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Volume Change for a Uniaxial Stress
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& Important Case: Plane Stress
" UGBerkeley
* Common case: very thin film coating a thin, relatively rigid

substrate (e.g., a silicon wafer)

Thint‘llm& l( Plane stress region >|(9'! I_Eggo’;

* At regions more than 3 thicknesses from edges, the top
surface is stress-free —» o, = 0
* Get two components of in-plane stress:

£y =(1/E)[oy -v(o, +0)]
g, =(1/E)[o, -v(o,+0)]
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Isotropic Elasticity in 3D

w
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* Isotropic = same in all directions
* The complete stress-strain relations for an isotropic elastic
solid in 3D: (i.e., a generalized Hooke's Law)

8x=é:°'x_v(°'y+0'2)] Yy =5 %
sy=zlo,vlora)] =g
‘gz:%:o-z_v(o-x'i'o-y)] 7zx=érzx

Basically, add in off-axis strains from
normal stresses in other directions

%  Important Case: Plane Stress (cont.)
UG By L
* Symmetry in the xy-plane - o, = 6, = ¢

* Thus, the in-plane strain components are: ¢, = ¢, = ¢

where
O

&y =(1/E)[0—V0]=m=g

and where

E
1-v

Biaxial Modulus & E'=
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& Edge Region of a Tensile (c>0) Film 5 Linear Thermal Expansion
I UGBerkeley UG B
. * As temperature increases, most solids expand in volume
Net non-zero in- At free edge, Film must * Definition: li h | . fici
plane force (that in-plane forc e/ be beis efinition: linear thermal expansion coefficient
we just analyzed) must be zer‘o\ back, here
Shear siresses Linear thermal A _ de, -
Y e e \4 There's no Poisson expansion coefficienf} =07 = dT [Kelvin™]
Pz0 F=0 contraction, so

the film is slightly

thicker, here Remarks:

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

* Can capture the 10-¢ by using dimensions of ustrain/K,
where 10-6 K-! = 1 pstrain/K

* In 3D, get volume thermal AV
expansion coefficient = 3a.|_ AT
Discontinuity of stress Peel forces that
at the attached corner can peel the film * For moderate temperature excursions, a; can be treated as
—> stress concentration off the surface a constant of the material, but in actuality, it is a function
of temperature
= ar As a Function of Temperature & Thin-Film Thermal Stress
R R
e Thin Film (o)
By
7 Ni-Co-Fe «— Substrate
. o much thicker
g than thin film
§s b . e o
;g‘, T e e * Assume film is deposited stress-free at a temperature T,
: I o RS then the whole thing is cooled to room temperature T,
2 é e * Substrate much thicker than thin film — substrate dictates
/ the amount of contraction for both it and the thin film
'.5 ; /' —si [Madou, Fundamentals Thevmaf stain of the substede: (jn ore in-plare dlinension)
) i of Microfabrication, s -ob AT AT Tu-T,
| W w @ CRC Press, 1998] €50 AT, Where AT T4-Tr
. T te i f atfached shere : .-
* Cubic symmetry implies that o is independent of direction K e il weve e sub Cefree™ "% 8T = ae.
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Linear Thermal Expansion
T UG Bkl —
But 4 $ilm s atfechad b Ho subsivede, s Yo actunl st i Hle flim is
Ho Samo as tat in He cubshile .

€ athacked = ~ 0 AT
Thur:

Theemd Mismadeh Stain = € 1o 4= (ot - obre) 8T

5 Note that Ahis is biaxial Shrain
S it cumovy be developed by an in-plare bizxiel shecs

Ot mismatch = (55) Semismat

Exc. Thin-fin is pilyimidl = g = = X k! EYeta oo S0
depo:uh/@ 259, Hlon Cotle o BT:28° — AT= 225k o

é+.m:,mu. = (70- 2.8 (23) < 1 S x5
O i s = (46 515 = 60, 40.5HPs

o STress is (), s fensile
[(-) wndd be canpesive

"i"'
e
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MEMS Material Properties

U

ot

Material Properties for MEMS

CBerkeley
__Units:
| f"’ (mis)?
Material Density, p, Modulus, E, I ‘l
|
- _Kgfm® | GPa | GN/kgm J(E/p) is
Silicon 2330 165 72 acoustic
Silicon Oxide 2200 73 36 velocity
Silicon Nitride | 3300 | 304 | 92
.Nil'i\l‘l_ e i S‘?iﬂ- T] - __f_’_li?"-_.“ | 23
Aluminum 2710 69 25
i\llll'l.\:il'llll{'l B 3970 i 393 99
Oxide
Silicon Carbide | 3300 40 | 130
I-)i.lmund 3510 1035 295

