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Dagens forelesning

* Vertikalt vibrerende resonatorer

— Clamped-clamped beam (c-c beam)
* Virkemate
« = Detaljert modellering

— free-free beam (f-f beam)
* Andre typer resonatorer
— Tuning fork
— Bjelke med lateral bevegelse
— Disk resonatorer



Beam-resonator

Det er gnskelig med en hagyere resonansfrekvens enn
kam-strukturen kan oppna
— Massen ma reduseres mer-> beam resonator

Fordeler ved beam-resonatorer

— Mindre dimensjoner

— Hgyere resonansfrekvens

— Enkel

— Kan ha mange frekvens-referanser pa en chip

— Mer lineeer frekvensvariasjon mhp temp over et stagrre omrade
— Mulighet for integrering med elektronikk - lavere kostnader



Beam-resonator

First-order IMUﬁG“
resonant frequency: Beam

E T Anchor
f=1.03\[/— —
P |2

E = Young's modulus

p = Density
t = Beam thickness
L = Beam length

volw)

ac input signal

electrode

Figure 7.10 Illustration of a beam resonator and a typical circuit to measure the signal. The beam
is clamped on both ends by anchors to the substrate. The capacitance between the resonant beam

and the drive electrode varies with the deflection.

”En-port”-realisering



Utgangskrets

« Resonator er en tidsvarierende kapasitans C(w)

« Enkel elektrisk utgangskrets
— L = shunt blokkerende induktor: Apen ved hgye frekvenser
— C_= = serie blokkerende kapasitans: Kortsluttet ved hgye frekvenser

— Nar Vd er en hgy DC-spenning, sa er den dominerende utgangs-streammen ved
inngangsfrekvens w: i0 = Vd * dC/dt

— Ved haye frekvenser er i0 strammen gjennom Rc
« Kan veere inngangsimpedans i maleutrustningen. Kan erstattes av transimp.-forsterker

First-order 1M0ticn
resonant frequency: Bearm y
A , 0 v
& Anchor [ | :
f.=1.03 p 12 | — :
E = Young's modulus L .
p = Density Drive Gap L
t = Beam thickness electrode Va(w) Vo

L = Beam length ac input signal

Figure 7.10 lllustration of a beam resonator and a typical circuit to measure the signal. The beam
is clamped on both ends by anchors to the substrate. The capacitance between the resonant beam

and the drive electrode varies with the deflection.



Mekanisk resonans-frekvens

e [Eln /2
= — 4 /— = 103k, [=— [1 — g(Vp)]/7, 12.2

Parametre
— E = Youngs modul
— p = tettheten av materialet
— h =tykkelsen av beam
— Lr=lengde av beam

— g modellerer effekten av en elektrisk fjaerstivhet k_e
» Gjogr seg gjeldende nar en setter spenning pa elektrodene
« Subtraheres fra den mekaniske fjeerstivheten, k_m (beam-softening)

— K =skaleringsfaktor (effekten av overflatens topografi, typisk 0.9)
— V_p = DC spenning pa ledende beam

— k_r = effektiv resonator fjaerstivhet

— m_r = effektiv masse

NB! E og p inngar + fjaerstivhetsledd



Typiske frekvenser

TABLE 12.1. pMechanical Resonator Frequency Design®

Frequency h, W, Ly
(MHz) Material Mode (wm) (pm) (m)
70 Silicon 1 2 8 14.54
110 Silicon 1 2 8 11.26
250 Silicon 1 2 4 6.74
870 Silicon 2 2 4 4.38
870 Diamond 2 2 4 8.88
1800 Silicon 3 1 4 3.09
1800 Diamond 3 1 4 6.16

“Determined for free-free beams using Timoshenko methods that include the effects of finite 4 and
W, [11].



"Beam-softening”

DC-spenningen, Vd, forarsaker en nedoverrettet elektrostatisk
kraft

Kraften virker mot den mekaniske gjenopprettelses-kraften i
bjelken

Dette gjor den effektive mekaniske fjaerkonstanten til systemet
mindre

2
— Resonansfrekvensen faller med en gitt faktor \/1— C 'Vp /(k - 92)

— = resonansfrekvensen kan tunes elektrisk!



