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i Lecture Outline
UL

* Reading: Senturia, Chpt. 5, Chpt. 6
* Lecture Topics:
% Energy Conserving Transducers
* Charge Control
* Voltage Control
% Parallel-Plate Capacitive Transducers
* Linearizing Capacitive Actuators
* Electrical Stiffness
% Electrostatic Comb-Drive
* 1s' Order Analysis
e 2nd Order Analysis
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w Basic Physics of Electrostatic Actuation
1 UL ).
* Goal: Determine gap spacing g as
a function of input variables
+ - * First, need to determine the
+ - energy of the system
" * Two ways to change the energy:
+q i ~-q % Change the charge q
+ F, F|. % Change the separation g
+ =
— g — AW(q.9) = VAq + F.Ag
: dW = Vdq + F.dg
+ -
* Note: We assume that the
174 plates are supported elastically,
so they don't collapse
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& Stored Energy
I UGBerkeley

* Here, the stored energy is q
the work done in increasing
the gap after charging

capacitor at zero gap Qr----- = Wq.9)
W = {}+Iﬁ dg" g eA zero gap >
) zero stored energy
. !
in olmgo oﬁ=° E] c;gbohaﬂ g .
Areq g
)2 2 eA *q T4
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& Charge-Control Case

1 UGB .

* Having found stored energy,
we can now find the force +
acting on the plates and the N
voltage across them:

+

+q — g

From oMW = !/olez £ Feolg' : Fe Fe
= foren (s gwen +ﬁ L
sz a0
fe: z.eA = lIM{GPe'Jevff a(:gefrq,a(nél
> Vbﬂaje ir given by: . —
Vv | : Gt 91(%2' ) 'éips: L c | :éuci:;wea)zad‘(

know ~~
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W Voltage-Control Case
Uliﬁ@ﬁﬁl@\ﬂ=
* Practical situation: We control V
% Charge control on the typical sub-pF MEMS actuation
capacitor is difficult
% Need to find F, as a partial derivative of the stored
energy W = W(V,g) with respect to g with V held
constant? But can't do this with present ‘W(q,g) formula
% Solution: Apply Legendre transformation and define the
co-energy ‘W'(V,g)
Effort (€9, foce, DlRse,...)
Wi,)- I @Ji j @(1)4(1 For a hrear
Sysiom, thase

We)- J.o 'ala(e - So ! @' (e) de wil he equd.

= Gndefine co-eregy as: W (€)= eq-W(q)

x (rowm Hhir plot)
e: &) (D‘l'-fp]ﬂ@menf'[ 0.9 displcement, chargs) F
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[ U[JBerkelev

) BLIRLLL,

the co-energy formulation becomes
WV.2)=qV-Wy,)
Difkerentialhy, Hhis becomes:
AW'(Vg) = (qaV+ Vo'q_) MW(q,9)

But  \oW(g,9) = Foda + Vd
(g by )
o '(vg) = gV - Fe J‘/ - fnersy

Xprer.\'lov\

Ffm d\vck QV'{V
C“\avgn ' Q s oV 9 cMn[.

Force f fe:-
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Co-Energy Formulation

* For our present problem (i.e., movable capacitive plates),

+

O

I
|||-é||||

Fe F,
L A
fo
"

V'
V(V, )l = 4hir glves '(Nq as @
V- cond of aPph'dl Vo Huge

C. Nguyen 11/18/08

JCiBerkeley

electrostatic force:

L

dg

charge: i
oW (V,g)
= av g
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Y Loy
2

.ﬁ-, Electrostatic Force (Voltage Control)
I UGB

* Find co-energy in terms of voltage (uy gap held onstunt)

W = _[q(g,mﬂ” a—]”'d?

(as expwck’o‘)

* Variation of co-energy with respect to gap yields

F=-HT.2 =—1[ ‘“"’4}7 ——V-

stm'ﬂg fum:ut}n of gap!
* Variation of co-energy with respect to voltage yields

[‘?“]s —CV as expected
5

C. Nguyen 11/18/08
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C. Nguyen

Spring-Suspended Capacitive Plate

11/18/08
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S

9—-)0

Ard 4o 94p: @ eiuﬂibrﬁm)
379072 > g™ k’° LA L. 5| = ominoaue q ad div
mlhnf
Jap

\#V¢as 5\L

11/18/08

Charge Control of a Spring- Suspended C

UCBetkeley
H+q gl
force generskd :_F 2 fixed
CL%Q q_ J\”" ax .F /:
Current I: + e
.. M) ]

