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thereby making the device a thin-film composite BAW resonator.

‘The thickness of the silicon layer at the central region is 7 um. Both aluminum layers are
0.2 pm thick, and the piczoclectric layer is 9.5 um thick. The width of the rectangular top
electrode is 500 jum. The thin silicon area is roughly 1.7 mm wide
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Figure 2: The 2D geomerry (not drawn to scale) used in the turorial.

This example is modeled in 2D, using the plane strain assumption where the out-of-plane
thickness is specified to be 1.7 mm. The modeled geometry (Figure 2) is a symmetric 1
s (DM i
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And, in addition to it as we saw in the earlier example periodic structure were modeled

right.
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Figure 1: Arbitrarily scaled geometry of a thin film BAW resonator.

Model Definition

Figure 1 shows the geometry of the resonator from Ref. 1. The lowest layer of the
resonator s silicon. On top of that, there is an aluminum layer that operates as the ground
clectrode. Above the aluminum layer is the active piezoelectric layer made of zinc oxide

T




But, in this case there is no case of periodicity. Is not the above structure of aluminum, is
not actually getting repeated. In this case hence we have use PMLs on the left and right.
So, the force is that are going to go for the electric currents that are going to flow are not
going to get reflected back from these boundaries. We should not forget that this
whatever we are doing is a mathematical approach of actually solving the physical

problem.

So, we need to terminate the boundaries very effectively one way to terminate those
boundaries is using a PML domain and as we will see that there is a very particular type
of machine which is required for PML that is a map mesh or sweep mesh that will talk
about in sometime. So, this is the actual structure aluminum zinc oxide, aluminum
silicon. The same thing in 2D has been modeled as aluminum zinc oxide aluminum

silicon and finally, PML on the left and the right side.
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So, now let me go and open the model. So, right now you can see that your material this
is actual geometry. So, in COMSOL you can also improve the view of your geometry by
going to this definitions, view the view in go and axis and view scale as automatic. This
will actually scale your geometry to little bit large. So, your actual geometry size remains
the same, but the view of your geometry actually improve. So, that you can select those

particular domains try to understand what physics you want apply.
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So, first thing is to make the geometry. So, I use rectangular 1, rectangle 2, rectangle 3 to

make the geometry. The next part is the materials. The most important part is the

materials.
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Here the silicon material has been modeled. So, we already have many different
materials. So, if we just right click on materials, add material from library and you will

see that there are many different materials. And, most of the times you would get the



materials that you require from this material library. So, you have in piezoelectric. There

are many different types of piezoelectric material available as you can see over here.
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Silicon is available

in the built-in. So, we will have a silicon over here somewhere your

silicon over here. In addition to it we also going to do demo on thermal actuator and

polysilicon is going to be used in thermal actuator.

(Refer Slide Time: 03:25)

Hel b
C- .
A

Application
Builder

Defintions
Pi

Component  Parameters

4 @ thin_film_baw_resonator.mph (root)
4 @ Gloval Definitions
Parameters |
38 Materials
49 Component 1 (comp)
= Definitions
Geometry 1
4 % Materials

- Silcon (single-crysta, anisotropic)
- Auminm / Aluminium (mat2)

% Zinc Onide (mat3)
Solid Mechanics (s0ld)
X Electrosatics (es
Maltiphysics
Mesh1
Study 1
Study2
& Resuts

Geometry

R thin im_baw_sesonator.mph - COMSOL Mltiphysics SR
Materils  Physis  Mesh  Study  Results  Develope
Variables * = Import y S - A =
| gy o | gy fBA =R B B
tions +
s Build Add lid ~ Add  Build Mesh ~Compute Study Add  Quality AddPiot = Windows Reset
Al Material  Mechanics » Physics ~ Mesh 1+ 2+ Study  Factor= Group* .
Graphics
QaQdé v o R eaeny «xQAE2E
5) v am
Selecton: Al domains + mane - " i !
: \ 1074 o
2 (overridden) Hio 8
Adive 3 (overidden)
4 6] [
§ overridden) L
6 loverridden) s
Override 2] [
Material Properties 0] [
¥ Material Contents 2 L
Property Variable Value  Unit 4] r
¥ Density o 23Nkg... kg/m*
¥/ Elasticity matrix (D11,.. | (1661GP... Pa 6 [
Lossfactor for elasticity matsi. et D.. 0 1
o L
10 m
T T T T T
400 200 0 200 400
Messages * Progress Log

12GB|139G8




So, let us go to silicon that is the bottom part; and you can see the density and elasticity

matrix which with which the silicon has been modeled again, a tensor with which the

elasticity mass matrix has been defined for silicon.
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In the thin aluminum metal contacts, this we would see over here. This is again

material properties and, then the zinc oxide material that you can see over here.
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This is again elasticity matrix coupling matrix is a tensor and again the

permittivity is n anisotropic which is more in z-direction as compared to x and y.

a scalar

relative
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The physics setup is should be simple. So, we are using for zinc oxide you can see over

here. We are using a piezoelectric material property over here and then you are using

stress charge form and, in addition to it there are some kind of losses.
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There could be mechanical damping or some kind of dielectric losses because which is

actually hampering the force that is going to happen.
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So, such kind of losses could also be taken into consideration. The most important part of

what COMSOL has to offer it shows you all the equation. For example, if you go

electrostatics you know you are going to solve a Poisson's equation.
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So, it actually shows the equation. For example, in linear structure linear elastic material

it shows you what kind of equations you are going to solve for. This is the most

to

important part of COMSOL that it is a very open software. It does not hide you what is it

solving for.



