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1 IntelliSuite v8.5 and Earlier

Anisotropic materials have different physical properties in different directions relative to the crystal

orientationof the materials. For example, theihgOs modulus of single crystalline silicon depends on the
measurement direction relative to the crystal orientation. Therefore, when designing MEMS structures

using anisotropic mechanical materials, the designer should be aware of the orientationbetaten the
mechanical structure and the material crystals, and specify the relation in the simulation settings.

In the ThermoElectroMechanical analysis module, the user can set a material to be either isotropic or

orthotropic in theMaterial menu.
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Figure 1: Material Menu

When theType is set taOrthotropic, selectingMaterial ... Check/Modify and clicking on an entity will bring

up the following window.

Check/Modify Material Property

Property Uit Vahe tad
STRESS MPa 0
DENSITY glem3 2.328
CTExp 1E-AC 24992
RESIST ohm.cm 23
TH_COND Wiem!C 157
SPECIFIC_H JglC 071
YOUNG_E1 GPa 1302
YOUNG_E2 GPa 1302
YOUNG_E3 GPa 1302
POISSON w12 # 02786
POISSON_+13 # 02786
POISSON_v23 # 02786
Shear_G12 GPa 509
Shear_G13 GPa 509
Shear_G23 GPa 509 v
< | >
[ Edit Property ] [ TImport Property ]
[ ok | | cancel |

X

Figure 2: Material Property Settings



1.1 Elastic Parameter Calculator

To determine thealues for theroungOs modulus, shear modulus, and Poisson ratBlatte Parameter
Calculator can be used. OpenifilgsticParameterCalculator.exe will open the calculator.

% IntelliSense Elastic Parameter Calculator

[001] T

(010)

&~

[100]

Stiffness Matrix

165.7 63.9 63.9
165. 7 63.9
165.7
79.6
79.6
T9.6
Miller Index of Axis
X s | 1 | 0 | 0
Y Asis | 0 | 1 | 0

Calculate Reset I

E1  |130.13196864111 E2 |130.13196864111  E3  |130.13196864111

Output

v12 |0.278310104529¢ v23 |0.278310104529€ 43 |0.278310104529¢

G12 | 796 G23 I 796 G13 | 796

Figure 3: Elastic Parameter Calculator



The first step is to complete the stiffness ixdtr the material. The default stiffness matrix for silicon is
already loaded into the calculator and has units of GPa.

Stiffness Matrix

C11 Ci1z C13
czz cz3
C33

C44

£S5

Ce6

Figure 4: Stiffness Matrix

The second step is to input the wafer orientatieimd the relation between the coordinate axebef t
mechanical structure anlde material crystal orientatioridit the Miller Indices of the mechanical
structure using the crystal orientation as the reference axes. For example, assuming yoaligarthe x
and yaxes of the mechanical structurerad the [100] and [010] crystalline orientations of silicon, you
should enter (1, 0, Gpr the xaxisand (0, 1, Ofor the yaxis. The anisotropic elasticity calculation is
similar to geometric coordinate system transfororatiThe Miller Indices of the-axisdo not need to be
specified, as they are automatically obtained by enagkiplying thex- and yaxes.

Miller Index of Axis

X Asis l 1 | 0 | 0

Y Asis I 0 | 1 | 0
Figure 5: Miller Index Settings

Clicking theCalculate button will output YoungOs modulus, Poisson ratio, and shear moduiesthat
canbe entered into the Material Property window in TEM.

Dutput
E1  [130.13196864111 E2 |130.13196864111 E3  |130.13196864111

v12 |0.278310104529¢ v23 |0.278310104529€ 13 |0.278310104529¢

G12 79.6 G23 79.6 G13 | 796

Figure 6: Material Property Outputs



1.2 Settings for Common MEMS Wafers

Below are listed a few common wafer orientations and the corresponding Miller index inputs and resulting
material property outds from the Elastic Parameter Calculator.

1.2.1 <100> wafer

1. The xaxis is at a 45 degree diagonal to the wafer flat and the wafer surface is paralletaxitheThis
is the default case.

Miller Index of Axis

X diis | 1 [ 0 | 0
Y s | 0 [ 1 I 0

Calculate Reset I

E1  |130.13196864111 E2  |130.13196864111  E3  |130.13196864111

—Output

v12 |0.278310104529¢ v23 |0.2783101045296 13 |0.278310104529¢

G12 I 736 G23 I 7986 G13 I 736

2. The normal vector of theafer flat is parallel to the-axis andhe wafer surface is parallel to thaxis.




Miller Index of Axis

X s | 1 | 1 | 0

Y Asis | 1 | 1 | 0

Calculate Reset I

E1 I'I £3.1011889208¢ E2 |169.10118892084 E3 |130.13196864111

—Dutput

v12 |0.062193397744( v23 |0.361652636597z 13 |0.361652636597:

G12 I 50.9 G23 I 79.6 G13 I 796

1.2.2 <111> wafer

Thez-axis is normal to the wafer surface and theis liesparallel tothe wafer flat in the plane of the
wafer.