Detaljert modellering

« ¢c-c beam modelleres med referanse til
boka

— T. Itoh et al: RF Technologies for Low Power Wireless
Communications”, kap. 12: "Transceiver Front-End
Architectures Using Vibrating Micromechanical Signal
Processors”, by Clark T.-C. Nguyen

— (+ oppsummering av resultater fra diverse
publikasjoner)



Clamped-clamped beam
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Figure 12.4. Perspective-view schematic of a clamped-clamped beam pmechanical
resonator in a general bias and excitation configuration.
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Beregning av elektrisk eksitasjon

« 2 patrykte spenninger
* A) Beregn farst potensiell energi
* B) Deretter beregnes kraften -
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Figure 12.4. Perspective-view schematic of a clamped-clamped beam pmechanical
resonator in a general bias and excitation configuration.
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A. Electrical exitation

v, =input on electrode
v, =inputonbeam
v, —V, = effective voltage

U= %CVZ = %C(ve ~v,)° = potential energy

F=—==(v.-Vv ) — B. Force is change of potential energy vs. x
T o 2( e =) OX JeOTP &
2 2, 0C
=—(v,” —2v,V, +V, )a—x
E A WW,
:—:go
d, d,

W, = electrode width, W, = beam width
d, = electrode —resonator gap (static,non-resonance)
&, = permittivity in vacuum
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Prosedyre, forts.

» C) Sett pa DC-spenning, Vp
* D) Regn videre pa ligningen for kraften

- E) Diskusjon av ulike bidrag
— Off-resonans DC-kraft
— Kraft i takt med inngangsspenning
— Dobbeltfrekvens-ledd

13



C. A DC voltage is applied to the beam

v, =V,, vV, =V, =V, cosamt

D. F, = %(\/F,2 —2V,V. cosat +V,” cos? a),t)(g—(;

Observe that:

cos’ mt = %(1+ cos2mt)

2
V,? cos® mt = V? (1+cos2amt)

14



Then

1 1V? 1V°
F, =(=V,” V.V, cosmt + =——+=-1_cos Za),t)g
2 22 22 OX
C V., V’ C CV/’
F, = g (—+-1)-V, 5—Vi cosa),t+a—+c032a),t
ox 2 4 OX ox 4
I\ ~ NG ~ )
Off-resonance DC force Force driven by the input frequency,
Static bending of beam amplified by Ve
C V-2 : . :
a—#COSZa)t T.hIS tgrm can drive the beam into
ox 4 ' vibrations at

20),=a)0,anda)|:%/

The term can usually be neglected
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Prosedyre, forts.

« - Kraftens hovedbidrag er prop med cos
— Driver beam inn i resonans

* F) Kraften gir "displacement” (x-variasjon)
— Den lokale fjeerstivheten varierer over bredden av
drive-elektroden

— Lokalt displacement er avhengig av posisjon y

* G) Utledning av et uttykk for displacement, x(y),
som funksjon av fjeerstivheten i posisjonen y

16



Topologi

Clamped-Clamped Beam Electrode
d(y’) d(y)

> l |
LEE Lar

Figure 12.9. Resonator cross-sectional schematic for frequency-pulling and impedance
analysis. '
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The main contribution to the force: oC
-V, &Vi cosmt

At resonance the force will be:

oC
=V &Vi ()

The force will give a varying displacement, since the distance between
the beam and electrode is dependent on y-position

Generally: F =k - x, static!

K(Y) =Kt (Y) = effective beam stiffness in y

18



Dynamic performance of a mechanical system:

H(S):é:dlsp:cacement: 1ém y
orce 240, K
m m
2
P2 P61t 924 %sy?
m m
2
Vs 1)
H'(jy) = : -2

2 . 2
Q

kx = F 9 atresonance (generally)
J

G. In our case:

K(y) = +2 ~ Q&

S = ——V,
J kreff(y) Jkreff 8X

Force and displacement in opposite directions

19



Prosedyre, forts

* Nar bjelken beveger seg, dannes det en
tidsvarierende kapasitans mellom elektroden og
resonatoren

» H) Dette farer til en utgangsstream som er "DC-
biased” via Vp
— dC/dx er her et ulineeert ledd
— dx/dt er hastigheten

20



When the beam moves, a time dependent capacitance between the electrode
and resonator will be created, giving an output current:

oC ox
I, =—-V,——=0Q., where =V_C
@) P 6X 6t QO QO P
Q= Vp-C
éox '{'o o

21



Frekvenskarakteristikk

« Typiske parametre, Q, vakuum

— Gir bandpassfilter, Q ~ 10,000

— Egner seg for referanse oscillatorer og filtre med lave tap
Q ~ noen hundre ved atmosfaere-trykk

D 5 | | L] 1] i B || 3
Performance
fO = 8.51MHz

-5 - Q = 8000 .

