C. T.-C. Nguyen, “Micromechanical resonators for oscillators and filtBre¢eedingof the 1995
IEEE International Ultrasonics Symposium, Seattle, WA, pp. 489-499, Nov. 7-10, 1995.

Micromechanical Resonators for Oscillators and Filters
Clark T.-C. Nguyen

Center for Integrated Sensors and Circuits
Department of Electrical Engineering and Computer Science
University of Michigan
Ann Arbor, Ml 48109-2122

Abstract—Fully monolithic, high-Q, micromechanical signal
processors are described. A completely monolithic higQ- Anchor
oscillator, fabricated via a combined CMOS plus surface W] e Sense
micromachining technology, is detailed, for which the oscillation Electrode
frequency is controlled by a polysilicon micromechanical resonator
to achieve high stability. The operation and performance of
pmechanical resonators are modelled, with emphasis on circuit and
noise modelling. Micromechanical filter design is described, and a
prototype two-resonator bandpass filter is demonstrated. An
integrated micro-oven that stabilizes the resonance frequency
against temperature variations using only 2 mW of power is
reviewed. Brownian motion and mass loading phenomena are ;.
shown to have a greater influence on short-term stability and !
dynamic range in this micro-scale. Scaling strategies are proposed
to alleviate potential limitations due to Brownian noise. +/
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INTRODUCTION g g
Mechanical tank components are widely used in communicaFig. 1: Perspective view of a two-port parallel-plate capacitively

tion circuits for high@ filtering at the IF and RF frequencies and trarr:sducquresonator under a general bias and excitation

to generate precision local oscillators. Among the most com: scheme.

monly used mechanical devices are quartz crystals and SAW fil- MICROMECHANICAL RESONATORS

ters, which are off-chip components that interface with signal

processing circuitry at the board level. The current trend to To simplify the task of integrating CMOS with micromechan-

include increasing amounts of a total system on a single silicas, capacitive excitation and detection is utilized fortresona-

chip makes fully monolithic higl@ filters and oscillators, where tors in this work. A variety of capacitive transducer topologies are

the mechanical element is fabricated on-chip, desirable. available in this technology. The choice of topology dictates the
_ The rapid growth of micromachining technologies, whichrequency tuning range and stability of firesonator.

yield high-Q on-chippmechanical resonators, may now make  Eigyre 1 shows the perspective view of a two-port clamped-

such systems possible. Wis of over 80,000 [1] under vacuum ¢jampeq heam, parallel-plate capacitively transdyredonator

) . I
and ;(e:nter freq;thncy tlemper.z;lrt]ureli:.oef?mint.s n thezrangtla OTI.“l 8la typical bias and excitation configuration [7,8]. An infinite
ppmFC (several times less with nulling techniques) [2], po ys'."nHmber of resonance modes are possible for the structure of
con micromechanical resonators can serve well as mlnlaturle . -

19. 1 [9]. The frequency of each mode is determined largely by

substitutes for crystals in a variety of highescillator and filter- ) .
ing applications. structural material properties and by geometry. For the case of

Such an oscillator has recently been demonstrated [3,£4€r0 @xial stress, the resonance frequépcyf a given mode
which utilizes a surface-micromachined, polycrystalline silicofior the clamped-clamped beam in the direction indicated (parallel
resonator [10] frequency-setting element and CMOS electronittsthe substrate) is given by the expression [9]:
to sustain oscillation, all fabricated onto a single silicon chip
using a technology that merges CMOS and surface micromachin- fo= i«[& — ﬁ]FD\LVD 1)
ing. In addition, passivamechanical filters, without on-chip mo2mim 2y pL2l
electronics, have also been demonstrated [5,19,20].

This paper reviews the design and performance of microme&herem is the effective mass of the resonator evaluated at the
chanical resonators and presents several specific examples of tpeint of transductionk is the system spring constaftjs the
application to communication electronics. Discussions for eadoung’s modulus of the resonator materls its density, and
application will focus upon analysis of the potential impact thahe geometric quantitids andW are given in Fig. 1. Different
miniaturization of highQ tank elements has on overall systenimodes are distinguished by the conskgptwhich is tabulated for
performance. For each potential limitation, counteracting desigty, ¢ <t five modes in Table 1.

strategies are proposed. As shown, the completgresonator device is composed of the

clamped-clamped beam resonator, a ground plane underneath and
in electrical contract with the beam, and two (or more) capacitive



Table 1: Mode Characteristics of Clamped-Clamped Beams Folded-Beam Electrostatic-Comb

” Suspension Transducers
Nodal — X
Mode " | points Knq fin/ fo L
Fundamentalfg) 1 2 1.028 1.000
1'Harmonic f,) | 2 3 2.833 | 2.757
2"9Harmonic f.3) | 3 4 5552 | 5.404
39 Harmonic () | 4 5 9.182 | 8.932 \ Vo
4™ Harmonic {s) 5 6 13.717 | 13.344
vV = , =V
. . . . o)
transducer electrodes. To bias and excite the device, a dc-bias I Anchors I round I
H . : . roun ane
voItageVplls applied to. thg resonator.and |t§ underlying ground = = Electrically-attached —
plane, while an ac excitation voltage is applied to one (or more) to Resonator
drive electrodes. A specific resonance mode may be emphasiz(Fig. 2: Overhead view of a two-port, folded-beam, lateral comb-
by using multiple drive electrodes, placing them at the displace sgl\{ggerseszﬂag;é\;\gﬂgftytﬁgaleas%ﬂftgr b;r\l?:i aé}gcfré%'gm;re
mgnt maxima of the desired mode, and_ applying properly ph_aSE suspendéd gm above the substrate, except for the darkly
drive signals to the electrodes. To avoid unnecessary notation: shaded areas, which are the anchor points.

