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= Vertical Stress Gradients 5
I UCBetkeley QU .

* Variation of residual stress in the direction of film growth
* Can warp released structures in z-direction

Elasticity
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@ 2D and 3D Considerations 5 2D Strain
7 UBBerkeley " UGBetkeley
* Important assumption: the z * In general, motion consists of

differential volume element % rigid-body displacement (motion of the center of mass)

is in static equilibrium — no Og % rigid-body rotation (rotation about the center of mass)

net forces or torques (i.e., z % Deformation relative to displacement and rotation
rotational movements) Tos o .

% Every ¢ must have an 2. ay 2.¥2 3.3 »2 Area element
equal ¢ in the opposite az|” < y r - experiences both
direction on the other v = ! e «— displacement and
side of the element Ll Ax ' s \ deformation

% For no net torque, the X% ay ™ g oy | L ye
shear forces on L. -4 XLYI
different faces must __ Sftresses acting on a xlil f:f‘

?'5];’ be matched as differential volume element * Must work with displacement vectors
ollows: . N . L
) ] D;ff:r-‘ﬁmfl fleflnltuon i UX(X+AX)— UX(X) ou,
= Ty = 1T Ty, =T of axial straini ——— = =
xy yx Xz zx yz zy X AX OX
% 2D Shear Strain %  Volume Change for a Uniaxial Stress
UGBetkeley " UGBekkeley
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i Isotropic Elasticity in 3D i Important Case: Plane Stress
UG Btk ey " UGBerkeley
* Isotropic = same in all directions * Common case: very thin film coating a thin, relatively rigid
* The complete stress-strain relations for an isotropic elastic substrate (e.g., a silicon wafer)
solid in 3D: (i.e., a generalized Hooke's Law) Pl . Edge
; ; Thin filmy, | F120¢ stress region | rgion
& =—[O' —V(O' +O')] =—7 NR . e
X E X y z ¥ xy G Xy : . : e s
_1 [ ( )] 1 et
ey—E o,—vlo,+0, }/yz—gryz
* At regions more than 3 thicknesses from edges, the top
1 1 surface is stress-free - o, = 0
&= E[o'z - V(o'x toy )] Vx = Erzx * Get two components of in-plane stress:
=(1/E -
Basically, add in off-axis strains from &x = ( / oy V(O'y +0)]
normal stresses in other directions gy — (l/E)[O'y _ V(O'X + 0)]

Important Case: Plane Stress (cont.) i Edge Region of a Tensile (c>0) Film
Y

-
1 B, UCBerkele)
At free edge, Film must

Net non-zero in-

* Symmetry in the xy-plane - o, =6, = ¢
* Thus, the in-plane strain components are: ¢, = g, = ¢ plane force (that in-plane force be bent
where we just analyzed) must be zero\ back, here
o o Shear stresses \ . .
&, =(1/B)lc-vol=———=— ¥ e There's no Poisson
i [E /(1 -v)] E’ Fzd F=0 contraction, so
€< —> the film is slightly
i thicker, here

and where

Biaxial Modulus £ E'= i
1-v

Discontinuity of stress Peel forces that
at the attached corner can peel the film
— stress concentration of f the surface
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Linear Thermal Expansion

5 ar As a Function of Temperature
B

UG Btk ey
* As temperature increases, most solids expand in volume
* Definition: linear thermal expansion coefficient

Linear thermal A U, »
expansion coefficienf} = a7 = T [Kelvin-1]

Remarks:

* ay values tend to be in the 10-¢ to 10-7 range

* Can capture the 10-¢ by using dimensions of pstrain/K,
where 1076 K-! = 1 pstrain/K

* In 3D, get volume thermal AV
expansion coefficient v = 3(1—,— AT

* For moderate temperature excursions, o; can be treated as
a constant of the material, but in actuality, it is a function
of temperature

* Cubic symmetry implies that a is independent of direction

g AN
B o S
F e
$ sl _/
= s Pyrex
A
1
| ; — Si; [Madou, Fundamentals
7 ' ~  of Microfabrication,
200 400 600 800 CRC Press, 1998]

T(K

Thin-Film Thermal Stress

:
U

[
Thin Film (o)

<«— Substrate
much thicker
than thin film

* Assume film is deposited stress-free at a temperature T,,
then the whole thing is cooled to room temperature T,

* Substrate much thicker than thin film — substrate dictates
the amount of contraction for both it and the thin film

Thevmat stain of Hhe substade. (in ove i-plare dlimengim)
€= O 8T | where AT= Ta-Tr

_I_lf#e-ﬁ'ln. weve nef cacked 4 He substerte : éﬂ‘("@e" -~y AT S oe.