In piezoelectric material also you will see all the equations are available over here and
the dotted part that, you can see over here is actually what you are giving through this
particular setting node from this particular setting node. The dotted part is the what you
are giving from the this particular setting mode and, along with the piezoelectric material
modeling the linear elastic material for silicon bottom, which is an anisotropic material.

These are the different types of material models which are available.
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And then finally, we are doing fixed constant on the left and right side.
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Then, the electrostatics part, where we are only solving for the top piezoelectric material;
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And, we are again giving a piezoelectric material model for the top part we are giving a

terminal boundary condition.
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So, here it is important to know that we have not selected the aluminum part within the
electrostatics. So, this is the aluminum part, but we have not selected over here because
we know that the potential within this aluminum domain would be same. They would the

electric field within this aluminum domain is going to be 0.
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So, we use only boundary condition on the edges of your aluminium plates. So, here you

can see in the bottom plate, we have given at terminal boundary condition with a voltage

of 1 volt.
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And, we have used a ground boundary condition on the bottom of the zinc oxide ok.
And, then finally, we have used a multi physics node which actually couples the solid

mechanics with the electrostatics ok. What [ was telling you before is the use of PMLs.
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So, over here if you want to use the PMLs you can use it just right click on definitions
and then you go to perfectly matched layers, and then apply PMLs over here right. So,
this is how you can actually give the PMLs ok.

So, let me go and jump to the results part.
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So, this is talks about the different acoustic modes ok. So, before results I need to show

you what kind of analysis was performed?
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Before analysis the mesh part so, in the mesh you can see a map mesh has been
performed over here, very simple map mesh. If you want you can go with a physics
control mesh also, but the map mesh will is more structured and in the first thing that you
do again do is a Eigen frequency analysis that will tells you of different modes that could

exist in your bulk acoustic wave. So, you have both the real and the imaginary part over

here.
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And, once you know that your Eigen frequency is around 220 megahertz you then do a
frequency domain sweep. So, you sweep the frequencies from 512 megahertz 25 sorry
215 megahertz to 235 megahertz is tip of 0.1, and then see as parameters if you want you

can see the ad admittance plot, all those things you can actually see.

So, the results part this is not solved. So, let me just go to my documentation and then
show you the results. So, this is the different resonant modes of your bulk acoustic

waves.
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Figure 5 shows the voltage distribution in the piczoclectric layer when excited at
235 MHz.
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And, this is the talk talks about the potential drop.
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And, then this one talks about the admittance versus frequency. So,

here we do a sweep

of the frequencies from 215 to 235 and how does the admittance look with the sweep of

the frequency.
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The quality factor which tells you about the how sensitive your system is, can also be

calculated with a direct form formula.
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So, here with quality factor this is an internally defined variable. So, you do not need to

search for that. So, you just search for the expression and this right quality factor for that

you need to choose this thing it is q ok.

So, once you solve it at that time you will get. It is not search over here the quality factor

and this variable will automatic come into the picture.
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cigentrequency analysis shows the Q-factor at 221.4 MHZ to be 1326.

“The cigenfrequency analysis also automatically computes the decay factor for each
cigenfrequency. The inverse of the decay factor is the time required for the amplitude of a
damped signal to reduce to Vo ts nitial amplitude. The decay factor at 221.4 MHz
was computed to be 5.25 - 1055
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Application Library path: MEMS Module/Piezoelectric_Devices/
thin_film_baw_resonator

Modeling Instructions

From the File menu, choose New.

So, here the quality factor and again there are differences with which the results, the

model has been compared with. So, I would strongly recommend you that once you do



this simulation you also go through this references to know, how this module was set up

and what are the material properties in why those material properties more importantly

and then you have a step by step process to make the whole model.
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I Right-click Rectangle I (rl) and choose Duplicate.

2 In the Settings window for Rectangle, locate the Size and Shape section.

3 In the Height text field, type 0.2,

4 Locate the Position section. In the y text field, type -1.25.

§ Right-click Component | (compl)>Geometry |>Rectangle 2 (r2) and choose
Build Selected.

Rectangle 3 (r3)
I In the Geometry toolbar, click Primitives and choosc Rectangle.
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So, example you are looking to make a bulk acoustic wave then I will again strongly

recommend that you do this model from scratch and then see if you are getting this

results or not right and then only you go for your own design.
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Distribution |
I I the Model Builder window, under Component | (compl) right-click Mesh | and choose
Mapped.

