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Abstract—C-compatible microelectromechanical intermediate Micromachining technologies that make possible high-
frequency filters using integrated resonators with@'s in the thou-  gn-chip micromechanical resonators [8], [9] now suggest
sands to achieve filterQ's in the hundreds have been demonstrated a method for miniaturizing and integrating highly selective

using a polysilicon surface micromachining technology. These fil- . . - . .
ters are composed of two clamped—clamped beam micromechan-filters alongside transistors, with the intent of perhaps someday

ical resonators coupled by a soft flexural-mode mechanical spring. €nabling miniaturized superheterodyne transceivers. With
The center frequency of a given filter is determined by the reso- of more than 80000 [10] under vacuum and center frequency
nance frequencyofthe cons_tituent_resonatorsz whilethe_bandwi_dth temperature coefficients in the range-e10 ppm?C (several
is determined by the coupling spring dimensions and its location jag ess with nulling techniques) [11], polycrystalline silicon
between the resonators. Quarter-wavelength coupling is required micromechanical resonators (abbreviatgedésonators”) can
on this microscale to alleviate mass loading effects caused by sim- : s - ) .
ilar resonator and coupler dimensions. Despite constraints arising Potentially serve well as miniaturized substitutes for crystals in
from quarter-wavelength design, a range of percent bandwidths a variety of highe) oscillator and filtering applications [10],
is still attamabl_e by taking advantag_e of Iow-veloc_lty spring at- [12], [13]. Previously, MF (i.e., 455 kHz), three-resonator
tachment locations. A complete design procedure is presented in prototypes of such filters have been demonstrated [14], [20].
which electromechanical analogies are used to model the mechan-F . icati h h hiaher f P
ical device via equivalent electrical circuits. Filter center frequen- or use in commumca |-ons, owevgr, much higher requenc.|es
cies around 8 MHz with @’s from 40 to 450 (i.e., percent band- Must be achieved. This work achieves frequency extension
widths from 0.23 to 2.5%), associated insertion losses less than 2to the high-frequency (HF) range and reports on the design,
dB, and spurious-free dynamic ranges around 78 dB are demon- faprication, and performance of prototype, planar IC-pro-
strated using low-velocity designs with input and output termina- cessed, two-resonatpmechanical bandpass filters with center
tion resistances on the order of 12 K. P . .
_ _ _ _ frequencies in the vicinity of 8 MHz, percent bandwidths on
Index Terms—Bandpass, filter, high-Q, IF, insertion loss, the order of 0.2% with associated insertion losses of less than
MEMS, micromechanical. 2 dB, stopband rejections greater than 35 dB, and spurious-free
dynamic ranges (SFDR'’s) for offset tones 200 and 400 kHz

|. INTRODUCTION away of 78 dB. Beginning with a qualitative description of

: ' micromechanical filter structure and operation in Section |l
HE MAJORITY of the high€ bandpass filters com- _, . : . . o . g
monly used in the radio frequency (RF) and intermedia%hls paper continues with details on high-frequency microme

. ) . chanical resonator design in Section lll, then proceeds with
frequency (IF) stages of heterodyning transceivers are reahzec?1 g P

: . : a Step-by-step description of micromechanical filter design in
using off-chip, mechanically resonant components, such as . o . e
' ; . ection IV. Fabrication, design specifics, and performance test
crystal filters and surface acoustic wave (SAW) devices. Due

0
higher quality factor, such technologies greatly outperform

results are then presented in Sections V and VI, followed by
: . : ) . projections on the ultimate frequency range;ohechanical
comparable filters implemented using transistor technologu%) ) g y ge,oh

o . . : 199%ikers in Section VIL.
in insertion loss, percent bandwidth, and achievable rejection

[1]-[4]. However, being off-chip components, these mechanica
devices must interface with integrated electronics at the boar
level, and this constitutes an important bottleneck to miniatur-
ization and performance of superheterodyne transceivers. FoFig. 1 presents the perspective view schematic of a two-res-
this reason, recent attempts to achieve single-chip transceivemator filter, along with appropriate bias, excitation, and
for paging and cellular applications have utilized alternativ&ensing circuitry. As shown, the filter consists of two identical
architectures (e.g., direct-conversion [5], wideband-IF [6], ggmechanical clamped—clamped beam resonators, coupled
direct subsampling [7]), rather than superheterodyne, and reechanically by a flexural-mode beam, all suspended 1300 A
far, have often suffered in overall performance as aresult. above the substrate. Conducting strips underlie the central
regions of each resonator and serve as capacitive transducer
Manuscript received April 13, 1999; revised September 1, 1999. This Wog!ectrodes positioned to induce resonator vibration in a direc-
was supported by the Defense Advanced Research Projects Agency and thelied perpendicular to the substrate. The resonator-to-electrode
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®) i 75" In effect, this device takes an electrical input signal, converts
€r1 ksize it to a mechanical signal, processes it in the mechanical domain,

then reconverts the resulting signal to an electrical output signal,

Fig. 1. (a) Perspective view schematic of a two-resonatoechanical filter, ready for further processing by SUbsequent electronic stages.

along with the preferred bias, excitation, and sensing circuitry. Significant
parasitic elements are also shown in gray. (b) The equivalent mechanical circuit.

