr=*
a Current processing nodes (45 nm and lar¢

Memory
a Advanced 6T DRAM cells
a Advanced flash memory cells

CCD Image Sensors
Hard Disk Read/Write Heads

Slide 16
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COVENTORE CMOS Logic Example:
' | ' Intel 45 nm Process

Transistor Features

35 nm min. gate length

160 nm contacted gate
pitch

1.0 nm EOT Hi-K i

Dual workfunction High-k
metal gate electrodes 1 "

3RD generation of - Silicon
strained silicon

SEMulator3D cross section

Presented at the IEDM2007 conference by K. Misty from Intel: A 45nm Logic
Technology with High-k + Metal Gate Transistors, Strained Silicon, 9 Cu
Interconnect Layers, 193nm Dry Patterning, and 100% Pb-free Packaging

Slide 17

O\ ENTOIR: 3 Scalability — model large area
3 of interconnect on a desktop PC

Proprietary Voxel Modeling
Technology

o Compression — enables the
storage of hundreds of billions of
voxels(!)

o Acceleration — dramatically
reduces model build times.

0 Visualization — advanced
techniques allow interactive
manipulation of huge 3D models.

Slide 18
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| Introducing
mg' .
SEMulator3D 2011

Many improvements and new features will be included:

Parallel Model Builds
A portable 3D model format and new 3D Viewer
New meshing capabilities
Automatic model re-build
Several new steps in the Process Editor

Slide 19

SEMulator3D Viewer “Light”

e SEMulator3D is an excellent content creation tool.

e A “Light” version of the Viewer will allow anybody to view
SEMulator3D models.

e Distribute 3D content to other people.
e Think of it like the Adobe PDF Reader.

a SEMulator3D Viewer Light
Colleagues
@ l Customers
Model Creator Archived SEM3D File P
g{
Management

Slide 20
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- RN | SEMulator3D

Summary

A unique tool for semiconductor/MEMS manufacturers

and their customers...

o Accelerate process development
o Save test wafers

o Save fab cycles

o Reduce time to volume =

o - -
. Q e 4 N
o Enhanceyield ee® Fa””’? \
Design | Analysis
Review /’ “"

Volume Production

4

- =
DfM for

o \,f“ ~/Documentation\. Designers
( ProcessT U ‘\ & Training /
Development> Integration >~ 2>

-

Slide 21

e Demonstration on SINTEF MoveMEMS (10 minutes)

e Hands-on Exercises (30 minutes)

Slide 22
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EOVENTORE Demo SINTEF MoveMEMS

rg SEMulator3D Viewer : Dy/CW_ i s intef_canti =[E] = |
File Edit  Viev Mouse  Animation  Help
FEHE 20 @ +ARRAES RN D> e COVEHTOR]

Scene

Scene graph
Default Zone

s

Slide 23

Hands-on Exercises (1)

Exercise 1

1. Open “SEMUlator3D Manager”
2. Load and open MoveMEMS process file
e "“SINTEF_MoveMEMS_v0.vproc”
3. Adjust process file to SINTEF material properties (via File->Properties)
e “SINTEF.vmpd”
4. Specify layout (cantilever) and the topcell
e “H_k_cantilever_538_m.cat r.cat”

9 SEMultor3D May

Eile Bridge Tools Help

Build model with 0.1 resolution beae I
6. Explore 3D viewer P — e [E]0E]
7. Review process step-by-step T |
e Use 1| of keyboard B e =)
8. Use x-section oion '

® Start rom a blank wafer
9. Find and investigate x-section of
e Back etch cavity
e Anchors a0 ier o g o

B | (2]

Slide 24
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COVENTORE | Hands-on Exercises (2)

Exercise 2 - build model for the Mirror layout

1. Open layout and review
2. Change for a DRIE back etch instead of KOH
3. Build model with higher resolution (0.01)

4. Change the visibility of substrate to hide it

5. Make a process step animation movie

Slide 25

Hands-on Exercises (3)

Exercise 3 — Mesh the Mirror

1. Use GET tool to select only the Mirror device for emulation
2. Add a Volume Mesh to the process to create a unv format
3. Build model 0.1 resolution

4. Enable Mesh viewing in Zsplat

Slide 26
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