X

Miller Index of Axis

% Ay | 1 | 1 | 0

Y Ais | 1 | 1 | 2

et |
E1 |1?3.842[l4895532 E2 |173.8420489553z E3 |18?.85258543?95

v12 |0.241137903060¢ v23 |0.1665552861886 13 |0.166555286188¢

— Output

G12 |70.03333333333: 23 |60.46666666666E G113 |60.46666666666E

1.2.3 List of possible orientations

Below is a table listinghe Miller Index values for various orientations of the mechanical structurly. O
the primary flat is shown for waferthe secondary flat is omitted. The X and Y axedlaeeaxes designers



use to draw the mechanical structures. The Z axis can be obtained by cross multiplying the X and Y axes.
Designers only need to specify the orientation relation between the flat of a wafer and the coordinate
system of the designed medizal structure by entering therresponding Miller indiceShe

aforementioned 3 examples can also be found in the table.

Orientation relation Axis Miller indicesof wafers
{100} {111}
X 1 -1 0 -1 1 0

X 1 1 0 -1 -1 1
Y -1 1 0 1 -1 1
X 0 -1 0 0 1 1
Y 1 0 0 -1 0 1
X -1 -1 0 1 1 1
Y 1 -1 0 -1 1 1

o
e
@
L
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2 IntelliSuite v8.6 and Later

In IntelliSuite v8.6 and later, a separate calculator does not need to be used. Users can input the stiffness
matrix directly into the Material Property window in TEM and the resulting material properties will be

automattally taken into account.

2.1 Isotropic Materials

The stressstrain relatiorof an isotropic elastic material given by

The elastiity is determinedy the YoungOs modujuk , and the Poissonfsio, v . The shear modulus,
G ,is expressed interms df andv asG = E/2(1+! ). When theElastic Parameter option is set to
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Isotropic, the elasticity settings can beecified as in the figure below.

Entity Number: 2

Entity Description:

Property
Density

Elastic Parameter

Stress/Stress Gradient
Thermal Expansion Coeff
Thermal Conductivity
Specific Heat

Dielectric Constant
Resist

Piezoresistive Coeff

Piezoelectric Coeff

Unit
g/cm”~3
#

MPa
1E-7/C
w/cm/C
3/9/C
#
ohm.cm
1/MPa
#

Value

2.3
Isotropic
Constant
Constant
Constant
0.71

1
Constant
None

Stress

Young and Poisson Ratio

Young, GPa

Poisson Ratio, #

isowopic_____ {4

Orientation

[VIDefault [1User Defined

Note that the material properties will be
recalculated based upon the Orientation matrix

x| v |z |
1.0 0.0 0.0
0.0 1.0 0.0

Cancel

Figure 7: Isotropic material settings




2.2 Orthotropic Materials

The elasticity of an orthotropic material can be set in two w@yse way is specifying th®@engineering
constantsGhreeYoungOsnoduli E;, E,, E,, PoissonOs ratids,, V3, ! ,3, and shear modul(, ,,

G5, and G,;, shown as irthe figure below. These moduli entbe elastic compliance matrix as

2.+ & 1/E, '0,/E, '0,/E, 0 0 0 #, #
(2.{ §0./E VE, "0.E 0 0 0¥
(2.{ _$ 0,/E "0./E VE, A
(Is( ¢ O 0 0 1/G,, 0 0 1¢ i
(1, $ 0 0 0 0 16, o0 !¥ !

| |
,Ellzg %0 0 0 0 0 0 I/Glzi'%nzi'

Here,! . is the PoissonOs ratio tiepresers thestrain in the{directionwhen the stress in thei-

ij
direction. In general, ; is not equal td , . Insteadthey are related by; / E; =v; / E;. When the
Elastic Parameter option is set t&ngineering, thevalues forE,! , andG can be input in the fields on the
right side of the window.

Entity Number: 2
Entity Description: Engineering Constants [Engineering | v‘
Property Unit Value
Density g/cm”~3 2.3 Young_E1, GPa
Elastic Parameter # Engineering Young_E2, GPa
Stress/Stress Gradient MPa Constant Young_E3, GPa
Thermal Expansion Coeff 1E-7/C Constant Poisson_v12, #
Thermal Conductivity Ww/cm/C Constant Poisson_v13, #
Specific Heat J/g/¢C 0.71 Poisson_v23, #
Dielectric Constant # 1 shear_G12, GPa
Resist ohm.cm Constant Shear_G13, GPa
Piezoresistive Coeff 1/MPa None Shear_G23, GPa
Piezoelectric Coeff # Stress
Orientation X ‘ v ‘ 7 ‘
MNote that the material properties will be 1.0 0.0 0.0
recalculated based upon the Orientation matrix

0.0 1.0 0.0
[VIDefault [Tuser Defined

Figure 8: Orthotropic Material Settings

The other wayo definethe elasticity of an orthotropic materiatisusethe 9 elementsf thestiffness
matrix. The stressstrain relatiorof an orthotropic material is given as
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When theElastic Parameter option is set t@rthotropic, the stiffness matrix valuesan be input in the

11 Cl12 Ci13
C22 C23
C33

symm

fields on the right side of the window.