complexity, however, we focus on the case of fundamental-mode
resonance in the present discussion. We also assume that the elecas seen in Eq. (3), the overlap capacita@gat portn is non-

trodes are co_ncentrated at the center of the beam and thatlm(?arly dependent upon displacemanand thus, the change in
beam length is much greater than the electrode lengths. Thig),itance vs. displaceméi@ /dx is a strong function of dis-

allows us to neglect beam displacement variations across t . . .
lengths of the electrodes due to the beam’s mode shape (i.e. placement. This nonlinear dependence leads to not only a nonlin-

may assume that(y) ~ xfor y near the center of the beam) Ae‘%? transfer function, but also to a dependence of the resonance
more rigorous analysis which accounts for all of these effectsflrseque_nc,y on thg de-bias voltayp [19]. To red.uce n.o.nlmeanty
certainly possible, but obscures the main points. and eliminate this component of frequency instability, the elec-

When an ac excitation with frequency close to the fundameffode-to-resonator capacitance must be made to vary linearly with
tal resonance frequency of theesonator is applied, theesona- €sonator displacement. In this work, this is achieved by using
tor begins to oscillate, creating a time-varying capacitand@terdigitated-comb finger drive and sense capacitors [10].

between theiresonator and the electrodes. Since the dc\igs Figure 2 shows the overhead view gfi@sonator which uti-
_ . . . . . lizes interdigitated-comb finger transduction in a typical bias and
=Vp -V, is effectively applied across the time-varying capaci-_"" . ) .
. i . excitation configuration. Thgresonator consists of a finger-sup-
tance at pom, a motional output current arises at porgiven by porting shuttle mass suspendegird above the substrate by
) ac, aC,ax folded flexures, which are anchored to the substrate at two central
I, = —Van == P ox 3t’ 2 points. The shuttle mass is free to move in the direction indicated,
parallel to the plane of the silicon substrate. Folding the suspend-
wherex is the displacement at the beam’s center (defined ing beams as shown provides two main advantages: first, post-

Fig. 1) anddC,/ox is the change in capacitance per unit displacdabrication residual stress is relieved if all beams expand or con-
ment at porn. For a given positive displacemeqthe electrode- tract by the same amount; and second, spring stiffening nonlinear-
to-resonator capacitors on the left-hand-side (LHS) decread¥,in the suspension is reduced [13], since the folding truss is free
while those on the right-hand-side (RHS) increase. Approximal@ move in a direction perpendicular to the resonator motion. A

expressions (neglecting fringing electric fields) &g,/ dx mayPcanning-electron micrograph of a100 kHz version of jihésso-
nator is presented in Fig. 3.

The fundamental resonance frequency of this mechanical res-
onator is, again, determined largely by material properties and by

be written as follows:

C 2
E;—d—on%H dlg , LHS geometry, and is given by the expression [10,11]:
%‘ = @p n n 3) 1/2
X [T2 3
Dd_on _a_g, RHS f, = 1 2Eh(W/ L) )
0"n n 2M a\ﬂ +1‘M +1_2M O
Plga™t 35700

whereC,,, is the static beam-to-electrode capacitance atmort

andd, is the static electrode-to-resonator gap distance. Note thgiereMp is the shuttle massd\, is the mass of the folding
dC,/ox is inversely proportional to the gap distance. As will b&ussesMy, is the total mass of the suspending beathandh are
shown, the value @C,/0x should be large to supprgsesonator the cross-sectional width and thickness, respectively, of the sus-
noise and to insure adequate designability of high frequenB§nding beams, andis indicated in Fig. 2.

oscillators and micromechanical filters.
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For this resonator design, the transducer capacitors consist of ~ _L 1 C. C. =15fF
overlap capacitance between the interdigitated shuttle and elec- ’ ) ’ e
trc_)de f!ngers. As the shuttle moves, these capac?tors vary Iin_early C. = Ma R = /km acC,
with displacement. Thu$C,/0x is a constant, given approxi- xn k X" Qn2 Nh = Vpnﬁ
mately by the expression m Nm
an == Prn = n_
0 aNgeh n "
aC —————,  LHS Fig. 4: Equivalent circuit for a two-pofimechanical resonator
“n. d d (5) showing the transformation to the convenient LCR form. In
X EP(N ch the equationsm is the effective mass of the resonator
—ao RHS evaluated at the point of transductiiis the system spring

constantQ is the quality factor, andC,/0x is the change in
capacitance per displacement at port

whereNj is the number of finger gagsis the film thickness, and
d is the gap between electrode and resonator fingessa con-

T T T T T T

stant that models additional capacitance due to fringing electric_, -5 —
fields. For comb geometries=1.2 [12]. Note from (5) that, 9

again,0C,/ox is inversely proportional to the gap distance. - -10 - B
Small-Signal Equivalent Circuit. AL -