2 Right-click Mapped | and choose Distribution.

3 In the Settings window for Distribution, locate the Boundary Selection scction.
4 Click Paste Selection

5 In the Paste Selection dialog; box, type 2 21 in the Selection text ield

6 Click 0K

Distribution 2

I Right-click Mapped | and choose Distribution.

2 Inthe s@ing: window for Distribution, locate the Boundary Selection scction.
3 Click Paste Selection.

4 In the Paste Selection dialog box, type 9 in the Selection text ficld.

§ Click 0K.

& In the Settings window for Distribution, locate the Distribution section.

7 In the Number of elements text field, type 100.

Distribution 3

I Right-click Mapped | and choose Distribution.

2 In the Settings window for Distribution, locate the Boundary Selection scction.
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3 Click Paste Selection
4 In the Paste Selection dialog box, type 9 in the Selection text field
§ Click OK.
& In the Settings window for Distribution, locate the Distribution section.
7 In the Number of elements text ficld, type 100
Distribution 3

1 Right-click Mapped 1 and choosc Distribution

2 In the Settings window for Distribution, locate the Boundary Selection scction
3 Click Paste Selection

4 In the Paste Selection dialog box, type 8 in the Selection text field

§ Click OK.

& In the Settings window for Distribution, locate the Distribution section.

7 In the Number of elements text field, type 2.
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Once you are done with this particular example model then you can change this example

model based upon your requirement and then see the admittance plot, the S-parameter

plot and other analysis ok.
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Piezoelectric Shear-Actuated Beam

This tutorial performs a static analysis of a composite cantilever beam equipped with a
piezoceramic actuator. An electric field is applied perpendicularto the poling
direction, thereby introducing a transverse deflection of the beam.

So, let us go ahead with one more example of piezoelectric shear actuated beam. So,

these in this example what we are going to do is, we are going to have one piezoelectric

device in the middle, which is covered with foam on the left and right side and then we

have two structures elastic structure elastic models on the top and bottom and we are



going to impose a particular voltage which is going to create a particular stress and that

particular stress is going to deform the beam.
So, let us go open the model.
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So, I just go to COMSOL, I go to File, Application Library and over here I search for
shear bender. So, this is example model this is again a very example a very nice example
model because it talks about the poling direction being different as what is given from

the by default.
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If you want to know about the poling poling directions, so, I would recommend you to
go to the COMSOL block. So, this is a COMSOL block. So, if you go to COMSOL dot
com and then go for the Blogs.
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Piezoelectric Materials:
Understanding the Standards
Piezoelectric Materials: Crystal

n Ransley October 2, 2014 Orientation and Poling Direction

z n S February 14, 2014

X (IRE 1949)*
351
x (IEEE 1978)

Standards form an integral part of the work we

do as engineers, providing a common language
for communicating complex information. But
standards committees are not omnipotent and
sometimes revised standards are not
niversally adonte e

d Thic has hapened

Yeah. So, we have many models on piezoelectric devices the one that I am telling you
about is yeah one of example is understanding the standard. So, there are many different
standards of piezoelectric materials available. But, which standard should you actually
go through? What are the different poling direction what is the basics of poling

direction?
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If you are using a cell phone, GPS, Bluetooth, }
or WiFi, chances are that they all have BAW
resonators working inside them. All wireless
electronic equipment use RF fiters to help

narfow down the frequency range they should
operate within, With thousands of devices

Al this talk about piezoelectricity got me
thinking about how surrounded we are by
everyday items whose performances rely on
this physical process. Examples include inkjet
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This also models blog for resonator model right. So, you can also see this blogs because
blogs are very important because they explain ways in a very simple manner, how the
physics has been captured and how you can actually do it do a modeling out of it. So,

again recommend you to go through the blogs.
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Chemical

Batteries & Fuel Cells

The direct and inverse piezoelectric effects a\hﬂrougly related to how anisotropic the material
is, which in turn is related to the crystalline structure of the piezoelectric material. The extent of

anisotropy can also be influenced by a process called poling. Here, Il discuss how you can

correctly model the crystal orientation and poling direction of a piezoelectric material in your Corrosion Pro
COMSOL simulations. Electrochemical E

COMSOL Now (14
About the Piezoelectric Effect Electrical

In previous blog posts, we have introduced you to the piezoelectric effect and how you can use
this effect in devices such as ultrasonic micromotors and thin film BAW resonators. For a quick
recap, the direct piezoelectric effect refers to a change in the electrical polarization of the

material when it is subjected to a mechanical stress. On the other hand, the inverse effect refers

to a deformation of the material when it is subjected to an external electric field.