10

Copyright © 2015 Regents of the University of California

CTN 3/31/15



EE 247B/ME 218: Introduction to MEMS Design

Module 12: Capacitive Transducers

Voltage Control of a Spring-Suspended C

R

"UGBerkeley
+ +q -q |- ~
+ -
fixed - T q _ [ fixed
PTG R 1F. |iF
9ar Ky - le k +_e =
But now: PW() 12
F W' (V,g) . LeéA V
T Vv
cuﬁic nonlinegrif,
A’J'ﬂo 3«?; '"0(
F
9° 972 Gom r"(z‘%vr J’* f:ﬂwvr""'“"“’“"
Chatg: (fr a shble ggp) 6 vi= @@
g- YD) oyl ] o fecket
v 19 9 £ loop gain >1, Hen His wil
go unstable!
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o Stability Analysis
UG Berkeley
d+q q|- |
* Net attractive fixed = . : j:f fixed
force on the plate: - = o |
3 Y e -
SAFr- + Z -
Fw= 7ol _k(ga_g) — g —
L
Fe E{fd’”_ ’\V
* An increment in gap dg leads to an t

increment in net attractive force dF

thd_.Qai;i [éAV+k]Jj

e
-
fre ¥ 2 dfit = 1‘5"' 420, Ly 5°
then £ stabilify (for 2 Steble
N}" othercwie, plake collapses”  uncoliapsed shate)
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Pull-In Voltage V;;

=
LR

i

£=I

G;Berkeley
Vpr = voltage at which the plates collapse
* The plate goes unstable when

edV,,’ edv,’
k = g ‘l;; (1) Gnd Ewi = 0 = 7”’3_ k(sgu - =gPI) (2)
P

& rie— pull-in gap
* Substituting (1) into (2):

0 Mg [l
9/:1 Yes PL™ | €A

99 v ‘ & kg

> . 3 S B L]

.1 939y PL 12 eA
] 2 When a i i
~ : 5 ! gap is driven by a
i 39 voltage to (2/3) its original L

spacing, collapse will occur!
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Voltage-Controlled Plate Stability Graph
B
Below: Plot of normalized electrostatic and spring forces vs.
normalized displacement 1-(g/g,)

:“')‘5)7':) e
o &

f
1_ B L]
A
¥
Spring Force 1/
0.8 ? Ty
t ¥y
9 08 - Yo /1
Q £, £
[¥] i
5 ' ’.;’ :\a‘{\ Electrical
“ oa b y R Forces
o
,f Ed
02 po~2foe” o ;
Stable "< £E-Tg~" _«” 1Increasing V
Equilibrium —/—§ 4~--"~
Points ] l L L | |

0 02 04 08 08 1
Normalized Displacement
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Advantages of Electrostatic Actuators

s

tc’gif'), |

* Easy to manufacture in micromachining processes, since
conductors and air gaps are all that's needed — low cost!

* Energy conserving — only parasitic energy loss through I?R
losses in conductors and interconnects

* Variety of geometries available that allow tailoring of the
relationships between voltage, force, and displacement

* Electrostatic forces can become very large when dimensions
shrink — electrostatics scales well!

* Same capacitive structures can be used for both drive and
sense of velocity or displacement

* Simplicity of transducer greatly reduces mechanical energy
losses, allowing the highest Q's for resonant structures

EE €245: Introduction to MEMS Design LecM 12 C. Nguyen 11/18/08 15

w Problems With Electrostatic Actuators
ugg

6
* Nonlinear voltage-to-force transfer function

* Relatively weak compared with other transducers (e.g.,
piezoelectric), but things get better as dimensions scale

EE C245: Introduction to MEMS Design LecM 12 C. Nguyen 11/18/08 16
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r_lll;jB,t;rll_(s,l.fw—.
Linearizing the Voltage-to-Force
Transfer Function
EE €245: Introduction to MEMS Design LecM 12 C. Nguyen 11/18/08 17
% Linearizing the Voltage-to-Force T.F.
L e e

Apply a DC bias (or polarization) voltage V, together with
the intended input (or drive) voltage v/(t), where V, >> v,(t)

W .2 y
) ] Felt - % I (%iﬁr&ﬂj 2 0¢
I : = 4 & Wl § (i) 5

o(1) [Vp’WV‘(:('J]d Fo ) 'LVr "'Ve >« Vi)
B_/

+g(t)