The equivalent circuit for the two-port resonators of Figs. 1 or &

2 can be derived via impedance analyses, and is presented 2 20

Fig. 4, along with equations for the respective circuit elements. % -25 -
Typical circuit element values for the case of a 100 kHan2 s

thick comb-transduced resonator witlu® electrode-to-resona- 30 = N
tor gap spacings are also indicated in the figure, as is the simplify- : : : ! ! !
ing transformation to a series LCR tank when the transducers are 18820 18822 18824 18826 18828 18830

identical (i.e.,0C,/0x = dC,/0x). For present purposes, the series Frequency [Hz]

resistance is of most interest, and is repeated here for convesjg 5. Measured transconductance spectrum for a folded-beam,
nience: capacitive-comb transduced polysilicommechanical

resonator operated under a vacuum pressure of 20 mTorr.
R, = Lkm
X Qn, mechanisms become dominant [17,18], andQiuf thepresona-
tor is maximized with respect to viscous damping.
where variables are defined in the caption of Fig. 4. Figure 5 presents the measured transconductance spectrum
The equivalent circuit for capacitively transduced resonatofgy 4 folded-beam, capacitive-comb transduced polysiljcoe-
with more than two ports is a simple extension of Fig. 4 [1,19]. chanical resonator operated under a vacuum pressure of 20 mTorr.

Quiality Factor. The spectrum in Fig. 5 is highly selective, with a quality facor

In order to attain higlQ, pmechanical resonators should beof 51,000. For lower pressures, @Qés even larger, exceeding

operated in vacuum to eliminate losses due to fluidic dampiﬁ%ooo' T_his demonstrated degr_ee of frequenc_y selectivit_y makes
mechanisms [14,15,16]. Famechanical resonators wies in | echanical resonators well suited to higloscillator applica-

the range of 50,000 to 500,000, viscous gas damping ceases Y-

the dominant energy dissipation mechanism at pressures in the

range of 0.1 to 1 mTorr [15], where intrinsic material damping

, wheren,, = VPHE%—S(:EL’ (6)



DY rium requirements if the ambient temperature is not 0 K. Thus,
\ the magnitude of the noise force generator should depend upon
both temperature and the amount of damping in the system.
200 \Q\k An expression for the noise forgcan be obtained using the
\"\1 Equipartition Theorem [22,23,19], which states that any mode of
\\ a system in thermal equilibrium has an average noise energy of

(17 2)kgT, wherekg is Boltzmann's constant.(38x 1023 J/K )

400 ¢

° ‘\’\ andT is the temperature in Kelvin. Through equilibrium argu-

\o\o ments [23], the action of all modes (including molecular vibra-

-600 N tions, velocity, etc...) may be combined into the action of an

AL “ordered” mode, such as vibration of a mass-spring system. The
"\O average noise displacement of the mass in a mass-spring-damper
oscillator system, assuming a dominant mode irxtlieection, is
300 320 340 360 given by
TEMPERATURE [K]

Fig. 6: Measured plot of fractional frequency chaA@é in parts
per million vs. temperature for a folded-beam, capacitive-
comb transduced polysilicaomechanical resonator.
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wherex, is the displacement noise, afk20  is equal to the inte-

Thermal Stability. gral of k,|° over all frequencies. Inserting the expressionxXg? |
The use of a tank element with large quality factor helps {a9], then integrating and rearranging, the expression for noise

insure excellent short-term frequency stability in oscillators. T@rce is found to be [23]:

insure exceptional long-term stability, the temperature coefficient

of the resonance frequency and the aging rate of the tank element fTZ, _AkkgT  4/kmigT 9
must be minuscule. A~ wQ 0o 9)

Figure 6 shows a measured plot of fractional frequency
changeAf/f versus temperature for a folded-beam, capacitivéNote that this noise force is white over the thermal bandwidth. In
comb transduced polysilicqumechanical resonator. From theconverting from force to displacement, the noise is shaped by the
slope of the curve, the temperature coefficient of the resonarfogce-to-displacement transfer function of the mechanical resona-

frequency.TCy, for this device is ~10 ppAE. Through manipu- or Thys, the displacement noisg  peaks at the resonance fre-
Ia}tlonTof Eq. (4)6 the tempergtture coefficient of the Young's mods oo (where oscillators apanechanical filters operate). Note
ulus, TCg, may be expressed as that this noise i times larger than that for mechanical devices

TCg = 2TC,, -TC,. (7) operating below resonance, such as accelerometers [24]. From
(9), an expression for noise displacement at resonance may be
Using the measured value B, = —10 ppnfiC, (7) yieldsTCz =  obtained as follows:

—22.5 ppfIC. This value is considerably smaller than a previ- ) 2
ously reported number [21], and it is stated tentatively pending a X Q_Zh = M—kaT
more systematic study of other factors which can affect@e
As will be shown, the measurddC;, of —10 ppmiC can be Using Eq. (10) and the expression for output current as a function
reduced via on-chip compensation or on-chip oven control teabfdisplacement for a capacitively transduced resonator (Eg. (2)),