[Mark Spearing, MIT]

Young's Modulus Versus Density
rknln—

1. MODULUS-DENSITY

YOUNGS MODULUS E
(Ga3E/8; k=E)
2

Lines of constant
acoustic velocity

YOUNGS MODULUS, E (GPa)

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

DENSITY, P fMg/‘n"‘
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@ Yield Strength 5 Yield Strength (cont.)
" UGBerkelgy UGB
* Definition: the stress at which a material experiences * Below: typical stress vs. strain curves for brittle (e.g., Si)
significant plastic deformation (defined at 0.2% offset pt.) and ductile (e.g. steel) materials
. Bel9w *rh.e .yielld point: material der.orc'ims elasffcally - r':furns Tensile Strength
to its original shape when the applied stress is remove Stress ;% * N
* Beyond the yield point: some fraction of the deformation is i g T e S
permanent and non-reversible 5‘ / P ™~
| i‘ \ Fracture
4 - SN *
Yield Strength: defined . - t / /™ Proportional Limit i
at 0.2% offset pt. (Si @ T=30°C) “\\\ j:"fii i
oo Ductile (Mild
Elastic Limit: stress at which ' = Steel) S
permanent deformation begins Brittle (Si) "m\
T /_\/ ‘}E" I (or Si @
Proportionality Limit: point at ‘ T>900°C)
which curve goes nonlinear !
True Elastic Limi‘rm ) N B ' [Maluf]
at which dislocations move R gmit. Strain
5%  Young's Modulus and Useful Strength o Young's Modulus Versus Strength
U B — lLC Berkeley
Stored mechanical energy : (< 1
et S A S i .| > Lines of constant
[ Material Modulus, E, Useful (\,"/r-,;\ /" “maximum strain
Strength®, o, 4 ' :
E E
__ GPa | MPa_ | (jx10°| NI
| Silicon 165 4000 24 97
Silicon Oxide 73 1000 13 14
Silicon Nitride 304 1000 9 4
Nickel 207 500 2 1.2
Aluminum 69 300 4 caeifsl: |
Aluminum Oxide 393 2000 5 10
| Silicon Carbide 430 2000 | 4 | 93
|Diamond | 1035 1000 1 0.9 [Ashby, Mechanics
From Mark Spearing, MIT, Future of MEMS O N, [ el | of Maferidls,
: B \ 0 v Pergamon, 1992]
Workshop, Cambridge, England, May 2003 STRENGTH @ (MPa)
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Quality Factor (or Q)

UGBetkele)

Resonator Beam

Frequency:
Stiffness Young’s Modulus

fo=i K, =1.03 EHZ
2r\'m, p L

5 . Clamped-Clamped Beam pResonator

Density
Mass I (e.g., m, = 10" kg)

CTN 3/4/14
Q ~10,000
/ io
V.|
0]
'\ coo 0)
Note: If V= 0V
C(t) = device off
. S
VP —_— 1 Iy =VP E
I L
Smaller mass = higher freq.
range and lower series R,

@ Quality Factor (or Q)
" UEBorkeley
* Measure of the frequency x ‘
selectivity of a tuned circuit
* Definition: Z\Nn o
_ Total Energy Per Cycle  { f,
Energy Lost Per Cycle BW,

* Example: series LCR circuit

R C L 5 g Imz)_eL_ 1
o—w—||-wp—o Re(Z) 4R wCR
/
* Example: parallel LCR circuit )
[+ . (Jompi)
6t 1B 0 ImY) oC 1
> L - LA
3 T ° Re(Y)” G LG
o
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% Selective Low-Loss Filters: Need Q
7 UGBetkeley
R i1 ® T R General BPF
Tk Tank Tank ] Implementation
Typical LC implementation: H
Byg Coi By By Cop By By Spg Ly e
U—W-II-‘-'—J_—N‘-I W |-4_u_-;-o T LR
é?re } v Iz @ . Tank O
d 7\ % Ir I 1 Insertion — 30,000
her- *1 Loss 20,000
* In resonator-based filters: high "] @g!ggg
tank Q < low insertion loss g : 2,000
* At right: a 0.1% bandwidth, 3- § .|
res filter @ 1 GHz (simulated) £ .20
% heavy insertion loss for 35 /fﬁ/ / \\\\
resonator Q < 10,000 -40 ‘ ; ;
Frequency [MHz]
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o Oscillator: Need for High Q i Attaining High Q
1" UGBetkeley e .
* Main Function: provide a stable output frequency * Problem: IC's cannot achieve Q's in the thousands
* Difficulty: superposed noise degrades frequency stability % transistors = consume too much power to get Q
Sustaining Ideal Sinusoid: Volt)=Vosin(2zf,] ig'f\;fg‘gpsrr::‘:u:gzcgg > Qs mw a’:gze:f*:\ggglo
Ampllfler