+ +

+2x :
oy — A
g A DEOffset  AC drive Signd
- o 2 -2 5 )

i : =
- [y<<ﬂ ] "CW\T’ """ar

. C
v(t) = Vp + v(t) x5, Fel- L v "'VPg’V('H
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=N

A Differential Capacitive Transducer
1 UL} B .
fixed — fixed
* The net force on the Ny ~ | Bt
suspended center N
— -q(t)_

electrode is +q,(t) +— e
F, net — er(f) - F, d{f} F““) _ - F"(ﬂ

+ +

+q/{f)

+
+ 4+ + o+ ++

_ g

— g
D° ‘yﬂ d‘”\ . ’ +"':\ //-':\
" Acsiomo matched ( J \_/
Y viD=Ve-v() vV Vel =Vet )

2
Freslf1 * 5 3¢ {lre0] - [vie?} |
- £ 0(% + 2wter + el - (5 ~ 20t (zw{n' )}
|- 200 - 25200 e imin
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B ————
Remaining Nonlinearity
(Electrical Stiffness)
EE €245: Introduction to MEMS Design LecM 12 C. Nguyen 11/18/08 20
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ucBerkeley

=  Parallel-Plate Capacitive Nonlinearity
Ul

Conductive
Structure

Electrode j k m

* Nomenclature:
V,orv, Va=IVscosot \ 000 EA

¥ d,

Example: clamped-clamped laterally driven
beam with balanced electrodes

— M |— x
>t \
Vioorva=V,+v, \
V AC or S? nal Component B I:dl
Total Value 9 P Ry
(lower case variable; Vi
DC Component lower case subscript) |
(upper case variable; V,— —
upper case subscript) I I
EE €245: Introduction to MEMS Design LecM 12 C. Nguyen -11/18/08 21

i  Parallel-Plate Capacitive Nonlinearity
-UCBetkelgy
* Example: clamped-clamped laterally driven Cs‘;':‘i‘gm’:
beam wﬂ'h balanced electrodes Electrode j K
y Expression for 0C/ox: m
(o S+ C1#% ) - &G, S 5)” \ 0009
d +x ] & dl
@Eypand the 'Efylv-lenlef &rﬂa‘] N
3’%:-%'L(HA,HA#HA_?'XH--') —\> m |— x
..2
A:_’ aB‘E Fdl
..
A @_ L
I pL
EE C245: Introduction to MEMS Design LecM 12 C. Nguyen 11/18/08 22
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%  Parallel-Plate Capacitive Nonlinearity
[ UGBetkeley
* Thus, the expression for force Cs",r':‘i':fr:';r“’:
from the left side becomes‘
g - Electrode j k m
Fare 7 5% (phai) s 155 (VP\—”) \ _W
ésmll df:plncemenb'- n«d] T g ”
1
Foe xS )(uA,'x) Vi - 25, +1) >
-:_'(-‘_'0_){\/”—2\/‘,‘”“/; —\> m |l— x
FAVE %~ AV XA, # A X, l \
@ resmane ;. = 4L Glf‘;u Ly —Fa
J Jk ax Pl !
Thus:
W, =l cosrw 1—( e Il sin et L J__
X 90° phase- shiffed fom Vi I :l:
EE €245: Introduction to MEMS Design LecM 12 C. Nguyen 11/18/08 23

#  Paradllel-Plate Capacitive Nonlinearity
[ UEBerkeley

Y=

* Retaining only terms at the drive frequency:

C
Fdl‘ Vo, ~2L| v, | cos mpt +Vp,
d,
Y

1 .
—5- x| sin wpt

\ J 1

Drive force arising from the P;gpolr'rional to
input excitation voltage at isplacement

the frequency of this voltage 90° phase-shifted from

drive, so in phase with

displacement
* These two together mean that this

force acts against the spring
restoring forcel!

% A negative spring constant
% Since it derives from V;, we call it

C EA
the electrical stiffness, given by: |K, =Vp) dOI =V —= 193
I 1

C. Nguyen 11/18/08
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behaves like any other stiffness
* It affects resonance frequency:

S
m m
12
[eaf, ke
m K
0 0
T o
/

Frequency is now a
function of dc-bias Vp,

EE C245: Introduction to MEMS Design

LecM 12

i Electrical Stiffness, k,
'[}, tkeley,
The electrical stiffness k, ngr"duc‘five
ructure

Electrode j k m

| [0

¥ d,

éx

—Fa

H|I|— R

3

C. Nguyen

-]