Af ~ K2Af W37 (10)

nigues. the noise current at resonance is given by
The;mhal NOItSa'e. d a damped mechanical i wZVZE’a—CEFE = T (11)
If the ambient temperature around a damped mechanical reso- Af oV P Cgx D Af R,

nator is finite (i.e., not 0 Kelvin), and if the system is in thermal
equilibrium, then the mechanical resonator must exhibit somghereR, is the series motional resistance of the microresonator
dggree of random (quwnian) motion.. This random vibration CORuan at resonance at the port in question. Note that Eq. (11) is
stitutes thermal noise in the mechanical domain. exactly the expression for thermal noise in a resistor with value

The magpnitude of the random vibration is dependent upon the of resonance, this noise is shaped by the resonator frequency
amount of damping in the oscillator system. To see this, consud%? L - .
oo : - characteristic. Thus, the thermal noise performance of a microme-
that to avoid violating the Second Law of Thermodynamics, th% . . .
. - . . chanical resonator is modelled completely by the noise perfor-
model for adamped simple harmonic oscillator must include a - - S .
. . - ; .~~~ mance of its equivalent circuit. For a port-symmetric resonator
noise force generator with sufficient amplitude to maintain the a ]
degree of random vibration dictated by the temperature of the s<€- N1 = N2 ), one need only add a noise generator correspond-
tem. Without this noise force generator, the damping of the syigg to the resistoR, in the equivalent LCR circuit. To minimize
tem would force any oscillation to decay to zero, implying ghermal voltage noise power jmesonators, this theory suggests
system temperature of 0 K, which will violate thermal equilibthat the series resistang be minimized. From (6), this in turn
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Fig. 7: Cross-section of the MICS technology for integration of =

CMOS and microstructures.

Fig. 8: System level schematic for tfiesonator oscillator.

requires that the electromechanical coupling fagttwe maxi-
mized.n is largest wheip anddC/ox are maximized. SincgC/
0x is maximized when the electrode-to-resonator gaps are min Sustaining CMOS Circuitry
mized,presonator noise performance improves as the electrodd
to-resonator gap decreases.

FABRICATION

To fabricate the describganechanical resonators, either sur- = T
face or bulk micromachining technologies may be utilized. Fo H L add
the communications applications to be described, the preferrg | ALELCLLELRRRRELEL
micromachining technology is often ultimately determined by thg
ease with which integration with electronics can be achieved, b
the properties of the structural material, and by the achievabl

degree of micromechanical complexity. For example, for somg Tl ||| Micromechanical

applications surface micromachining may achieve two levels o [ ELER AR O H Resonator

suspension more easily. On the other hamdsonators con- | '

structed from bulk-micromachined single-crystal silicon may . ]

exhibit superior material properties. Fig. 9: SEM of a fully monolithic higl® CMOS micromechanical
To maximize complexity and flexibility, the technology used resonator oscillator.

to fabricate the fully monolithic higkp oscillator to be discussed
combines planar CMOS processing with surface micromachinitighich two ports are embedded in a positive feedback loop with a
[3,4,5,32]. The technologies are combined in a modular fashiggiistaining transresistance amplifier, while a third port is directed
in which the CMOS processing and surface micromachining ali@an output buffer. The use of a third port effectively isolates the
done in separate process modules, with no intermixing of CMG®staining feedback loop from variations in output loading. Con-
or micromachining steps. Thi odularl ntegration ofCMOS  ceptually, the sustaining amplifier apthechanical resonator
and micr@tructures (MICS) process has the advantage in thatd@mprise negative and positive resistances, respectively. (The
allows the use of nearly any CMOS process with a variety of sufput and output resistances of the sustaining amplifier also con-
face micromachining processes. A cross-section of the MiGgbute to the total positive resistance, but will be neglected for
technology is shown in Fig. 7. now.) During start-up, the negative (trans)resistance of the ampli-
In order to avoid problems with microstructure topographyier Ris larger in magnitude than the positive resistance of the res-
which commonly includes step heights of 2 tpr8, the CMOS onatorR,, and oscillation results. Oscillation builds up until either
module is fabricated before the microstructure module. Althouglvme form of nonlinearity or a designed automatic-level control
this solves topography problems, it introduces constraints on ttiecuit alters either or both resistors so tif&R,, at which point
CMOS. Specifically, the metallization and contacts for the elegne oscillation amplitude limits.
tronics must be able to survive post-CMOS micromachining pro- A specific transresistance sustaining amplifier design has been
cessing with temperatures up to 885Aluminum interconnect, detailed previously in [3], along with methods for voltage control
the industry standard, cannot survive these temperatures. For tfithe oscillation amplitude. Figure 9 presents the SEM of a fully
reason, tungsten with TiStontact barriers is used as interconmonolithic highQ oscillator fabricated using the CMO$Struc-
nect for this process. tures process shown in Fig. 7. The complete oscillator, comprised
of the aforementioned sustaining amplifier integrated with a
MICROMECHANICAL RESONATOR OSCILLATORS 16.5 kHzpumechanical resonator, requires only 500 x 68 of
Figure 8 shows a system-level schematic describing the ba8l€2- Higher frequency oscillators that utilize much smaties-
architecture used for this oscillator. Since the motional resistar@@ators require even less area. Figure 10 shows the output wave-
of the presonator is large (Fig. 4), a series resonant oscillatéfrm of this oscillator measured on an oscilloscope.
architecture is utilized to minimiz@-loading [25]. As shown, the
system consists of a three-port micromechanical resonator, for
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Fig. 11: Plot of mass loading-derived phase noise density (at a 100
Hz deviation from the carrier) versus pressure for a 10
MHz clamped-clamped beapmechanical resonator at a
temperature of 300K for contaminant molecules with the
molecular weight of nitrogen and varying values of
desorption activation energy.