Piezoelectric Effect Arises From Crystal Structure

So, I was talking about the poling direction. So, a piezoelectric material along with this

orientation and poling direction.
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result of their crystalline structure, Engineered materials, like lead zirconate titanate (PZT) for

Fluid

instance, are subjected to a process called poling to impart the piezoelectric behavior. Let's find
out what happens at the microscopic scale that helps in creating the piezoelectric effect. Computational Fluid Dynamic

(CFD) (159)
Heat Transfer & Ph

Microfluidics

. Ca?
O o API (1

@1 Ti
Cluster & Cloud Computing (14
COMSOL Server
Equation-Based Modelin
Geometry (24)
A perovskite unit cell showing the off-centered titanium ion. Installation & License Management
A typical noncentrosymmetric crystal structure such as a perovskite (calclum titanate — CaTiO3) uction
has a net non-zero charge in each unit cell of the crystal. However, as a result of the titanium ion Materials (1.
sitting slightly off-center inside the unit cell, an electrical polarity develops, thereby turning the Me:
unit celleffectively into an electric dipole. A mechanical stress on the crystal further shifts the Modeling Tools

position of the titanium ion, thus changing the polarization strength of the crystal. This is the
source of the direct effect. When the crystal is subjected to an electric field. it also results in a
relative shift in the position of the titanium ion, \MGIH)’) to the distortion of the unit cell and

(] @ 90 7 0) 06,

So, any particular material will have it is own poling direction based upon where these

atom which is defining that poling direction is associated with.
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Why Do We Pole a Piezoelectric Material?

CAD Import & LiveLink for CAD Pr
In a macroscopic crystalline structure that comprises several such unit cells, the dipoles are by

default found to be randomly oriented. When the material is subjected to a mechanical stress, LiveLink for Excel (4
each dipole rotates from its original orientation toward a direction that minimizes the overall LiveLink for MATLAB
electrical and mechanical energy stored in the dipole. If all the dipoles are initially randomly K

Mechanical (412

oriented (i.e. a net polarization of zero), their rotation may not significantly change the
macroscopic net polarization of the material, hence the piezoelectric effect exhibited will be
negligible. Therefore, it is important to create an initial state in the material such that most
dipoles will be more-or-less oriented in the same direction. Such an initial state can be imparted
to the material by poling it. The direction along which the dipoles align is known as the poling

Geo

MEMS & Nar

nology

Structural Mechanics & Thermal Stress
direction.
Today in Science
- ”
= e e
¥ TAGS
m”f\ R T
ting AC/DC Module
s e
Acoustics Module
Unpoled During poling After poling i ’ i
Certified Consultants CFD
Alignment of electric dipoles represented by arrows in a material prior to poling (left), during the poling Module Chemical Reaction
process (middle) and at the end of poling (right). r A il v

And, once you give a particular external electrical field you will see the dipoles to be
arranged in a particular direction quite. So, during the poling it so, it is a particular

direction that is along the electrical field.
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materials, it is of utmost importance to take its spatial orientation and poling direction into
account in order to correctly interpret the material properties. In situations where the principal
axes of the crystal do not align with the axes of the Material Coordinate System, you would Wave Optics Module
want to create an appropriate user-defined coordinate system to provide a mapping function for

Perspectives Videow

appropriate transformation (and interpretation) of the material properties. Now let's look at a
few ways of implementing this idea in COMSOL Multiphysics

z 1 L 7

v
]L' : z-polarized ]L' ¢ X-polarized

X X

Pictorial representation of a z-poled piezo (left) where the principal crystal directions 123 are aligned
with XYZ axes of the material coordinate system. An x-poled piezo (right) is represented differently
such that the 1* principal direction is aligned with the Z-axis of the material coordinate system.

Using a Rotated Coordinate System

The Rotated Coordinate System in COMSOL Multiphysics allows you to specify the orientation
using the Z-X-Z convention of Euler angles. This option can be particularly helpful if the
orientation of the piezoelectric material or its poling direction can be expressed in terms of one

or more rotations about the default rectangular coordinate system.

But, if you cut a particular crystal in a particular angle then the poling directions could be

updated right.
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For example, the Tonpilz Piezo Transducer tutorial model shows how to set up a rotated
coordinate system to model the poling direction to be aligned with the negative Z-direction. This
is achieved by setting the Euler angle p as 180°. Another tutorial that shows how to model a
Thick Shear Quartz Oscillator illustrates how an Euler angle of p = - 54.75° is used to
represent an AT-cut quartz where the thickness of the quartz disk is oriented along the Z-
direction in the COMSOL software.

* Coordinate Sstem detfer
Mttor 502

- Setings

Coontenomes

Fetl)  Second(l)  Thed )
1 2 ]
e angles 2X2)

0 i
¥

SuIsideg) nd
¥

0 i

The disk represents an AT-cut quartz where the 1# principal direction is shown with blue arrows. The
thickness of the quartz disk is along the software’s Z-direction. The default coordinate system is shown
on the bottom-left comer. The Euler angles used to create the rotated coordinate system are shown on

So, if you want to give a particular angle to the poling directions you can actually use a
rotated systems right with the different different angles that you can see over here

different material properties.
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A more advanced usage of the same feature would allow you to create a radially polarized (in

cylindrical coordinates) pie r or a radially polarized (in spherical coordinates)
piezoelectri [

i + Coondnate syt e
r = A
e O Ul 5 Motk 52
4 Dy A
— 2 + Senngs
y I —
A !