1/18/08 25

@  Voltage-Controllable Center Frequency
“UCBerkeley
Eicromechanical
Anchor
Resonator Eleotrode _ .
Nitride
V=
Isolation Oxide
Silicon Substrate - |
* Quadrature force = 329 _Mum
voltage-controllable 22 ¥
electrical silffness: g 21
Electrade
e A=""""0verl 221 1%
ke = 03# V?’ m“ g - “Qx
d %
— A =88um?
Gap E T8 2
Y- s1a |_4=1000A
[ = L m_tg 1.8 r r r
° ny m, ° ® bcBias v
EE C245: Introduction to MEMS Design LecM 12 C. Nguyen 11/18/08 26
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A

& Microresonator Thermal Stability
] e
100
g a0 \
. —1.7ppm/°C }.
® 60 webeoy
o
g 40
5
: AT-Cut
E 20 ¢ ) guarlllzi
4 : rysta
S 0 atvgrious
g-zo angles
T -40 -
2 -
3 -60 JfEFELIEL revpens
o Poly-Si uresonator pois
i 80 -17ppm/°C J
-10-0 '-4;3 .-2;3 ) 0 ) Z;J l 46 ) G;II ' 80 100

Temperature [°C] [Ref:Hafner]

* Thermal stability of poly-Si micromechanical resonator is
10X worse than the worst case of AT-cut quartz crystal

EE €245: Introduction to MEMS Design LecM 12 C. Nguyen 11/18/08 27
Geometric-Stress Compensation
" UG Berkeley

* Use a temperature dependent mechanical stiffness to null
frequency shifts due to Young's modulus thermal dep.
[Hsu et al, IEDM00] fopmi —2.5ppma’°C

x y

LolL4

]
o
[=]
o

-1000
-1500

-2000
-2500

Fractional Frequency Change

-3000 - : -

300 320 340 360 380
Temperature [K]

® Problems:

L stress relaxation

% compromised design

flexibility

[Q=10317

3 "13.48 1349 13.50
- £ ) Fraquency [MHz] [Hsdu' et al IEDM 2000]
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%  Voltage-Controllable Center Frequency
I"UCiBerkeley

323
* Quadrature force = 3224 _M%A. -
voltage-conirollable 222
electrical stiffness: g 1 “B.A%
Electrode
o™ s21 1.1%;
tods g Overiap n
lﬂ = 3 VP Area 2. A
d 32
— A=88um> A
Gar™ g | _e=io00A YV
f = l m_kg 21,8 v v v
T " [ 5 DC-B hj: . 15 20
EE €245: Introduction to MEMS Design LecM 12 C. Nguyen 11/18/08 29

Resonator

 Temperature
Increasing

Top Metal
Electrode

[

[Hsu et al MEMS'02]

100 : o
Top Electrode-to- | = [.i—————"X:] Elect.-Stiffness | A
Resonator Gap g 80 )_- -1.7ppm/°C |+ Compensation |
e o g o0 NG —0.24ppm/°C [
ect. Stiffness: £ 40| RN N2 s 2 | AT-cut
ke ~1/d3 8 E 20 o P \‘\*\.\' : "';"' o /X /:5:1;. Quartz
- B ULAC 2 ey o pen| | Crystal at
Frequency: g Of it STTR i >Vaé'l‘l’t“5
fo~ (K - k)05 g 20| AL // N = o Angles
W s 0 o NG fre
S -40 : e
Counteracts 5 6o il - \*\\ ez B
reduction in ‘g Uncompensated \ ~Ni-+-+-| On par with
frequency dueto | £-8| | resonator . ! i \*34 quartz!
e R 100
| temp. dependence - " Temperature [°Cl_ " [Ref: Haner] 30
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5 Measured Af/f vs. T for k.-
"UBekcitymmmm  Compensated pResonators s
VeV

1500

___7@,,:. 1000
)

> — 500 —12v

==

Vp

* U D S e 8v

Aflf [ppm]
O
o
o

Design/Performance:
f, =10MHz, Q=4,000 | -1000

V=8V, h =4um —0.24p‘pm/°C | ce
d,=1000A, h=2pm | -1500

W,=8um, L =40um 300 320 340 360 380
[Hsu et al MEMS’02] Temperature [K]

* Slits help to release the stress generated by lateral
thermal expansion [ linear TC, curves [ -0.24ppm/°Clll

EE €245: Introduction to MEMS Design LecM 12 C. Nguyen 11/18/08 31

Can One Cancel k, w/ Two Electrodes?