Amplitude [dB]

848 849 850 851 852 853
Frequency [MHz]

Figure 12.7. Frequency characteristic for an 8.5 MHz clamped-clamped beam polysilicon
pmechanical resonator measured under 70 mtorr vacuum using a dc-bias voltage Vp= 10V, a

drive voltage of v,= 3mV, and a transresistance amplifier with a gain of 33 Kf2 to yield an
output voltage v,. Amplitude = v, /v;. (From reference [18])
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Prosedyre, forts.

* Overfagring til mekanisk ekvivalentkrets:
— "mass-spring-damper’-krets
— NB! Befinner oss fortsatt i mekanisk domene
* Bjelken beskrives ved "lumped elements”

* Elementverdiene er avhengig av HVOR pa
bjelken en betrakter, - avhengig av y

Figure 12.8. Lumped-parameter mechanical equivalent circuit for the micromechanical
resonator of Figure 12.4.
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I. Beregning av "ekvivalent masse” som funksjon av y
Utfyllende fra R. A. Johnson: "Mechanical Filters in
Electronics”, Wiley, 1983

Forenklet utledning av utbgyningsligning
Form pa "fundamentalmoden”

Hvert punkt, y, har en gitt effektiv masse, en gitt
hastighet
0g en gitt fjaerkonstant

Lavest "masse” midt pa, der hastigheten er

hgyest
KE, Den ekvivalente massen ved en
m,(¥) =7 3 lokasjon y
Z[V(Y)]

KE,,, = peak kinetic energy of the system
v(y) = velocity at locationy

24



Flexural mode resonator: beam

w = width, u =displacementin x —direction

E = elastic modulus, p = density
W, 3
y | = eE) =moment of inertia

The beam equation

2 4
2 l; _ELd lj,whereu:ule""t
ot PA oy

4
= a—l: = (o’ o u
oy El . ” ”

Trial solution - here: k is the "wave number

rial solu . /

u(y) = Acoshky + Bsinhky + C cosky + Dsinky

A, B,C, D canbe found from initial conditions

Mode shape for fundamental frequency, c - c beam:
u(y) = £(cosky —coshky) + (sinky —sinh ky)

(From "Johnson”)
25



Velocity in y - direction (along the beam)

v(y) = U(y) == (Ue") = jo-u(y)

Equivalent mass:

1 |
- A 2 rd '
. 2° !v (y)dy
Meq(y):1 ) = 1,
—V —V
5 (y) 5 (y)
1

S PAC-') j u(y')dy'  pwt j [X e (Y F by’

Meq(y) = = o
;(_a)z)uz(y) [Xmode(y)]

Xmode is the "shape” of the fundamental mode
= displacement as a function of y

26



X = shape of the fundmental mode

mode

= displacement as a function of y
X 046 (Y) = &(cos py —cosh py) + (sin gy —sinh py)
p=4.730/L,,"wave number"
&=-1.01781

Clamped-Clamped Beam Electrode
d(y’) d(y)

]
L

Figure 12.9. Resonator cross-sectional schematic for frequency-pulling and impedance
analysis.



Prosedyre, forts.

- J) Nar en har beregnet ekvivalent masse som funksjon av (y), kan
en beregne ekvivalent fjeerstivhet k_r (y) og dempefaktor ¢ _r (y)

— k_r ="ekvivalent”, dvs. med innvirkning bade fra mekaniske og
elektriske effekter

Resonance frequency
1 [k, 2k,
fo="-.|—F, @ =—
2\ m, m

r

Equivalent spring stiffness

K.(y)= a)02 -m_(y), wherem,_(y) is the equivalent mass
The damping factor c (y):

C k @,
S?+—s+—=5"+2s5+@,’

m m
C:ma)o:m\/k/m :\/m
Q Q Q

28



By just looking at the mechanical contribution:

A certain frequency, w_nom, and a corresponding Q-factor, Q_nom
are obtained:

The mechanical spring constant: k_(y)
gives the nominal values: w, .., Q...
The dampingis only dependent on the mechanical factors :