4 ~ ) [ o i)
( ¥ 2 8
'R 5 o=

: Y '
4 Al 3) conamd) 0
2 o o 1
s )
Slcion

4 sasame cabencrmsl

The disk represents a radially polarized PZT-5H where the 3" principal direction (poling direction) is
shown with blue arrows. The default coordinate system is shown on the bottom-left corner. The base
vectors used to create the cylindrical coordinate system are shown on the right.

There are also other options of creating user-defined coordinate systems in the COMSOL
simulation software that you could use. For instance, you could create a curvilinear coordinate
system for working with an anisotropic material that is arbitrarily curved in space. You can find

If you want to use out which is radially outwards alright, poling direction which is
radially outwards you can define those particular types of co-ordinate systems and then
assign the piezoelectric material based upon this particular co-ordinate systems, radially

outwards.
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Two Standards: 1949 IRE and (k2441355

Having defined a set of material properties in terms of matrices that operate on the different

components of the stress or the strain in the x,z axes system, all that remains is to define a
consistent set of axes to use when writing down the material properties.

Correspondingly, all of the standards define a consistent set of axes for each of the relevant
crystal classes. Unfortunately, in the particular case of quartz, subsequent standards have not
used the same sets of axes, and the adoption of the most recent standargl has not been
widespread. Therefore, it is important to understand exactly which sumram agiven set of
material properties is defined in.

The two relevant standards are:

The orientation of the axes set with the crystal can be determined by specifying the orientation
with respect to the atoms in the unit cell of the crystal (which is not that helpful in practice) or
by specifying the orientation with respect to the crystal forms. A crystal form is a set of crystal
faces or planes that are related by symmetry, Particular forms commonly appear in crystal

specimens found in rocks and are used to identify different minerals

Then, we have different standards of piezoelectric materials right. So, basically 1945 IRE
and 1978 I triple E, these are two basic standards for piezoelectric materials and those

also have a particular kinds of poling directions right.
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orientation of the cut, with respect to the crystal axes, is specified by a series of rotations, using
notation that takes the form illustrated below:

(Y X11)-517 45"

Initial orientation of

(Vi) 517457

the thickness direction
f ’
Initial orientation of Rotate -51 (in aright-handed  Rotate -45 (in a right-handed
the length direction sense) about the | axis sense) about the t axis
[V (¥4 z

Diagram showing how a GT cut plate of quartz is defined in the IEEE 1978 standard. The crystal
shown i right-handed quartz.

The first two letters of the notation given in the brackets describe the orientation of the

W ) NG

With a particular cut which is defined based upon their the specification numbers that

they have alright.
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(in a right-handed sense) of -45°

Most practical cuts use one or two rotations, but it is possible to have up to three rotations
within the standard, allowing for completely arbitrary plate orientations.

Note that since the crystallographic axes are defined differently in the 1949 and the 1978
standards, the crystal cut definitions differ between the two. A common cut for quartz plates is
the AT cut, which is defined in the two standards in the following manner:
Standard AT Cut Definition
949 IRE (YX)) 35.25°

1978 IEEE 2] 3525

The figure below shows how the two alternative definitions of the AT cut correspond to the two
alternative definitions of the axes employed in the standards.

Z

A @ 7 d) NG

So, those kind of small small differences we can actually easily model take into account

while modeling in COMSOL.

So, let me just go ahead and open this particular model.
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GEOMETRY
‘The model consists of a 100-mm long sandwiched cantilever beam (Figure 1)

Aluminum

2
y 4
24
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Figure 1: The shear bender geomerry. Note that a piczoceramic material replaces part of
the foam core.

This beam is composed of a 2-mm thick flexible foam core sandwiched by two 8-mm thick
aluminum layers. Further, the device replaces part of the foam core with a 10-mm long
piczoceramic actuator that is positioned between x = 55 mm and x = 65 mm. The

Again, you can open the documentation to see how the physics set-up has been

performed. So, over here you can see that we have a piezoceramic domain in the top and

we have the same sorry piezoceramic is the piezoelectric material
aluminum plate in the top and in the bottom. And, and on the
peizoceramic material foam has been applied. So, on the left

piezoelectric material foam has been applied right and then we give

and we have our
side ways of the
and right of the
in the top and the

bottom of the peizoceramic material we give a particular voltage to it. So, let me just go

to COMSOL and open this
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So, let me go from top to bottom. So, in the component section first thing is to make the
geometry. So, I just go ahead make the blogs and make the geometry, I first make a block

and they are introduced the centre domain using layers over here.
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And, then I assign the material properties most important, aluminum domain in the top
and bottom. You can see the blue part the top and bottom is aluminum domain and here

you assign it as a scalar material properties ok.
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Then, we have foam which is on the left and right that you can see in the blue part in the

screen and this again is a scalar material properties where you can see.
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And, then finally, the PZT-5H and here we give a tensile material properties

see over here the blue part.