% mechanically vibrates at a distinct frequency in a
Frequency- Se'ec“"e thickness-shear mode

/\ /\ /\ * Observation: vibrating mechanical resonances = Q > 1,000
* Example: quartz crystal resonators (e.g., in wristwatches)
\/ \/ \/ ® % extremely high Q's ~ 10,000 or higher (Q ~ 10 possible)
@,=274Tg H H ieti
1N

Tank e g
X B\e%l Slnusmd Volt)= [\/o+g )sm[Z;zf t+9(t)) Elecirodes c,
i Tighter Spectrum Quarkz ::
i) — o—t l
e : —
@ ........ YA vv L Sl
’’’’ @, Thicknsss-Shear
Zero-Crossing Point & Rhode @>10,000
%  Energy Dissipation and Resonator Q i Thermoelastic Damping (TED)
UG Berkeley “UGBerkeley
Material | * Occurs when heat moves from compressed parts to tensioned
perectiloesestl parts — heat flux = energy loss
o Bendi Tension » Cold Spot  Heat FI
1 _‘ 1 1,y o1 1 CC-Beam (TED Loss)
Q B Q Q Q ; ’ Q g = F(T )Q( f ) = Compression
defects ‘ TED viscous support 2Q h 2 Hr;t Spot
2
. . a’TE
|_Thermoelastic Damping (TED) | r(T)= ¢ = thermoelastic damping factor
4pC, o = thermal expansion coefficient
At high T = beam temperature
Son b problen Q(f) =2 el el densiny
Bending ion = Cold Spot  Heat Flux fTED + f 2 C, = heat capacity at const. pressure
CC-Beam\ (TED Loss) K = thermal conductivity
z . /Elas::: stefadi;ation f aK f = beam frequency
ompression nchor Loss = h = beam fhickness
@ = Hot Spot @ TED 2,0C ph2 frep = characteristic TED frequency

Copyright © 2014 Regents of the University of California
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@ TED Characteristic Frequency i Q vs. Temperature
I UGBerkele " UGBerkeley
p = material density Quartz Crystal Aluminum Vibrating Resonator
f _ K C, = heat capacity at const. pressure o
TED = 2 K= thermal conductivity F
2pC ph h = beam thickness i
frep = characteristic TED frequency ot TG ~500,000
. ] o, t 30K
Governed by . . | Peak where Q is minimized | wE : =
% Resonator dimensions .
% Material properties :F 4 Q ~5,000,000 |
2 ok at30K | _ [from Braginsky,
TABLE 1. MATERIAL PROPERTIES uu- L N - - m"-{/ sYstems Wifh
Property Silicon | Quartz Units g," \ Lo " e e — R 25 Small Dissipation]
Eeetie moae | 170 | 07 | T ynerem? § L - [ Q ~300,000,000 at 4K | N ol
ket | 28 |t gel” \\ -
T‘h;rvrinlar:ondyuc— 1.50 010 | 107 dynesorss| G Mechanism for Q increase with Q ~1,250,000 at 4K
Peak damping 1.06 .34 | 104 £ decreasing temperature thought - -
@ 300k S o w0 2 maw to be linked to less hysteretic Even aluminum achieves
Relative Frequency f/frep motion of material defects = exceg‘rional Q's at
[from Roszhart, Hilton Head 1990] lIess energy loss per cycle | cryogenic temperatures
] Rk .
@  Polysilicon Wine-Glass Disk Resonator 5 1.51-6Hz, Q=11,555 Nanocrystalline
 UGBukeloy s Diamond Disk pMechamcnl Roconatnr =
_ . Impedance -mismatched stem for
c g @ 4 —f,=61.37 MHz _ reduced anchor dissipation
ompoun — =
Modg 2.1) 5 Q=145,780 * Operated in the 2" radial-contour mod
a 60 * @ ~11,555 (vacuum); Q ~10,100 (¢
E ° esign
a Below: 20 pm d"_‘f"le"f" _d'Sk_ . R=10um, (=2.2m, d=800A, V=7V
s 50 R f,=1.51 GHz (2" mode), Q-11 555
& ) — B4 ‘
0 ¢ f, =1.51 GHz
38 | = 11,555 (vac)
-100 5 3 b = 0 00 (air)
61.325 61.375 61.425 Polysilicon 2 -90 1
Frequency [MHz] Electrode R e TE:_ '32: 0 (air)
Resonator Data : '32:
R=32pm, h =3 um 2 100
D Diama ; ; ; |
d=80nm,V,=3V e shanicali S = 15074 15076 1507.8 1508 1508.2
Resonato Plane Frequency [MHz]
[Wang, Butler, Nguyen MEMS’04]
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Disk Resonator Loss Mechanisms