I UGBerkeley
* What if we don't like the -
dependence of frequency on V,? kx

* Can we cancel k, via a differential Fa

input electrod iguration? Fay
input electrode configuration ¢ \ —@UO\—%

* If we do a similar analysis for F, d q
at Electrode 2: \< L P
Subtracts from the - \
Q
Fy, term, as expected S Ll mPs
r N =
— 02 Q
Fa2l,, —_szd—2|V2 | cos at -

°
n
C )
+Vg, 2| x| sin a,t Vi @
N d2 J I
Y V — —
Adds to the quadrature term — k,'s add, "1 T Ve T

no matter the electrode configuration! = =
EE C245: Introduction to MEMS Design LecM 12 C. Nguyen 1

N

Q

©

o

| 38

=

[§)

9

w
Q :\:D Vv,
T V2

) 32

1/18/08
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["UCBerkeley

-

* Nonlinear voltage-to-force
transfer function

% Resonance frequency becomes
dependent on parameters (e.g.,
bias voltage Vp)

% Output current will also take on
nonlinear characteristics as
amplitude grows (i.e., as x
approaches d,)

% Noise can alias due to
nonlinearity

* Range of motion is small
% For larger motion, need larger
gap ... but larger gap weakens
the electrostatic force
% Large motion is often needed
(e.g., by gyroscopes,
vibromotors, optical MEMS)

LecM 12

EE C245: Introduction to MEMS Design

<

<
1H |—®— Electrode 1//

I:d2

I:dl

e

Problems With Parallel-Plate C Drive

o
—

o
~

\ 4

~~ A

|
3

Electrode 2

C. Nguyen

1

1/18/08

Q-
T "

>‘5"'_-§.':’ =
L/ 5

=

E2
=)

I
¢

c

(3-3

EE C245: Introduction to MEMS Design LecM 12

C. Nguyen

Electrostatic Comb Drive

11/18/08

34
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Electrostatic Comb Drive

CBetkeley

Use of comb-capacitive tranducers brings many benefits
% Linearizes voltage-generated input forces
% (Ideally) eliminates dependence of frequency on dc-bias

% Allows a large range of motion y Stator  Rotor
é—> \ /

. «Qﬁ:‘

Input Gomby Virating Shutils z X

|

-l [e—

Comb-Driven Folded Beam Actuator
EE €245: Introduction to MEMS Design LecM 12 C. Nguyen 11/18/08

L

o

& Comb-Drive Force Equation (1s' Pass)
I UCBetkeley,
Top View <
o
7 X
Side View <
(] £ = (- l/
Co S3h- [‘3i zé—j“} Wt éﬁ-’ 0
M1 2 2.€ol'\ A
5’ n ZQx(VP )= (Vp ZV?M, LA ) X [2Vp 7N;= &)
ﬁ wait! Tis (gnores a#o\pmch‘al eflds! ( No depordonce om ! lINt‘AR'_)
EE C245: Introduction to MEMS Design LecM 12 C. Nguyen 11/18/08 36
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= Lateral Comb-Drive Electrical Stiffness

- UCBerkeley

Top View <

b 4

* No (6C/0x) x-dependence — no electrical stiffness: k, = Ol
* Frequency immune to changes in V;, or gap spacing!

EE €245: Introduction to MEMS Design LecM 12 C. Nguyen 11/18/08 37

@  Typical Drive & Sense Configuration

[ UCBerkeley

2-port Latenal Microresanaion

Ng = # dhutle firgeer

V2

|/

i

For V|’ Y?-I U, = -0y

s L 9. Esh 2
v 2 5 Ve 5 (Y0 2o Ve et~ 2t )]
te 20 5
a1 0 (5 ) g™ 2, e gy |t 2 )
* Frt s Bl iy = 3 (SR (WEL- 21y o Vo) + ViU ) (20)

EE C245: Introduction to MEMS Design LecM 12 C. Nguyen 11/18/08 38
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s  Comb-Drive Force Equation (2" Pass)
1 UL ).
* In our 15 pass, we accounted for

Y Parallel-plate capacitance between stator and rotor
* .. but neglected:
% Fringing fields
% Capacitance to the substrate
* All of these capacitors must be included when evaluating the
energy expression!