as you can

If you want to see through the domain, you can anyway enable the wire frame rendering.
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So, you can see you can see i

t through.
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Next part is a solid mechanics part and over here again we use piezoelectric material
over here the way that we define earlier we give this works as a actuator beam that is
why we give a fix constant on the left side ok. So, it is going to act as a beam. So, if there

is going to be some deformation it is going to deform in the up or the bottom.
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Then, we have electrostatic again we use the material model piezoelectric material model
and we give the electric potential in the bottom. So, you can see over here in the bottom

part I have given the piezoelectric material property and then in the top part [ have given



a ground boundary condition. And, then finally, to couple both of them I am

piezoelectric coupling.

So, this actually couples the solid mechanics with the electrostatics.
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And, then I am using a kind of a stationary study.
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using

So, this is going to take only 2 minutes alright. So, you can see how much time it will

going to take hence always good to see how much time it is going to take because some



of the models are large. For example, the example that we are going to talk about in
sometime is an example of accelerometer. It takes little bit more time any addition to the
more time it takes you more RAM right. So, maybe your system is not having that much

of RAM. So, it always good to see how much time it is going to take.

And, if you want to see how much time it RAM it takes I think you should be available
in the log values also. So, here is also can see how much it may be showing how much

RAM, it took to solve this particular model.
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So, let me just go to compute. So, now, we can see that the displacement which is in
order of nanometers. So, what you see right now is an exaggerated view of what is

happening within it.
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The first thing is the electric potential. So, we give a high potential in the bottom and
ground it in the top right. So, you can see a nice deep or deep in through the from the

bottom to the top, a linear deep.

And, then in the displacement because of it there is going to be some stresses and
because the stress is it is going to deform. So, in this case is as deform in the top part. So,
it is moving top right moving upwards. If you are make the potential in the opposite
direction that is high potential in the top and ground in the bottom then the deformation

will happen in the downward direction.

Over here, as | was saying that this is a scaled version; so, if you want to see the actual
deformation then you to go within this surface 1 to the deformation that we can see over
in the screen and make it as 1 and then click on Plot. So, this is the actual deformation.
Of course, in 90 nanometers in device of mm structure, you will not be able to see that
much. So, even if you just zoom it you will not be able to see that much and that is why

we have just scaled it to show you the effect of the deformation ok.
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So, for example, now you want to see the deformation at this particular line that is also

possible.
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To do that just right click on the Results 1D Plot Group. Add 1D 1D Line Graph and
choose which line you are talking about. So, I am talking about this particular line all

right. So, by default this displacement variable has already come.
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So, if I want to search I can also search over here. So, I go over here and the search for

displacement and there are many other variables. So, right now I

am looking for total

displacement right. So, I just use the total displacement over here.
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Just double click on Total Displacement and you will get solid at display over here and

you can see the displacement. So, you can see from O to around 8.3 or around 83

micrometers is the displacement sorry, it is actually nanometer. So, it is in mm. So, let



me just go ahead and give nanometers. So, around 83 nano

displacement along that particular line.
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maximum

Finally, you can see that in this particular case we is very important example because in

this piezoelectric we have used a different poling direction. So, by default you will see

the poling direction of the any of the material properties is along z-direction.
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But, in this case you can see over here. It is along x-direction, the blue the blue line it is

around x is a blue is the one is the poling direction and that is along the x direction. The



way it was taken into consideration that is the poling direction of in x direction be use in
definition, we use a base vector system and we define that particular poling direction

over here in the form of base vectors.
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Piezoelectric Shear-Actuated Beam

This tutorial performs a static analysis of a composite cantilever beam equipped with a
piezoceramic actuator. An electric field is applied perpendicularto the poling
direction, thereby introducing a transverse deflection of the beam.

Looks good. So, let us go ahead with a presentation. So, this is how the different types

of piezoelectric materials were modeled.
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So, let us go ahead with the piezoresistive device. This is a very interesting type of a

device because over here based upon the forces that we apply or this stresses that are



going to develop, it is going to change the resistivity of that particular device and the
way that you can take into account, the resistivity as a sensor is to understand how much

current that is being withdrawn from that particular system.

So, in this particular example that we are going to talk about how the forces are being
applied, because of forces how the resistance are going to change and because of the

change in resistance, how the current is going to change.
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Piezoresistive Pressure Sensor

A piezoresistive pressure sensor is simulated. This example shows how to compute the
stress induced potential difference produced by a four terminal piezoresistor when the
membrane in which it is embedded is deformed by an applied pressure.

Diaphragm
displacement.

Shear stress along diaphragm edge
in local coordinates.

This is the first example that we will talk about. This is an example of a diaphragm that
you can see over here and we apply a particular force on the top from here and we have a
piezoelectric sorry piezoresistive material in this case over here with different types of

doping.

