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i i Material Properties for MEMS
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___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
MEMS Material Properties SliconNitide | 00 | 04 | %
Nickel SO
Aluminum 2710 69 25
Aluminum 3970 393 99
Oxide s e
Silicon Carbide 3300 430 130
Diamond 3510 | 1035 295
[Mark Spearing, MIT]

Yield Strength

UGBQ&&L@\_

* 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

. | ey ! I;i:;‘sjs:if: fl‘;'l‘zg’x to its original shape when the applied stress is removed
- e izl e ; | * Beyond the yield point: some fraction of the deformation is

i o ZHENEERIET | iz
FE ma 7 Gormmes = d
& permanent and non-reversible

Yield Strength: defined 1

at 0.2% offset pt.
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ﬂ} Young's Modulus Versus Density
]
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1. MODULUS-DENSITY

YOUNGS MODULUS E
(Ga3E/8; K=E}

WA 88-2i

Elastic Limit: stress at which
permanent deformation begins

Proportionality Limit: point at

which curve goes nonlinear

YOUNGS MODULUS, E (GPa)

_ [Ashby Mechanics
[ e [ ] of Materials, True Elastic Limit: lowest stress—> N
ool . o Pergamon, 1992] at which dislocations move P P »

DENSITY, P (Mg/m“
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- Yield Strength (cont.) s  Young's Modulus and Useful Strength
B UGB
* Below: typical stress vs. strain curves for brittle (e.g., Si) Stored mechanical energy

and ductile (e.g. steel) materials - i s N
) Material Modulus, E, Useful o 52
o ) Tﬂ‘ife Strength Strength’, o, ?"r ,".f )
ress ;% * " < >
5 ‘4“— N GPa -
4 - ~N 1 | B MPa | ()x10*| MJm®_
% \ Fracture Silicon =~ 165 4000 | 24 97
(Si @ T=30°C) ™ Proportional Limit | Silicon Oxide 73 1000 | 13 14
~ | Silicon Nitride 304 1000 R
Ductile (I;Md . Nickel 207 500 2 1.2
Stee ! i 69 | 3c
Brittle (Si) — | Alum!num . 69 300 4 1.3
™ (or Si @ Aluminum Oxide 393 2000 5 10 |
[ T>900°C) Silicon Carbide | 430 2000 | 4 | 93
Diamond | 1035 1000 1 0.9
o [Maluf] From Mark Spearing, MIT, Future of MEMS
Strain Workshop, Cambridge, England, May 2003

; Young's Modulus Versus Strength
-'ILC tkeley —
[-‘. MODULUS-STRENGTH e o = 1
: 5 Lines of constant
/ maximum strain
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Quality Factor (or Q)

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

STRENGTH o, (MPa)
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Resonator Beam

Electrode =

%  Clamped-Clamped Beam pResonator

V.
Note: If Vp= 0V
. = device off
requency:
; Young’s Modulus

Stiffness 9 1 v d£

o P dt

Density

Mass .| (e.g., m, = 103 kg)

Smaller mass = higher freq.
range and lower series R,

CTN 10/6/09

% Quality Factor (or Q)
~ UGBerkeley
* Measure of the frequency

selectivity of a tuned circuit

* Definition:
_ Total Energy Per Cycle
Energy Lost Per Cycle BW,

* Example: series LCR circuit
R C L

* Example: parallel LCR circuit
o -

&

s LB oo Q= =
3

“UBBetkeley

Rsexpnater Besonator R o

Typical LC implementation:

By Cw Ly By G Ly ‘gc.l-;;/

%  Selective Low-Loss Filters: Need Q

General BPF
Tack Implementation

[

7 Ca Tank Q

r 1 o ]serian | \—— 30,000

Loss 20,000

* In resonator-based filters: high & ] 12'888

tank Q < low insertion loss s z 4,000
* At right: a 0.1% bandwidth, 3- g 25
res filter @ 1 GHz (simulated) £ %

% heavy insertion loss for 3 //;/ / \\\\

resonator Q < 10,000 -40 \ ‘
998 999 1000 1001 1002

“‘*-

Frequency [MHz]

Copyright © 2009 Regents of the University of California

: Oscillator: Need for High Q
ch Berkeley

* Main Function: provide a stable output frequency
* Difficulty: superposed noise degrades frequency stability

Sustaining Ideal Sinusoid: V()= Vosm[an t)
Amplifier

Ry \ [ ]AvAvAv L.