¢ (y) = b= Va3 M (V)
@nom 'mr(y) _ km(y)
Qnom a)noanom

) Where km(y) - a)nomz ) mr(y) K.

c.(y)=

Q_nom is the Q-factor of the resonator without the effect of
the applied voltage

km(y) is the mechanical stiffness without being influenced
by the applied voltage and electrodes

29



Tunbar elektrisk fjaerstivhet

* Fjeerstivheten kan tunes ved Vp

— Resultanten er avhengig av forholdet mellom k_e og
K m

* L) Beregn hvordan k_e avhenger av lokasjon y

30



The resonance frequency can be tuned by Vp

The electrically tunable spring constant, ke, is subtracted from
the mechanical one

The electrostatic beam - softening will change the spring stiffness
The resulting spring constant will be decreased:
k, =k, —k,, mechanicalminus electrical

The resonance frequency

1 |k, -k 1 |k k./m 1 |k k
f — m ro— m (1_ e ry— m (q_ (e 1/2
° 27\ m, 27:\/mr ( km/mr) 27 \|m, ( <km )

/E h k
f =1.03y |— . —(1—(—e))¥2
0 X p L2( <k ))

m
\The relation is changed along the y-direction
and has to be "summed” in an integral

31



k. is dependent on the capacitance C(y’) whichis
dependentonthe gap d(y’) causedbyV,
By equating the potential energy to the work:

U :lke-dz :ECVPZ :EVPZ@
2 2 2 d
2C 25A
=V = e

A contribution to the total spring stiffness from an element
at the location y’ and with a small electrode width dy’
2 eV dy’

[d(y)F

dke(yl) :VP

The local spring stiffness is dependent on the gap!

(d is the displacement from an equilibrium position)

32



The gap, d(y), has to be computed:

A force of F will give a displacement, d, from the
equilibrium position whereV, =0:

1 2 EOA

F = EV =k - "displacement”

I-e2

P gOWrI l - sh(y)
2 Tk (y)d (y")] sh(y)

The equation must be solvediteratively " static bending shape due
to the distributed DC force

d(y)=d, -

When d(y) has been found, then dk,(y’) can be computed:
2 80Wrdy’

[d(y)F

dk,(y") =V,
Then
k =2 dk_(y")
(==)=9(d,V,) = | ==y
- i Lj Kn (Y)

33



Forenklet betraktning (De Los Santos):

Regner bjelken flat over elektroden

Potensiell energi pga. pasatt spenning U, =—CV,’

Det arbeidet som utfgres ved a forflytte bjelken en £ 1
avstand g, MOT kraften som skyldes den U, = I'ffg x-dx==k, - g’
elektriske fjeerstivheten k_e 0 2
(Forutsetter at fjeerstivheten er konstant i hvert punkt, y’)

Energiene kan settes lik hverandre

Forenklet uttrykk for elektrisk fjaerstivhet e 2

34



Forenklet uttrykk for frekvensen:

7 1k, -k, 1 I'l k, {l— k, ]

- 27 \fl m, 27 \'l m, E
| | ||
L L S e/
2z\m, \ k&, "\ k,-g
Innsatt for C:
. A
(- — {E-G. i




Dette harmonerer med de tidligere detaljerte beregningene

. .2 & ”::d'r
dk, (J’ )= V™ D[d (F; )]3}

_

Differential electrical spring stiffness in location y” and
with an electrode width dy’




Beam-softening

* Resonansfrekvensen faller med en gitt faktor

J1-Co Vo2 (K, - 9%)

— = resonansfrekvensen kan tunes elektrisk!

fo \/ —1031<1/ g(Vp)'/2, (12.2)
21: m,
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Smasignal-ekvivalent

« En elektrisk ekvivalentkrets trengs for a modellere og
simulere impedansoppfarselen til denne mikro-
mekaniske resonatoren i en felles elektromekanisk

krets
Mee TIE . VY KreMye . Cre 217
Lx an? Cx=_: RI_ 3 a2 Y (1 1 )
ub Kre on; Ne
LB P
o—¢ o
+ e @ —_— +-
7 S & &7 ’Ec fe
o—b o

Figure 12.10. Equivalent circuit for a pmechanical resonator with both electrical (voltage v;)

and mechanical (force f.) inputs and outputs.
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Koblingskoeffisient

e Hvis en ser inn i kretsen fra venstre

* En ser en en transformert LCR-krets med nye
elementverdier gitt av (12.17)