UGB

Linear Thermal Expansion

Eu*‘y-(-mmii_ attedad b 4o :M,sb‘“@a(fvof:hlnih‘"ﬂ-mm i
4o samo as that in He cubshuie .
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MEMS Material Properties

Young's Modulus Versus Density

1. MODULUS-DENSITY

YOUNGS MODULUS E
(Ga3E/8; k=E)
WA 88-2i

Lines of constant
acoustic velocity

YOUNGS MODULUS, E (GPa)

[Ashby Mechanics
of Materials,
ol *1 Pergamon, 1992]

DENSITY, P (Mg/-n“
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5 Material Properties for MEMS
UGBerkeley
___Units:
—  (m/s)?
Material Density, p, Modulus, E, I ‘l
_ _Kg/m® | = GPa | GN/kg-m J(E/p) is
Silicon 2330 165 72 acoustic
Silicon Oxide 2200 73 36 velocity
Silicon Nl(ruln 3300 04 92
Nickel B0 | 20 o 3
Aluminum 2710 69 25
Aluminum 3970 393 99
Oxide s e
Silicon Carbide 3300 430 130
Diamond 3510 1035 295

[Mark Spearing, MIT]

[

5 Yield Strength

“UG e ke oy

* Definition: the stress at which a material experiences
significant plastic deformation (defined at 0.2% offset pt.)

* Below the yield point: material deforms elastically — returns
to its original shape when the applied stress is removed

* Beyond the yield point: some fraction of the deformation is
permanent and non-reversible

Yield Strength: defined 1

at 0.2% offset pt.

Elastic Limit: stress at which
permanent deformation begins

Proportionality Limit: point at

which curve goes nonlinear

True Elastic Limh‘m

at which dislocations move
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@ Yield Strength (cont.) % Young's Modulus and Useful Strength
UG Btk ey . e
* Below: typical stress vs. strain curves for brittle (e.g., Si) s -
Below . tored h |
and ductile (e.g. steel) materials _ st amca_ energy\ /\
Material Modulus, E, Useful o 52
Tensile Strength Strength*, o, L J )
Stress ,* ° TN i E E
i ‘/’F__,W_L'.R_\\
| 4 i ~_ . | e i MPa | ()x10* | MJm®
ﬂf‘ 3 . Fracture Silicon 165 4000 | 24 97
(Si @ T=30°C) /™ Proportional Limit | Silicon Oxide 73 1000 | 13 14
-+ ; Silicon Nitride 304 1000 3.k &
Duc;:e (lgl\ild ] Nickel 207 | 500 2 1.2
ee | . ———
Brittle (Si) - i Alum!num . 69 300 4 1.3
T (or Si @ Aluminum Oxide 393 2000 5 10 |
| T>900°C) Silicon Carbide | 430 2000 | 4 | 93
{ Diamond | 1035 1000 1 0.9
>  [Maluf] From Mark Spearing, MIT, Future of MEMS
Strain Workshop, Cambridge, England, May 2003
% Young's Modulus Versus Strength i
" UEBorkeley R .

E,
S 7;Lines of constant
- maximum strain

Quality Factor (or Q)

[Ashby, Mechanics
of Materials,
"% Pergamon, 1992]

STRENGTH o, (MPa)
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Q ~10,000
lo|
. VI
v '0—\
Electrode —” v, / Q, ®
Vi %scv }
“ Note: If V, = OV

- vﬁ .
L C% %}"C%*Vgﬁ C(t) = devic .

Frequency: 5% ©
; Young’s Modulus - e
Stiffness 9 /7 dC

Ve

1 [k E h -
fo=— =0 =1.03 |—— I 1 -
2z m, P Lr - -
Dens't! e Smaller mass = higher freq.
Mass .|‘(Je-9w m, = 10" kg) | range and lower series R,

Copyright © 2015 Regents of the University of California