Fig. 10: Oscilloscope waveform for thgresonator oscillator of
Fig. 9.

Short-term Frequency Stability. resonator will contribute to the total phase noise power. Given
Short-term frequency stability is of utmost importance fothat the typical mass oftamechanical resonator is on the order of
oscillators used as carriers or local oscillators in communicationgllkg, mass loading noise is expected to make a sizable contri-

and radar systems. Short-term stability is typically measured fition. Mass loading noise [6] arises from instantaneous differ-
terms of close to carrier phase noise power density, whichdfces in the rates of adsorption and desorption of contaminant
directly related to frequency noise power. Typical phase noiggolecules to and from the resonator surface, which cause mass
requirements range from —100 dBc/Hz at 270 kHz deviation frofictuations, and consequently, frequency fluctuations. Some of
the carrier for the local oscillator in FDM/FM satellite communithe factors which determine the magnitude of mass loading noise
cations networks [26] to —150 dBc/Hz at 67 kHz carrier devianclude the adsorption/desorption rate of contaminant molecules,
tions in Doppler-based radar systems [27]. contaminant molecule size and weight, pressure, and temperature.
Many phenomena contribute to phase noise in oscillators. The An expression which estimates the phase noise density due to
most commonly recognized phenomenon is superposed electrafigss loading noise can be derived through a statistical analysis
noise from the sustaining amplifier. In the micromechanicajimilar to that in [6]. Such analysis for the case of the flexural-
domain, however, noise due to Brownian motion and mass loaflode capacitively transducgaesonators of this work yields for
ing have increased influence and may actually dominate amogigase noise density [19]:
mechanisms that cause phase noise.

s.r (Af)2/N
ool 21 ok, (13)

Superposed Electronic Noise. S(f) =
o( 1) (Sofo+ry)2+4m2f2 2

The phase noise power due to superposed electronic noise

from the sustaining amplme_r may be predl_cted theoretlca_lly USINBheref is the frequency deviation from the carrier at which phase
a procedure similar to that in [26]. Assuming a linear series re

. ! ;  "®bise is being calculated, is the mean rate of arrival of contam-
nant oscillator, and thus, neglecting hixed noise, the equation .

for the relative oscillator phase noise power derisjfyto carrier inant molecules at a resonator sigjs the probability that the

C power ratio at a deviaticky, from carrier frequenct is found contaminant will stick to an uncontaminated gijeis the desorp-
tion rate of molecules from the surface, &hid the total number

to be [19 . . : .

0 be [19] of sites on the resonator surface at which adsorption or desorption
Nop _ FKT 1 R2R, Df0D2 can occur. Equation (13) assumes a sticking probability of zero if
< ° TS_QZ(R,_ ¥ Rin)zRian (12)  an adsorption site is contaminated, so the magnitude of phase

noise predicted will be higher or lower than the actual value,
whereF is the amplifier noise figure is the loaded quality fac- depending upon the actual sticking probabilities for the molecules
tor of the resonatoR is the gain of the transresistance sustainingpvolved. The qualitative trends predicted by (13), however, are
amplifier, Ry, is the input resistance of the sustaining amplifienseful.

(Fig. 8), andR,_is the combination of the amplifier output resis-Pressure Dependence.

tance and the series motional resisteRgef thepresonator. Using (13) and accounting for the pressure dependenge of

Mass Loading Noise. [6], the phase noise density due to mass loading for a 1_0 MHz
In addition to superposed electronic noise, any physical ph%lgmped-cla_mped beapmesonator can be plotted as a fur_lct|on of .
gssure. Figure 11 presents such a plot for phase noise density

nomenon that causes instantaneous frequency deviations of‘?ﬁ L .
q Y versus pressure at a 100 Hz deviation from the carrier, where a



contaminant molecule with the molecular weight of nitrogen has 60 F T T T T =
been assumed, at a constant temperature of 300 K and for varyingN'
values of desorption activation energy. In this curve, a strong &
dependence on the contaminant desorption activation energy isﬁ -100 .
seen. In addition, for each of the curves, the mass loading phaseS,
noise density is largest at an intermediate value of pressure an

smallest at the higher and lower pressures. This is reasonabl@  -140 |- .
when one considers that at high pressures, the resonator may 2.
saturated with contaminant molecules and little transfer to and,; &
from the surface occurs. At extremely low pressures, very few®d @ -180 | -

) ; I
contaminants are present, and the flux of contaminant molecules o

ity

is likewise small. It is at intermediate pressures where transfer of- 1 1 1 1 )
contaminant molecules is maximized, and consequently, mass 200 400 600 800 1000

loading-derived phase noise peaks. Temperature [K]