— Elektromekanisk koblingskoeffisient = "transformer
turns ratio”

« Koblingskoeffisienten er utmeislet i notater fra
UCLA

— Tatt i forbindelse med 2-port lateral comb-drive
actuator (L10)

39



Small Signal Equivalent Circuit of Microresonators

I Tmlli.funn-:r &
153

Electrical < I_} H’Jc:huu:al

Domain Diomain
Unit of n®k
]1 is Farad
| mvn’
+ O 'M‘
%1 . ~ac
V FK =T
- O I::UT 1 "=l 'Eh

A

Equivalent
Electrical Circuit

11 I
s EE WEZelE= | MAE MIEZ F ENE MZISDE u
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Two-Port Equivalent Circuit (v, = 0)

= . = *
+ Jr.k'*l [ | fz +
-
1 I, V=0V
IL;1 —C,, C, 0211y 3
- R‘HI -
PR !

EE C245- ME CZ218 Fall 2003 Lecture 26
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Equivalent Circuit of 2-Port Resonator
(in Electrical Domain)

QH-I-- & tl-l IJ

. L | = il

C G
C.=05fF
I L. =200 kM
L, C. R,
Ca C. R,=500k0
Flzad neHnau:trI-::elI—"iIlI : : Co.o = 15fF
Capacitance "3
Batwaan fxed comb e . P Em o,
And ground plana A “ogn T T ey
m N

1 L —= L |

L TG Hpuyesn, “NMiaromeohianical raconators Tor oeollabors amd fIRere, " Procaaaings

EEE Intarmadional Ultraconios Sympocium, Seatte, Wa, pp. 285498, Nov_ 7.10, 1996
b Wiu 31 EE BMIE0E | MAE M2EZ | EME MISOE

[
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Diskusjon:

FaRm

(|

ICOLY JOLYTECE NI
3D IBALT DI LATS ANFE

Resonator equivalent circuit

Admittance at resonance is

Two types of currents possible:

- from resonator motion (should Yin ‘-{-

dominate!)
«from electrodes and resonator acting as
pure electrical structure (from where we want to minimize the
feedthrough capacitance) motional resistance, R, :
Vk*m o, dC
C, R,=—— nN=Vpe—
i on d
* Need:
»High Q
L AAN YL, »High coupling (high voltage or small
gap)
Con L »Low mass
> Low stiffness (!) 95

lonescu, EPFL
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Vertically-Driven Micromechanical Resonator
* To date, most used design to achieve VHF frequencies
Resonator Beam W, i ; @~10,000

7 i
I /= L, >/ —Lr T ﬂ/?\
|
f I I -

Eh  E=Youngs Modulus
| NP p=density
(e.g. m,=10""%kg)

* Smaller mass " higher frequency range and lower series R,

— C. I-C. Nguyen Unerv of Michigan —""J
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Voltage-Controllable Center Frequency

Micromechanical
Anchor Resonator Electrode

Silicon
Nitride

Vp | . . . },

T =

E Isolation Oxide

Silicon Substrate
32.3
* Quadrature force m 322 4%&7\
voltage-controllable 22 .
electrical stiffness: ¥ A,
Electrode =, __ .
E.{}‘d{;ﬂ'ﬂ" Overlap = 32.1 uﬁ\\'_\.h 1.1%;
k = If'l Area e 32
¢ > P S 3 A
: — 2
Finger‘“‘"ﬂﬂ g 31.9 4,=88im ‘)"§
Gap L 1 a=1000A
— .
1 llkm ke* 31.8 . . .
fa C2m m 0 5 10 15 20
\ r DC-Bias [Fp]
— C. T-C. Nguyen Unrv. of Michizan —"J
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4 D
Micromechanical Resonator Equivalent Circuit
Resonator Beam

\ i
/ﬁ oV
. v } -~ 2

Q~10,000
/ %F}’ i) L)

Electrodes :[
4

Typical.
C,~0.20 fF
L,~2.6mH
R,~115Q
C,~17fF

— C. T-C. Nguyen Ly, of Michigan —"'J
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Fabricated HF uMechanical Resonator
* Surface-micromachined, POCI;-doped polycrystalline silicon

Anchor

Resonator

Press.=70mTorr
V=10V, v=3mV

L,=40.8 um W,=8 um
h=2 pm, d=0.1um

* Extracted @ = 8,000 (vacuum)
* Freq. influenced by dc-bias : - . . . .