Entity Number: 2

0 0

0 0

0 0

C44 O
C55

o O O o

AP BABAASD

|
C66i

&

13|

Th

[VIDefault [1User Defined

Entity Description: Elastic Stiffness, GPa [orthotropic |9
Property Unit Value
c11 C12 C13 0 0 0
Density g/cm~3 2.3 c22 c23 (] 0 0
Elastic Parameter # Orthotropic €33 0 0 0
Stress/Stress Gradient MPa Constant C44 o 0
. Symm C55 0
Thermal Expansion Coeff 1E-7/C Constant 66
Thermal Conductivity wW/cm/C Constant
Specific Heat i/g9/¢C 0.71 110 12 12 0 0 0
Dielectric Constant # 1 310 LT w w w
i 110 0 0 0
Resist ohm.cm Constant
45 0 0
Piezoresistive Coeff 1/MPa None Symm 45 0
Piezoelectric Coeff # Stress 45
Orientation X ‘ v ’ 7 ‘
Note that the material properties will be 1.0 0.0 0.0
recalculated based upon the Orientation matrix
0.0 1.0 0.0

Cancel

Figure 9: Orthotropic material settings




2.3 Fully Anisotropic Materials

For fully anisotrojic elastic material21 independent elaststiffness elementre needed. The stress
strainrelationis as follows.

_0,* &11 Cl2 CI3 Cl4 Cl15 Clé#g ,#
. 0,ye C22 C23 C24 C25 C26/3 5|
'033

| |
C44 CA5 C46lg )

13, symm C55 C56=$. 13
al Cooty .t

&
$
$
g C33 C34 C35 C36'$ .,
$
$

The elasticity can be set as shown in the figure below.

Entity Number: 2
Entity Description: Elastic Stiffness, GPa [Anisotropic |9
Property Unit Value
c11 c12 c13 c14 c15 c16

Density g/cm~3 2.3 c22 €23 c24 €25 €26
Elastic Parameter # Anisotropic €33 C34 c35 Cc36
Stress/Stress Gradient MPa Constant C44 €45 €46

) Symm C55 C56
Thermal Expansion Coeff 1E-7/C Constant 66
Thermal Conductivity w/cm/C Constant
Specific Heat J/g/¢C 0.71
Dielectric Constant # 1
Resist ohm.cm Constant
Piezoresistive Coeff 1/MPa None Symm
Piezoelectric Coeff # Stress
Orientation X ‘ v ‘ 7 ‘
MNote that the material properties will be 1.0 0.0 0.0
recalculated based upon the Orientation matrix

0.0 1.0 0.0

[VIDefault [ 1User Defined

Figure 10: Anisotropic material settings



2.4 Orientatidefinition

This definition shows the orientation relation between the designed mechanical structurec(otiabte
system and the material crystals (loaaordinate systejnNote that the definition (or coordinate system
transformation specificetn method) here is different from the coordinate axis transformation specification
methodin section 1 We used 2 vectors for coordinate axis transformation before. Here, we are going to use
3 points for coordinate transformation definition.

For examplethe values in the tableelowdefine a rectangat Cartesian system by the8ints a, b, and ¢
as shown ini§ure (coordinates of point ¢ not showmointc is the origin of theoordinate system.dit a

must lie on theX " -axis, anl pointb must lie on theX'Y" - plane. Although not necessary, it is intuitive to
selectpointb such that it is on or near the locél -axis.

bdl

X Y z

a—— 1.0 0.0 0.0 ,
b— 033 067 0.0 J<Y C

X (global) X!

2.4.1 Typical orientations

Below is a table listing typical orientation relations between the designed mechanical structure (global
coordinate systejrend material crystals (locabordinate systenThis tableis the same abetable in
Section 1 ifpoints (1, 0, 0) and (0, 1, 0) in the global coordinate syatenselecteds poins a and b,
respectively.

On the wafer drawings, only the primary flatshown for wafers, and the secondary flat is omitted. The X

and Y axes are the global axes designers use to draw the mechanical structures. The Z axis can be obtained
by cross multiplying the X and Y axes. Designers only need to specify the orientidtmnreetween the

flat of a wafer and the coordinate system of the designed mechanical structure by entering the
corresponding coordinates of points a and b.

Orientation relation Point Point coordinates
{100} {111}
a 1 -1 0 -1 1 0
Y
b
X b 1 1 o | 1| 1 | 2
a
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