As previously mentionedumechanical resonators exhibit Fig. 12: Plot of phase noise density caused by mass loading versus
high-Q when operated under low pressures, in the range of 0.1 t 9" +< - N
1 mTorr. However, these pressures may still not be low enough t tbeergﬁqergggi;%ﬁr g? %E'ZHgaFf‘;ﬁﬂ,Sr',i;e d"é‘f‘,{‘;{‘i’gﬂ ?r'g‘mpt?,%
achieve high®@ resonators with minimum phase noise. As seen carrier and for the pressure where mass loading noise peaks
from Fig. 11, the phase noise density due to mass loading ma, (1 mTorr).
still be large at these pressures, and even lower pressures may be

required to alleviate this noise source. Thus, given a required Resonators Coupling Springs

phase noise density level, mass loading may set an upper limit on M

operation pressure, and in this way, may ultimately dictate the

design of the most stahlenechanical resonator oscillators. | | | |
On-chip vacuum encapsulation techniques have been previ- = = = = =

ously investigated which provide vacuums with pressures below | | |

100 mTorr [30], or perhaps better [31]. Encapsulation strategies

which use gettering elements to remove residual gases may

potentially provide the even lower pressure ranges (&QL0°®

Torr) requested by Fig. 11. TWH”“%“‘“_‘”%“"H%WHN\TWHH?

Temperature Dependence. T

In addition to a dependence upon pressure, mass Ioadir;% T - i T
noise depends upon temperature as well. This dependence arisgé- 13:Ssh%r\‘l\ﬁLnagfegrgnﬁ‘éi;aeﬁﬁg?tgnlﬁsggg%‘sﬂ'ter’ explicitly
mainly from the temperature dependence of the rates of adsorp- 9 q '

tion and desorption of contaminants [6]. Using Eq. (13), the magghjeve such characteristics, higher order filters are needed, gen-
loading-derived phase noise density for_the 10 MHz parallel-plaé@a”y consisting of a network of tank elements coupled via
clamped-clamped beam resonator of Fig. 11 at 100 Hz frequengyergy storage elements. In the micromechanical domain, this
deviation from the carrier and for the pressure where mass log@twork of elements may be achieved by coupling mechanical
ing noise peaks (1 mTorr), is shown as a function of temperatyg;onators via soft mechanical springs.
in Fig. 12 . As seen in the plot, the effect of mass loading on the Figyre 13 presents the schematic of a five-resonator microme-
short term frequency stability of a resonator should taper off @ganjcal filter. As explicitly shown in the figure, such filters are
temperatures increase. This suggests that a low power micfsigned through use of electromechanical analogies, where the
oven, such as described in [2], could be used to substantiallisctrical domain inductance and capacitance of a properly syn-
reduce phase noise contributions due to mass loading. thesized LC ladder filter are implemented via analogous values of
compliance and mass in the mechanical domain. As previously
MICROELECTROMECHANICAL FILTERS discussed, resonators in the mechanical domain equate to LCR
Simple second-order higQ-bandpass filters are often tanks in the electrical domain, while coupling springs are analo-
required in communication electronics. A singfeechanical res- gous to coupling shunt capacitors. Mechanical filters can thus be
onator can provide a higQ-bandpass or lowpass biquaddesigned by first synthesizing an LC ladder filter to satisfy
response, depending upon whether resistive or capacitive detejuired specifications, then designing a mechanical network
tion techniques are utilized [19]. A typical measured response fsimilar to that of Fig. 13, with values of mass, compliance, and
an 18 kHz folded-beam comb-driveimechanical resonator transducer coupling coefficient chosen such that the electrical and
operated under 20 mTorr pressure was presented in Fig. 5, whigchanical circuits are equivalent.
indicated a quality factor of 50,000 and an effective 3 dB-down In order to realize a specific filter bandwidth, the quality fac-
bandwidth of 0.36 Hz. tor Q of the constituent resonators must be controlled to some
For most practical applications, however, filter responses witlegree. As is demonstrated later, for the case of two-resonator
larger bandwidths, flatter passbands, higher stopband rejectiamechanical filters, suc®-control can be achieved via control of
and steeper passband-to-stopband transitions are requiredtiEambient pressure. However, for the general case of high order
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Fig. 14: Schematic showing the resistive terminations required for
bandwidth control of a balancgeanechanical filter.

Folded-beam Feedback Fig. 16: Experimental demonstration@fcontrol. Eacturesonator

! Electrode Transimpedance transfer function corresponds to a different valueQef

Drive Suspension Amplifier controlling (trans)resistand®,. The measured values Qf
Electrode b are 53,000 foR,=1MQ and 17,000 foR,=3.3MQ.