(Not Dominant
in Vacuum)

Gas
Damping

Strain Noqal Drift Loss
Energy  AXis
Flow \ v
17
— > ;i; R o
59 > ;l; —

Electronic Carrier

No motion along

but motion along

(Dwarfed By
Substrate Loss)

the nodal axis,

the finite width
of the stem

/

'i A
/'$$ Stem Height

Disk Stem H*

A4 helps
reduce loss,
but not perfect

Hysteretic

Motion of
Defect

(Dwarfed By
Substrate Loss)

L)
f
Substrate I
1

(Dominates)

Substrate
Loss Thru
Anchors

U

Y

MEMS Material Property Test

Structures

U

UEBetkeley
L]

Compressively stressed film —
bends a wafer into a convex

shape

deposited

E'h?
O':
6Rt

* Determine the radius of
curvature R, then apply:

Stress Measurement Via Wafer Curvature

0
‘ :‘_Q_J‘ Slope = 1/R
x

J

* Tensile stressed film — bends
a wafer into a concave shape
* Can optically measure the
deflection of the wafer
before and after the film is

mirror

o = film stress [Pa]

Scan the

hd

Detector

R

E' = E/(1-v) = biaxial elastic modulus [Pa]
h = substrate thickness [m]

t = film thickness

R = substrate radius of curvature [m]

- UGBerkele

y

MEMS Stress Test Structure

* Simple Approach: use a clamped-

clamped beam
% Compressive stress causes

buckling

% Arrays with increasing length
are used to determine the
critical buckling load, where

7% Eh?

O critical = — 3 12

E = Young's modulus [Pa]
I = (1/12)Wh3 = moment of inertia
L, W, h indicated in the figure

% Limitation: Only compressive
stress is measurable

h = thickriess |

- W

Copyright © 2014 Regents of the University of California
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@ More Effective Stress Diagnostic i Q Measurement Using Resonators
" UGBetkeley I UGBetkeley
* Single structure measures both = ¢ = 6137 MH
e SmMPIESSE i i -40 —'o = . zZ—
Tonse e (HIALAALL Cuoiapoossia compre.sswe and fensn!e stress Compound % 0 = 145,780
* Expansion or contraction of test Mode (2,1) \ 8
beam — deflection of pointer & 0l
e * Vernier movement indicates 5
= ‘ type and magnitude of stress g
i i = 80
[Z]
Wy : g -100
Test Beam Expansion @ S 61.325 61.375 61.42
s j _ Frequency [MHz]
Contraction — Tensile Resonator Data

R=32pm,h =3 pm
d=80nm,V, =3V

st N
%220 0014

%  Folded-Beam Comb-Driven Resonator % Comb-Drive Resonator in Action
I UEBerkeley " UGBerkelcy
* Issue w/ Wine-Glass Resonator: non-standard fab process * Below: fully integrated micromechanical resonator oscillator
* Solution: use a folded-beam comb-drive resonator using a MEMS-last integration approach
£ Anchors Ratioed
Folded-Beams
22 Ml =
Port 1Jr SES=1 N F=nf| P2 g £,-342.5kHz
—] —_— [ Q=41,000
’1* I:ﬂ;l == ffz gL d
== “;ﬁ\ == 2 - _ 342,500
*1 2 E-ﬂﬂ: T .83 -
FI% F_I";:::! ]}% Anchors %‘Eﬂ’ ﬁr ]
_J; 24 3azas 250 2258 34z 60)

Frequency [kHz]

Copyright © 2014 Regents of the University of California
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i Folded-Beam Comb-Drive Resonator 5 Measurement of Young's Modulus
UGBerkeley U B
* Issue w/ Wine-Glass Resonator: non-standard fab process * Use micromechanical resonators ,
Young's modulus
* Solution: use a folded-beam comb-drive resonator % Resonance frequency depends on E
Anchors __Ratioed % For a folded-beam resonator: j 1/2
Folded-Beams 3 /
4ERW/L)
Resonance Frequency = f, = M
h = thickness 7‘ &
p— Equivalent mass
W |
> PR IL * Extract E from
= . z 1
af Q41,000 Ul Ly I measured frequency f,
g7 | * Measure or severa
: | = Measure f, f |
§° Q= 2425007 T | resonators with varying
£ : r dimensions
a * Use multiple data points
af _ _ ] — . ] to remove uncertainty
WE NS ey in some parameters
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