So, n-doping and p-doping both we have over here and then we try to understand along
particular arc in this case how the stresses have being developed. So, you can see both
the negative and positive part of the stresses that is getting to picture and because of that

you can understand how much current is going to be getting placed.

So, let me just go to COMSOL again.
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So, I go to File, Application Library and I search for Piezoresistor ok. So,

somewhere over here I guess yeah.
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So, there are different ways of modeling again. One is a volumetric model that you

see right now.

it could be

can
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The another approach is a shell approach that is modeling only 2D structures. So, this is
again different. So, it is kind of a approximation that we do to quickly get the results

which is the results which are not that far away from the actual results.

As of now let us go for piezoresistive pressure sensor. Let us open documentation.
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crystal. In the COMSOL Multiphysics model, a coordinate system rotated 45 about the

global Z-axis is added to define the orientation of the crystal.

Figure 1: Left: Model geometry. Right: Detail showing the piczoresistor geometry.
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So, this is the actual structure that you can see over here. This is a diaphragm over here
and then we have the piezoresistive structure over here which is kind of a Wheatstone

bridge kind of a system, where we give a particular voltage on the one side and ground



on the other side and the other two flanges, that you can see over here that is used for

decreasing the error rates.
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The Ap vector computed from Equation 3 is assembled into matrix form in the following

manncr in Equation 1:

Bo|  [Pex Puy Pua| || [ APex 0y 80| |V,

Ey| = {pay Pyy Pya| "] ¥ 802y B0,y B0l [, @
By [Pes Pya Pas) |Jo]  [802s 80y, 803,] |J)
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The Ap vector computed from Equation 3 is assembled into matrix form in the following

hiig
b
(-

mannr in Equation 1:

Ey|  (Pex Pay Pus| || | BPsz BPey 89| |y

Ey| = [Py Pyy Praf |y " |Psy A0y, B0y |y “

Byl (P Pya Pu| |9 (805 B0y, B0, |,

Silicon has cubic symmetry, and as a result the I matrix can be described in terms of three
independent constants in the following manner:

b

My Myl 00 0
Mip My My 000
My Myl 0 0 0
00 0M,0 0
00 0 010
00 0 0 0m

For p-type silicon the 144 constant is two orders of magnitude larger than cither the Iy
orthe Myg coeflicients. The Mgg clement (which is cqual in magnitude to the Mgy clement)
couples the 6, shear stress, with the Apyy off-diagonal term in the change in resistivity
matrix. In turn, Apyy couples a current in the x-direction to an induced eleetric field in the
S : e G ™ 4
y-direction (and vice versa). This is the principle of the Xducer  transducer. An applied

Again we use a tensor for both elasticity and coupling matrixes. And, so, let us go for the

modeling part before we go to the results.
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So, again the first thing is to make the geometry. So, here you will see now little bit
complexity in the making of the geometry. Again, this is not that complex we have used

some other domains to simplify the application of this particular domain so, while doing

a physics. So, that is fine.
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So, first thing is to make work plane and then if as

you can see over here in

workplace we created a small-small geometries.

the
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This is the first square that we made one more square that we made over here and then
slowly and steadily we make the whole structure. If I just zoom in to this part so, slowly

and steadily the complete structure was made like this right.
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And, then we extrude this particular structure from top to bottom and then we do one
more work plane I think this to extrude some ok. This is to extrude in the other direction.

So once you are done with a geometry the most important part is to assign the materials.



So, in this case you can see that we are assigning n-type silicon which is lightly doped to
the complete domain. So, it is complete domain. So, we again talking about domains. It
is very important we what kind of entity label that you assigning that particular domain
right. So, right now the geometry entity level is domain that is volumetric domains in the
3D structure. In this case we have assigning scalar value of density and tensor for the

elasticity matrix.
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Again, for the p-type; now, the interesting part comes in to picture that we are using
boundary. So, we have done away with the modelling volumetric approaches, but now

we are going to model the p-type silicon as boundary.
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This very important and the reason why we are doing it is a machine, one of the main
reason is the machine. You do not want us to spend a lot of time in meshing the domain if
you are getting the similar kind of results in a very quick manner right. So, we use the
geometry entity levels as boundaries not as domain, we are using as boundaries and

selected this particular boundary.
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And, then we assign again the connectivity is again very interesting that the connectivity

is a function of nd. So, we write sigma naught as a function of nd and this nd is the



doping. So, from where the nd is defined? So, let me just go through it would be defined

somewhere else.
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So, if you not find something this right do control F and then search for nd.
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So nd is actually the density of the material, that is what understand. So, once you
understand how the materials have been defined, so, over here also you have coupling

matrix which is a 6 by 6 tensor.
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And, then the next part is the physics. So, in this case you can see that solid mechanics
domain has been assigned. In the case of shell only a shell would be assigned. We give a
fix constants on the bottom part; this is a bottom red part that you can see over here. So,

in the boundaries we give fix constant and give a boundary load on the top part.