N \
ports effectively lowers th@ of the system. Using the equivalent
circuit for a multi-porturesonator [1,19], the transfer function for

[
(gl
£

—a o  the system of Fig. 15 can be written as:
Y s Yo(je) = o 1 (14)
ense - T Xl 14NN TN
3-port Microresonator Electrode Vi Npl+2jQ (Aw/w,)
Fig. 15: Circuit schematic for activ®-control of a three-port where
presonator. 1
[Mqiiked?
filters, more selectiv€-control is required, in which each con- "= eff sy (15)
stituent resonator may require a unique valu@ofor example, v.20C0 9CO
in many designs th@ of the end resonators must be reduced, but P Dox L, Lox, @

theQ of the internal resonators must remain large. . . o
The simplest method for controlling teeof end resonators is 'S the controlled value of quality factor when the initial unloaded
to use terminating resistors in series with the filter input and oJESOﬂatO'Q IS .Iarge. In Eq. (14)Mefr andksysare the eff_ectlve
put, as shown in Fig. 14. In this figure, a balanced excitation affSS @nd spring constant of the resonator, respectiVely the
detection scheme, in which a differential input is applied, umber of resonator input fingefsy, is the number of resonator
shown. Balanced operation is advantageous for two reasons: fit@gdback fingers, anl, is the transresistance amplification pro-
the effective electromechanical coupling is increased sincevided by the amplifier. Note that from (1%); is independent of
larger number of fingers can be used; second, highly linear bHe original quality facto@ of the resonator. Note that the gain of
anced detection circuitry can be utilized. The value of terminatirtfis stage is completely determined by the ratio of the number of
resistanceR required for a given filter is proportional to the siz¢'€Sonator input finger; to the number of feedback fingeig,
of the motional resistand®, of its end resonators, given bywh|ch can be precisely specified to within an error dependent

; . . upon the matching tolerance of tB€/0x for each finger gap.
Eq. (6). For present-day micromachining technologies, and f?ﬁis, combined withQ variability, provides complete freedom in

reasonable values of dc-bias voltaBgis on the order of hun- gpecifying almost any arbitrary bandpass biquad transfer function

dreds of kilo-ohms, and corresponding valueRgére in the via thispelectromechanical system.

range of tens of megachms—impractically large for most IC pro- Using a fabricated multi-port resonator and off-chip electron-

cesses, and large enough to contribute substantial dynamic raﬁ‘%e control ofQ via this technique is demonstrated in Fig. 16,

degradation. which shows a plot of the resonator transconductance spectrum
Thus, an alternative method for controllipgesonatoQ is ~ under varying values @-controlling transimpedanc®,.

required. Since the initial quality factor of thenechanical reso- Utilizing this activeQ-control technique, the schematic dia-

nator is difficult to predict, any technique used to con@Qol gram for a passband-controllatpmechanical filter is presented

should be independent of its initial value. Geontrol method n Fig. 17.

which satisfies the above condition and provides ratioed specli&- . . . .

cation of the effective gain of the stage is shown in Fig. 15. Hetgyn@mic Range of Microelectromechanical Filters.

a three-porpimechanical resonator is utilized, where an input port The dynamic range of integrated electronic filters is generally

accepts an excitation signal, an output port directs resonatighited by electronic noise. For the case of micromechanical fil-

motional current to a transresistance amplifier, and a feedbagls, Brownian motion noise can play a dominant role in setting
port directs the resulting output voltage back to the resonator.

Properly phased competition between the input and feedback
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Fig. 17: Schematic for aumechanical filter utilizing activeQ-
control to control the passband shape and bandwidth. (Note
that this is a schematic drawing intended for clarity. The

actual placement of electrodes is more symmetrical than Fig. 18: SEM of a two-resonator spring-coupledechanical filter.
indicated here.)

the dynamic range in the absence of defensive design stratediieg technique can achieve higher operation frequency, as well
that minimize this noise source. [19].

_ In this respect, the choice of tﬁb(_:on_trolling scheme for a Of the noise sources comprisin?ﬁ in Eq. (1@ (which
given pmechanical filter can have a significant effect on the total X
dynamic range. This is because he magnitude of the inpligpresents Brownian motion noise) will dominate, siRgés
referred noise for a given filter is strongly dependent orthe large. Thus, Brownian noise as modelledRycan play an
control scheme used. To see this, first consider the resistively i@fiportant role in limiting the dynamic range of a giyemechan-
minated filter shown in Fig. 14. Applying standard noise analysisal filter. For example, a resonator witg=300kQ would con-
[28], the equivalent input-referred voltage noise source in the

passband of this filter is found to be [19] tribute a voltage noise generator in the range of 70.6/k¥/ ,

which results in a dynamic range of 100 dB for a maximum volt-
age swing of 3V. To achieve a higher dynamic range the value of
R, must be lowered. Equation (6) suggests that this can be
aghieved by reducing the massand stiffness of the resonator,
and by increasing the value of the electromechanical coupling

tion resistanc&, v2  represents voltage noise due to the totdRctorn. An increase im can be achieved by increasing both the
xS dc-biasVp and the value adC/ox. Since the dc-biagp is limited

series resistance through the filter, afd ~ &hd  are the inpil the power supply of the chip, increases iwill come mainly
referred noise sources associated with an amplifier connectedr@n increases i@C/0x . Equations (3) and (5) suggest that for
the output electrode [19,28]. The voltage noise generator assapie case of a capacitively transduced resonar,dx may be

V2 = v2 +v2 +v2 +i2R2
Vi = VRS+VRXS+Via+|iaRxs’

(16)

whereva represents voltage noise due to the effective termi
S

ated with a resistor with vallRis given by [28]
V2 = 4kgTRAf, 17)
where Af

input referred voltage noise souraé is a functioRofwhich

is usually much larger thaR,, and which thus, dominates the

total voltage noise.

is the bandwidth of interest. Note that from (17) th

increased by decreasing the capacitive gap spacings from resona-
tor to electrode. Thus, technologies that can achieve fine gaps
between conductors will play a central role in the realization of
réigh dynamic range, fully integrated, highfilters.