8.48 B.4% 8.50 B.51 8.52 B.53
and anchor effects Frequency [MHz]

Transmission [dB]

h"— C. I-C. Nguyen LUnrv. of Michigan —")
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Tap, c-c-beam

Stivheten til en gitt resonator-bjelke gker i takt med
gkende resonans-frekvens

— Mer energi pr sykel gar inn i substratet via ankere

c-c-beam har tap gjiennom ankerfestene
— —> Q-faktoren gar ned nar frekvensen gker

— c-c-beam er ikke den beste strukturen ved de hgyeste
frekvensomradene!

— Eks. Q =8,000 ved 10 MHz, Q = 300 ved 70 MHz

c-c beam kan brukes til referanse-oscillator eller HF/VHF
filter/mikser

”free-free beam” kan brukes for a minske tapet
gjennom ankerene i substratet!

48



free-free-beam

Gunstig nar det gjelder tap til substratet giennom
ankerfestene

f-f-beam er opphengt ved 4 support-bjelker i bredde-
retningen

— Torsjons-oppheng

— Oppheng festet ved nodepunktene for "flexural mode”

Support-dimensjonene tilsvarer en kvart-bglgelengde av
f-f-bjelkens resonans-frekvens
* Impedansen som bjelken erfarer fra support nulles ut
 Bjelken blir fri til & vibrere som om den ikke hadde noe oppheng
Hayere Q kan oppnas
— Eks. Q= 20,000 ved 10 — 200 MHz
— Anvendes i referanse-oscillatorer, HF/VHF-filtre/miksere
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free-free beam

Quarter-Wavelength Anchor
Torsional Beam

Tum

- | - *

I ' 13.3um
14.91m T \

Flexural-Mode Ground Plane and
Anchor Beam Sense Elecirode

Fiz. 20, 5EM of free—free beam wmtually levitated mmeromechamical res-
onator with relevant dimensions for f. = 71 MHz

Nguyen, 1999



f" '
92 MHz Free-Free Beam Resonator
* Free-free beam umechanical resonator with non-intrusive
supports = reduce anchor dissipation = higher Q
: Support Flexural-Mode
Drive
Electrode Beams 13.1um Beam
Ground Plane and i ]
. Sense Electrode sl ]
| Design/Performance: 2 ﬁ i
L=13.1um, W,=6um s L | }92.25 MHz -
h=2um, d=1000A T ,/ IHH 0=7,450 1
Vp=28V, W,=2.8um 5 7L \ i
f,~92.25MHz s w.f*'“*w M 1
Q~7,450 @ 10mTorr e '
[Wa ng! \'Fu! Ng uyen -1993] sz.az Ei.z:equeiz:rE[HHz]Eliﬂ azao
L C. I'-C. Neuyen Umiv. of Michizan -/




VHF Free-Free Beam High-Q
Micromechanical Resonator

Free-Frea
Ouarier-YWavelength »
Tarsional EI:EII'I? Dimgles A" Resonator Baam  aoepor

Electrade B
E:;:
Vo
; Cee
vi () - Ry
F = — e 1,.’F
w = Fleccural-Mode “ Bhadow |I th S-I:]'u i Graund Plana and I.
Marde Foin A el LI Senee Electrods = A

Ground Plane and
Elactrode Polyeilicon |-—1-'|-’,. ,_1| r

Ry ——

I

i ¥ ¥

(b -"'H._ 1" .""r
Structural Pobysilicon imple Anchor
— TR
M T W (determined the gap) J MEMS Val @ Noo 3 E-:TJDE:' C. T.—-C. Nguyen, et al.

e N i N T B R D s e T e S T mv—
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Comparison of Frequency Characteristics
44T T T . T = -H: E
B Bl L=1F.8um, W=10um | _
- TEnLa | ol |
E i 'I-'I.-’¢=E_;I|_n'|. V=B 2 ol =50 35)Hz o=
B al E.—Jf;;:g 5 B Oags=B 430 -
E &0 = % L i
= L 1 T - i
1 E*": :
] | ]
Fraguancy [MHZ] o meﬂﬁ“ﬂq [;ﬂ.-:] o
Clamped-clamped beam Free-free beam
- L=16 um, d=0.03 pm -L=17.8 pm, d=0.12 um
- V=35V, f;=54.2 MHz - V,=86 V, £;=50.35 MHz
- Q=840 - Q=8,430
M. C. Wu 41 EE M2508 | MAE M282 | EME M2508 LA
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Andre typer resonatorer