So, a force has been applied in the inner surface over here and what force? We are giving
100 kilo Pascal of force that is very important of how much force we are going to give.

And, we are giving a fix constant in the bottom outer edges.

If you have any questions please write it down in the question answer session and we

will try to respond you through the forum.
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The next part the most important part is now how do we handle the electric currents in a

boundary? So, again you will see that we are done away with the volumetric approach.
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And we are only if I just zoom in we only talking about boundaries. These are all
boundaries so, that is why the reason shell has been mentioned over here right and we
also mention the thickness of the shell. So, this is in the kind of approximation. Why do
you want to go for a volume which is having 400 nanometers? This is going to take a lot

of time from meshing.



So, and forget about solving so, solving will also take more time. But, if you have an
approach where you can minimize this meshing issues then it is always good. So, that is
why we use shell layered approach. In this case again we use Piezoresistive Materials
that you can see over here. So, this is a Piezoresistive Material small cross shaped model
over here and over here is the number density which is defined that I was searching

before alright.
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So, the number density is defined over here. And, the conductivity the conductivity is
actually a function of nd the number density all right. And, then again it is using a rotated
system. So, again is not using the default coordinate system, but it is using the rotated
systems. So, it is very important to know that a rotated a rotated system has been defined

over here.
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So, what kind of angle cut has been given in this particular case? So, minus 45 degree cut

has been given over here.
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So, in the next part is from where the potential has been given. So, you can see in the
terminal 1 a particular voltage of 3 volts have been applied over here. So, I am zooming
a part of piezoresistive materials only. So, terminal boundary condition have been given
over here and a ground has been given on the opposite side. So, the current is going to

flow like this to this domain to the piezoresistor and then finally, it will arrive over here.
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This is to reduce the error while we are taking the measurements ok.
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So, next part is again the multi physics part that couples the structural mechanics with

the electro electric currents interface.
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And, then finally the mesh part this mesh part is always interesting because there are
many different ways or approaches to mesh this particular domain. The way it has been
model over here is they have given different different meshing elements to each of the

domains. So, you can see the piezoresistive material is having maximum elements size is

2 micro meters.

The other elements of the piezoresistive material has been given with 6 micro meters and

then the edges also have been model over here with the different elements size.
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Andm, then the free triangular top boundary has been model. So, not the complete

volume, but only the top boundary has been modeled over here.
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And, then you are sweeping it from top to bottom right. So, right now this is only one

sweep. This is one domain with which it is sweep. If you want to give it (Refer Time:

32:42) of five domains that you want to see from the top to bottom sweep. So, you can

just write it as number of elements as 5. And, then we go to study and then run the

simulation alright.

So, let me just delete it and keep whatever is by default so that stimulation results could

be performed very quickly.



(Refer Slide Time: 33:03)

Geometry M

Mode! Builder

piezoresistive_pressure_sensormph - COMSOL Multiphysics - 0 X
s Mesh St esults  Developer
Settings Convergence Plot 1 o
f QQRGH| LrlulnleC -]
5] foed
o

227GB| 24768

Messages ~ Progress Log Find Results  Find Results
4 12 matche

om =

@ 7 0) WG

So, as it says that around 12 seconds to it will take, so, it is not that much of time all

right. So, I can just go ahead and run the simulation.
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So, now you can see the stresses that is being developed on the surface and along with

the deformation. So, says you how the deformation is going to be and this is a skilled

version of deformation. So, if you want to see the actual deformation, make the Scale

factor as 1. The deformation that the this stresses that you can see you can also change



the unit from Newton per meter to Newton per mm square and then plot right. So, it is

around maximum is around 120 Newton per mm square.

And, in addition to it you can also know the factor of safety with which your system

would be working. So, your device should not be going more than the factor of safety.

So, that is also kind of analysis that you can do, if your structure is going to fail or not.
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This plot talks about the displacement. This makes sense because it is having bounded
surfaces on the edges. So, all the forces are going to accumulate in the center as you are

going to pull it down on the center.
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So, we have in plane stresses also that you can mod see over here.
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And, then finally, the currents and the voltages right so, this is how the currents are going

to move. Please maximize it.
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So, you can see that the voltage that I have applied is over here somewhere over here and
the colour represents the per volt sorry the colour of these counter plots represent the
voltage that you can see over here. And, the arrow plot actually represents the flow of the
current from the voltage part over here to the ground over here. So, this is the flow of

current that you can see right.
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So, you can actually first make this particular design with COMSOL and then actually

we make optimize your design to see which is the highest current that actually flows
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through this device and then finally, you can fabricate your own device. If you want to
see quantitatively how much current is going to flow, you can do a global evaluation that

you can S€¢€ over here.

Just search for current over here. So, I just go to replace expression, current over here

and you can see how much current for all the terminals that you can do it over here ok.
So, this is how the approach to model piezoresistive models are ok.
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Electromechanical and Thermal Actuators

Capacitive pressure sensor Biased resonator Thermal actuator

So, let us go to the next section is electromechanical and thermal actuators.