Stator Rotor

7

Ground
Plane

EE €245: Introauction To MEMS Design Lecm 12 C. Nguyen 11/18/U8 39

+
+
5

& Comb-Drive Force With
" UBetkeley======= Ground Plane Correction
* Finger displacement changes not only the capacitance

between stator and rotor, but also between these structures
and the ground plane — modifies the capacitive energy

’ ac_ dC_ ‘ ,
. SCLA V;'+l “’1’?‘+£d€“ V. -vy
*odx 2 dx 2 dx 2 dx

[Gary Fedder, Ph.D.,
UC Berkeley, 1994]

EE C245: Introduction to MEMS Design LecM 12 C. Nguyen 11/18/08 40
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i Capacitance Expressions
UCBerkelsy

*Case: V., =V, = OV f
* C,, depends on whether or not y

fingers are engaged

region 3

regon 2

N[{sp Xt (&,ﬂ(ﬂ - x)]
~_ ! region 1

C. NC“’\ Capacitance per
unit length

[6ary Fedder, Ph.D., UC Berkeley, 1994]

EE €245: Introduction to MEMS Design LecM 12 C. Nguyen 11/18/08 41

o Comb-Drive Force With
I UeBerkeley====== Ground Plane Correction

* Finger displacement changes not only the capacitance
between stator and rotor, but also between these structures
and the ground plane — modifies the capacitive energy

dC c,
_aw_1 wy2 19C 2 1dC, 0y

F
“* ox 2 dx 2 dx de
\m
‘ N

rolor () F, = (C+C, - Co W,

1 G £Cn
+ (for U= Vp* o)

Emum.m = [6ary Fedder, Ph.D., UC Berkeley, 1994]
E
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'

&

i MB

J

° £=‘

Simulate to Get Capacitors — Force
erkeley

Below: 2D finite element simulation

T
@
“ —_ =
E =
Wal=0= L,=2m i AL it L TP «
S ST RRES 2
825 ——',————“———qrc— ———————— =25 E
g - \, spu Py
= s, 8
20 * 420
- - o 2| 8§ ~, o
F, —(( +Cp =G| B N — 2
|. ] L] S . 415 &
- -

20-40% reduction of F, ,

0 1 ] 1 1 1 1 0
-1.5 -1 -0.5 0 0.5 1 15
Vertical displacement of rotor, Az[um]
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‘= &

4

Vertical Force (Levitation)
rkele=

T XK N

i

EEx*

ldC

=15 (Vg -V, )

*For V. = OV (as shown): F,, =

EE C245: Introduction to MEMS Design

2dz

x{d( ;pg;c;s)}sz
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& Simulated Levitation Force
I"UC;Berkeley
* Below: simulated vertical force F, vs. z at
N different V,'s [f/ Bill Tang Ph.D., UCB, 1990]
"!“ : % See that F, is roughly proportional to -z for z
o less than z, — it's like an electrical stiffness
that adds to the mechanical
5 Vp=10V stiffness
A Pp=8V 2 \Z,—1
F FzzszPw:ke(zo_z)
3 Vp=6V Zy i
2 Electrical
Equilibriom lovitation, Stiffness
=
1
— ——
8 ——== *
Vertical fevitation [ym]
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5 Vertical Resonance Frequency
UG Berkeley
Vertical
resonance > = Ko +ke where k. = {ﬁ}/z
frequency w,, k, Z,
0,/ 0,
Vertical Lateral
resonance = pesonance
frequency at  frequency
V, = OV

* Signs of electrical
stiffnesses in MEMS:
Comb (x-axis) > k, = O

- Comb (z-axis) »> k, > 0

Parallel Plate — k, < O

R —

EE C245: Introduction to MEMS Design

Applied voltage ’5’

LecM 12
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s

Suppressing Levitation
[ UC;Berkeley
N T I
z ~ \ - i >
L», ' o ! { ~
Stationary ‘\ ; i "- / / Stationary
Electrode {1 ITR Elecrode

* Pattern ground plane polysilicon into differentially excited
electrodes to minimize field lines terminating on top of comb

* Penalty: x-axis force is reduced

EE C245: Introduction to MEMS Design LecM 12
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& Force of Comb-Drive vs. Parallel-Plate
" UGBerkeley
X * Comb drive (x-direction)
l LV, =V, =V, =1V
y 1 ¢.h
vr=nv Fex:_ n V82
L 2.d,
Ly * Differential Parallel-Plate
(y-direction)
v Vo LV, =0V, V, =1V
hL
Gap =d,=1pum .Fe’y:lg"zdvz2
Thickness = h = 2 um 2 4 Parallel-plate
Finger Length = L, = 100 pm 1 £ hL generates a
Finger Overlap = L, = 75 pm —Zemhy)? much larger
Fey _2 d, force; but at
F, 1&h,,, 'rhfa cost of
X ——2V lineari
2d, ° Y
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