Double-Ended Tuning Fork Resonators
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Current through structure = more resistance (decreases Q)
more feedthrough to substrate

T. Roessig, Ph.D. ME,

EE C245- ME C218 Fall 2003 Lecture 26
LIC Berkeley, 1997

18

”Stemmegaffel” - balansert!
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Scaling of Lateral Micromechanical Resonators

i 2000 4000 S000 BOOO 10000
Capacitance Gap [A]

Fig. I: Simulied plot of motional resistance versus electrode-po-

pesorton gap for & dlum-long, Jume-wide. Spm-thick, laperal
clamped-clamped heam pmechamical resonobor,

Sub-Micron Gap  Poly-5i Resonalor
Metal Electroce

Fig. 2: Crossa-section of the described sub-uimn elecirode-to-resoimi- ’Fi

tor gap process for lateral pestructures with medal electrodes,

M. C.Wu

43

= Combine Poly-Si (high-Q structural

« Advantages of lateral resonator
— Wider variety of resonant modes
— Balanced resonators (push-pull)
— More design flexibility

« As frequency scales up
— Resonator size shrinks

— Capacitive transducer gaps must
also shrink (to sub-100 nm for
VHF)

— High aspect ratio structures

materials) with metal electrode (high
conductivity)

— Self-aligned process

Hsu, Clark, Nguyen, "A sub-micron capacitive

pgap process for multiple-metal-electrode
lateral micromechanical resonators,” MEMS
2001, p. 349

EE M2508 | MAE M282 | BME M250B I::(‘;lﬂllL
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Radial Contour-Mode Disk p-mechanical Resonator

Cutput

Transducer
Electrode .

Gap

* Radial contour mode allows
high resonant frequency
without requiring sub-micron
structures

* Place anchor at disk center —
nodal point of contour mode
=¥ Reduce mechanic loss and
increase Q

R=17um. h=2um
d=1,0004, V=35V
f,=156.23MHz, 0=9,400

Fiz. 5: SEM and measured fre-

quency charactenistic fora  Hsu, Clark, Nguyen, “A sub-micron

156.23 MHz contour-mode capacitive gap process for multiple-

disk pmechanical resoni- metal-electrode lateral
156.15 156.2 15625 1563 tor fubricated via the pro- micremechanical resonators.” MEMS

(b) Frequency [MHz] cess of Fig. 3. 2001, p. 349
5 T

Amplitude[dB]

42 EE M2508 / MAE M282 | BME M250B lua‘
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Disk resonatorer

* Fordeler av disker framfor bjelker
— Redusert luft-demping
« Vakuum trengs ikke for maling av Q-faktor

— Hayere stivhet
* Frekvensen er hgyere for gitte dimensjoner

— Starre volum
* Hayere Q fordi mer energi er lagret
« Mindre problemer med termisk stay
« Periferien av disken kan ha ulike
bevegelsesmanstre

— Radial, wine-glass

o7



Increasing the Resonant Frequency

option 2. spring rate 2 «

il
£,=156 2IMHz
0=0.400

Clark Nguyen, Michigan

¥
£
£
;

Motivation. keep mass as a3
1582 PeEIE EE 3

158 15

large as possible in order to Foapainty B84
improve precision of fab,

power handling
IEEE IEDM 2000.

EE C245 - ME C218 Fall 2003 Lecture 27

10
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Bulk contour-mode resonators

1139.9MHz [In Vacuum), Q=1595 113!1MHZIIH Alr), @=1583

i\

IRl IPRTTRGEFRT]
MNTRAE B LA ANTT

i SO Q-7 - VisTEW] @77 4 s it
=, v =B 91V 'n = 0 vig=8 91V
.E BN - VigeT B4V E 1 Vige=T .84V
E -B3 3433 1
-BE - E ,
=1/ \ | e
§ -89 . g a0 e
R AT T3 w0 ez 18 1140 11an 14
SRFIRENT SRR ——" (a8)  Frequency [MHz] (b) Freguency [MHz]

., j * Q> 1’500 in both vaccum and air
Resonaior Disk * Tcoeff ~-15ppm/°C

» > 1GHz resonance frequency demonstrated

nterconnaect P 4 [Paly2]
I:d'} Final davica after HF mkaasea J. Wang el al, Transducers 2003.