A Fabricated Two-Resonator Filter.

The SEM for a fabricated polycrystalline silicon spring-cou-
pled micromechanical filter is presented in Fig. 18. As shown,
multiport uresonators were utilized in the filter to enable active

For the activeQ-control technique of Fig. 15, the equivalentQ-control of the resonators. However, due to large off-chip para-

input-referred passband voltage noise source is found to be

Vi2 = VI% + V2 [BX_'[sz+ii2aR2

1a[] Rxo O Xi [0 (18)

whereR,; 5, is the effective motional resistance seen between {5:

input and output transducers in Fig. 15, ad

sitics (that would not be present if integrated circuitry were avail-
able), the limited bandwidths of off-chip components did not
allow sufficientQ-control. To circumvent this problem, tigof

the presonators was instead controlled by carefully controlling

e ambient operation pressure, taking advantage of the suscepti-
ﬁty of micromechanical resonators to viscous gas damping.

is the resistaritRis was done using an MMR vacuum probe station, which

looking into the output transducer [1,19]. Note that the inpullows control of the pressure in a small evacuated chamber via
referred voltage noise source is no longer dependent up® thethe admission of. controlled amounts of nitrogen. Using this sys-
controlling transresistance, and thus, depending upon the mad&im. the operating pressure (and thus, the resoigtaras

tweaked to yield a relatively flat filter passband. The measured

v2 12 i . ) . .
tude ofvz andg , can be many times smaller than for the cagfectrum for the fabricated two-resonator filter is shown in

of Fig. 14. In addition to noise advantages, the ad@ieontrol-

Fig. 19.
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Fig. 19:Measured transfer function for the two-resonator temperature  sensing resistors, and a polysilicon
pumechanical filter of Fig. 18. pmechanical resonator.
THERMAL STABILIZATION VIA A MICRO-OVEN 0o
As measured (Fig. 6), the temperature coefficient of the reso- \o\( """"" B R—
nance frequencyC;, for a uniformly n+ doped polycrystalline 200 °} ©
silicon, folded-beam, comb-drivgmmechanical resonator is on \°\°
the order of -1QopmPC in a temperature range from 300K to ‘g \o\
370K. This is higher than AT-cut quartz, which has uncompen- > -400 &\
sated temperature coefficients from -2 to 2 gighfbr tempera- 4l
tures ranging from 200K to 370K [33]. \°\°
To improve theT C;, for pmechanical resonators, temperature -600 [—| — open-loop N
. . T A | e closed-loop oven control 1\
compensation or oven control techniques may be implemented.
For the case of quartz crystals, oven control has generally yielded 800 b\o
the greate§t reductions TC;, [33]. Despite this, _oven controlled 300 220 240 360
crystal oscillators are much less used than their temperature com- TEMPERATURE [K]
pensated counterparts, because they often require large volumesy. 21: plot of ppm change in resonance frequency vs. temperature
warm-up times from 2 to 30 minutes, and substantial amounts of for a polysilicon umechanical resonator on a thermally
power (1 to 10 Watts) [33]. insulating  platform, comparing resonator thermal

On the micro-scale, however, these drawbacks can be greatly performance with and without closed loop oven control.

alleviated. Figure 20 presents the SEM of an integrated micrgerature of the on-platform polysilicarmechanical resonator
oven, supporting gmechanical resonator. The micro-oven concan be stabilized with respect to its surroundings. Figure 21
sists of a nitride platform suspendegir2 above the silicon sub- shows a comparison of the fractional frequency vs. temperature
strate via long, thin, folded struts. The suspending struts, whigQirves for the on-platformresonator with and without tempera-

can be polysilicon or a poly/nitride sandwich, provide thermajre-setting feedback circuitry. With oven control, @, is 2
isolation of the platform from the substrate, as well as conducti

. . mPC—a 5 times reduction of the previous uncontrolled value.

interconnect between these media. These struts are foldec}[)%o P

relieve post-fabric_a_tion stress, _pr_eventing possi_ble buck_ling of the CONCLUSIONS

platform. In addition to providing stress relief, folding also o . . .

increases the effective length of the struts, increasing the conduc-Fully monolithic, highly stable, higkg oscillators and elec-

tive thermal resistance from the platform to the substrate. Heatifigmechanical filters utilizing surface-micromachined polysilicon

and sensing resistors are also fabricated on the platform for usdichanical resonators have been demonstrated. Due to the nov-

temperature-setting feedback circuitry. Due to the high degree@fy Of the process and the devices, conservative measures were

thermal isolation afforded by the platform suspension, very littg<en for the designs, and prototypes of up to only 100 kHz were

power is required to maintain high temperature. As seen in tfPricated. Designs up to a few megaHertz are feasible using

plot, only 22 mW is required to maintain 1000K, while only Folded-beam resonator des!gns, and higher freque_nmes _(tens of

mW achieves 370K [2]. Furthermore, due to the tiny volumeMHZ_) s_hc_)uld be feasible using more advan_ced designs alm_ed at

involved, thermal time constants are on the order of millisecond®@ximizing resonator quality factor, which may otherwise
By embedding the on-platform heater and temperature seff€grade with increasing frequency. Both material and architec-
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