Frequency-Selective l«To
Tank

—— Real Sinusoid: Vyt) (\/o+g(t)sin(27zf t+6’()j
‘ \H Eth g ﬁ "{l‘\-l\ If\\] Tighter Spe

%
e aavlie

@,

Zero-Crossing Point
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i Attaining High Q i
1B . "
* Problem: IC's cannot achieve Q's in the thousands
% transistors = consume too much power to get Q
% on-chip spiral inductors = Q's no higher than ~10
% off-chip inductors = Q's in the range of 100's

Energy Dissipation and Resonator Q
"

CiBerkeley

Material
Defect Losses

Gas Damping

1 1 1
* Observation: vibrating mechanical resonances = Q > 1,000 = /
* Example: quartz crystal resonators (e.g., in wristwatches) Q@ Quetects Greo  Quiscous OSUPPOFI
% extremely high Q's ~ 10,000 or higher (Q ~ 10° possible) | — T ———— .
H i icti i ermoelastic Dampin
% mechanically vibrates at a distinct frequency in a ping (TED)

thickness-shear mode

At high
ﬁ' frequ_ency, this is
11 l o Bending o = Cold Spot  Heat Flux our big problem!
CC-Beam \ (TED Loss)
ﬂ'—r Elastic Wave Radiation
Compression -— (Anchor Loss)
u = Hot Spot @
@> 10,000 =
A . 3 ) . 3
= Thermoelastic Damping (TED) B TED Characteristic Frequency
] e [
* Occurs when heat moves from compressed parts to tensioned K p = material density
arts — heat flux = energy loss _ C, = heat capacity at const. pressure
TED — = thermal conductivi
P 24 f 2 K= th | conducti
Bending Tension = Cold Spot  Heat Flux 2pC ph h = beam thickness
1] CC-Beam (TED Loss) frep = characteristic TED frequency
°= F(T )Q( f ) - 2Q h Compression * Governed by | Peak where Q is minimized I
2TE = Hot Spot % Resonator dimensions
a % Material properties Mo § -
I(T)= 4 ¢ = thermoelastic damping factor prop 5 N |
pC p o = thermal expansion coefficient TABLE 1. MATERIAL PROPERTIES g 1| St ez [0
T= beam femper‘a‘l‘ur‘e Property Silicon Quartz Units L;,‘: 1 /.’ ,/ ‘< qu
f f E = elastic modulus —— PR I £ | < o N\
Q( fo) =2 L p = material density f-_[':s.-.f moduius '{":Eﬁ lgigg ‘{Eu—;sﬁmmz § // / . AN\ e
Material densit 2.33 2.60 fem * o SLCEN |
fTED + f2 C, = heat capacity at const. pressure Heat capacity g 10 | 0TS ?.‘}"%’f,“n e 2 |/ A NN
K = thermal conductivity Tty e : : L I L« ~ |
K f = beam frequency e S B 2 ——
fTED =— h = beam thickness Relative Frequency, f/frep
2pC ;h frep = characteristic TED frequency [from Roszhart, Hilton Head 1990]
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W Q vs. Temperature s  Polysilicon Wine-Glass Disk Resonator
7 UBBerkeley " UGBerkeley
Quartz Crystal Aluminum Vibrating Resonator _
Py - Q40 —fo =61.37 MHz—
& " F Compound 2 Q =145,780
ot af Mode (2,1) \ 5
] i 2 6o |
ok 41| Q ~500,000 €
g g at 30K 2
e R E
P! Eoeor
3 Q ~5,000,000 : £
L at 30K [from Braginsky, £
. it Systems With g -100
" ey 2 ;. Small Dissipation] 5 61325 61.375 61.425
Frequency [MHz]

[ Q ~300,000,000 at 4K | * :\)'”;5 % ‘;r—ars,‘,lf
Mechanism for Q increase with Q ~1,250,000 at 4K

Resonator Data
decreasing temperature thought R=32pm, h =3 pum
to be linked to less hysteretic Even aluminum achieves d=80 V. =3V
motion of material defects = exceptional Q's at =s80nm, V, =
less energy loss per cycle cryogenic temperatures
= 1.51-6Hz, Q=11,555 Nanocrystalline i Disk Resonator Loss Mechanisms
w Diamond Disk uMechamcnl Roconatar =  UgBerkeloy

. Impedance -mismatched stem for
reduced anchor dissipation

* Operated in the 2" radial-contour mod

(Not Dominant - -
in Vacuum) Electronic Carrier

Drift Loss

(Dwarfed By
Substrate Loss)

- Q~11,555 10,100 Swain e
~ v ~ . xis
. Q (vacuum); Q (¢ an , Damping EI’:‘I%V‘?IV v No motion along
Below: 20 uym diameter disk R:louwm d=800A. V —7v \ — the nodal axis,
o L f =151 ond d 11 555 ¢ . 7 but motion along
; x z (2 mode), Q= ,_\-:-’-’ V14| “E— | \| the finite width
— -84 \ e R DD of the stem
D 6 f,=151 G(HZ) >~ > > ;|;<—<—<—<— 77
5 | Q =11,555 (vac MM
© 8 0 = 10,100 (air) / /'H¢ . Ma helbs
S -90 A . Disk H* Stem Height reduce loss,
= 92 Q 710,100 (a|r) 4 Stem Ny but not perfect
2 94 Hysteretic T |
E Motion of L Substrate
- -96 7 Defect ;I; Loss Thru
o 981 Dwarfed B : Anchors
D Diamond < -100 ‘ ‘ ‘ ! S(bwtarte L y Substrate I Domi
gt duec Duie i 1507.4 1507.6 1507.8 1508 1508.2 ubstrate Loss) ; (Dominates)
Resonato Plane Frequency [MHz]

[Wang, Butler, Nguyen MEMS'04]
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