 Bulk acoustic mode resonators / contour-mode disk resonators

» Frequency range: tens of kHz to GHz

* Quality factors > 10’000 for single crystal silicon demonstrated

» Further developments: process with nano-gaps < GHz frequency

100

lonescu, EPFL
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Self Aligned Stem—[Paly3]

e ¢ Sl’ N Electrodes

T 2 ¥

~Ground Plar Er )
[;Pﬂjlﬂ;;l] : | Resonator Disk

“nterconnect ¥ [Poly2]
(d") Final device after HF release

1.14 GHz Poly-Si Disk Resonator

1139.98Hz (In Vacuum). O=1595 1130 90Hz (in Alr), O=1583
@77 Ve=120] By -77 Ve 12 O
~ i) g
5 ’/\""‘J ol
E B3 A g L
f

E 86 J \ & 86

f =
EEE‘ | E B 1+
= i3 1140 1142 ™ 4138 1140 1141 1147

(@) Frequency [MHz] B}  Frequency [MHz)

Fig. T: Messumed (dark) and predicied (light) frequency dhamcterisics
for o 1 14=CilHe. 3nd mode, 20um-dsreter disk resomior measuned m
[a) vaomim and {51 0 air, usng o mxng meisraneTi s

EE C245- ME C218 Fall 2003 Lecture 27

* Note Q in vacuum and in air is the same: little energy loss to ambient; however,
energy loss through anchor ("stem ™) is significant
* EAMHike technique is used to extract the motional current.

Transducers 03, Boston

20

EAM = Electromechanical Amplitude Modulation (sinus ogsa pa "shuttle”)
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Begrensninger | mikromekaniske
resonatorer

* Frekvens-begrensninger
— Redusere m for a oppna hgyere frekvens

— Vil gi fluktuasjoner i frekvensen
* "mass loading”: utveksling av molekyler mot omgivelsene
 Luft-gass-molekyler utgver Brownske bevegelser (kraft)

* Energi-begrensninger
— Q avhenger av energitap fra demping
* Viskgs demping
« Vertikal bevegelse: squeezed-film damping
« Horisontal bevegelse: Stokes- eller Couette-type demping
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Begrensninger, forts.

* Temperaturavhengighet

— Resonansfrekvensen endres pga.
temperaturgkning og aldring

— Gkt temperatur farer til redusert frekvens
« Analog eller digital kompensasjon (feedback)

* Mekanisk kompensasjon

— Benytte strukturer med deler som har bade kompressivt
og tensilt stress: motvirkende effekter -
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Metal top
compensation
electrode

Temperatur-kompensasjon

Ve
dc bias

Palysilicon
Polysilicon b-:fttnm L
resonant  9rve =
Eantis electrode
(a)
Compensation Ancheor

electrade

Polysilicon resonant
beam (under metal)

Palysilicon bottom
drive electrode

(b)

Figure 7.11 |lllustration of the compensation scheme to reduce sensitivity in a resonant structure
to temperature. A voltage applied to a top metal electrode modifies through electrostatic
attraction the effective spring constant of the resonant beam. Temperature changes cause the
metal electrode to move relative Lo the polysilicon resonant beam, thus changing the gap
between the two layers. This reduces the electrically induced spring constant opposing the
mechanical spring while the mechanical spring constant itself is falling, resulting in their
combination varying much less with temperature. (a) Perspective view of the structure [23], and
(b) scanning electron micrograph of the device. (Courtesy of: Discera, Inc., of Ann Arbor,
Michigan.)
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Temperatur-kompensasjon, forts.

« Topp-elektroden reduserer effektiv fjzerkonstant ved at
Vc gir en elektrostatisk tiltrekning

« Topp-elektroden hever seg fysisk pga. temperaturgkning
—> farer til en mindre reduksjonen av fjaerkonstanten

« Generelt sett faller den mekaniske fjeerkonstanten med
gkende temperatur. Men reduksjonen blir mindre enn
den skulle ha blitt pga. at topp-elektroden sin effekt avtar
(dvs. "beam softening’-effekten blir mindre)!
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