[ll. HF MICROMECHANICAL RESONATORS
dBecause the center frequency of a given mechanical filter
determined primarily by the resonance frequencies of its
stituent resonators, careful mechanical resonator design is
%erative for successful filter implementation. The selected

with closely spaced frequencies that define the filter passban
The center frequency of the filter is determined primarily b
the frequencies of the constituent resonators, while the spac

between modes (i.e., the bandwidth) is determined largel ; .
W ( width) i ! gey esonator design must not only be able to achieve the needed

the stiffness of the coupling spring. As shown in Fig. 2, ea]c but t also d ith ad e i i d
mode peak corresponds to a distinct, physical mode Shape_rﬁguency ut must aiso do so with adequate finearity an

the lower frequency mode, both resonators vibrate in phase; ngﬁab'“ty’ and with sufﬁm_enQ.
in the higher frequency mode, the resonators are 8@ of For many sensor applications, such as accelerometers [15]

phase. As will be described, properly chosen termination resiy- 9yroscopes [16], the lower the resonance frequency of the

tors Rg, are utilized to flatten the jagged passband shown echanical structure, the better the sensitivity of the device.
Fig 2?3 achieve that shown in Fig. 1 Thus, the majority of previous micromachined mechanical de-

To operate this filter, a dc-bidgp is applied to the suspendedwces aimed at sensor appl!catlons have been demg_ned to_res-
) . . . onate at very low frequencies, below 100 kHz. Designs with
filter structure, and an ac input voltage is applied through

resistor K¢, to the input electrode (electrode 1), as shown ilr?ng spring lengths and large masses are common for these ap-

Fig. 1(a). The application of this input creates adlirected plications, and techniques that extend linearity and displace-

electrostatic force between electrode 1 and the conductive rag ¢ amplitude, such as interdigitated comb-capacitive trans-

onator that induces-directed vibration of the input resonator ucers and folded-beam suspensions [9), are often used.

when the frequency of the input voltage comes within the pa%}%_Such designs, however, are impractical for applications in

band of the mechanical filter. This vibrational energy is im- € HF range, and beyond. In order to maximize resonance fre-
: . ; quency, governed by the general expression

parted to the output resonator via the coupling spring, causing

it to vibrate as well. Vibration of the output resonator creates a

dc-biased, time-varying capacitor between the conductive res- fo = 1 Sk

onator and output electrode, which then sources an output cur- ° " 2V m,

rent given by

)

the effective resonator spring stiffness must be maximized,
while its effective mass,. is minimized. The optimum HF res-
) 9Cs dx _ : :
g2 = Vpna—_ (1)  onator design should thus avoid the increased mass of a comb
r Ot . . .
structure and the stiffness reduction of a folded-flexure. For this
wherez is vertical displacements, = Vp—V,, with V,, equal reason, this work utilizes the simple clamped-clamped beam
to the dc voltage on electrode and 9C> /9« is the change resonator shown in Fig. 3 under a typical bias and excitation
in resonator-to-electrode capacitance per unit displacementanfiguration.
port 2. The current, is then directed to resistdigz, which The resonance frequency of this clamped-clamped beam de-
converts the current to an output voltageand, along with?g,, pends upon many factors, including geometry, structural ma-
provides the proper termination impedance required to flattégrial properties, stress, the magnitude of the applied dc-bias
the jagged passband of Fig. 2. voltageVp, and surface topography. Accounting for these while



514 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 35, NO. 4, APRIL 2000

ol ]
Performance
f,=8.51MHz

5 (=8,000 N

Amplitude [dB]

848 849 850 851 852 853
= W, O Frequency [MHZz]

Ve I Anchor

Fig. 4. Frequency characteristic for an 8.5-MHz polysilicemechanical

Fig. 3. Perspective view schematic of a clamped—clamped pgaechanical resonator measured under 70-mTorr vacuumlusing a dc-bjas Vd’.f?age 10.
9 P P P ? drive voltage of; = 3 mV, and a transresistance amplifier with a gain of

resonator under a typical bias and excitation configuration. Note the mechani\gl . .
input force f P 9 ?kﬂ to yield an output voltage,. Amplitude =vo /v;.

neglecting finite width effects, an expression for resonance fidhere dC/dx is the change in electrode-to-resonator capac-
quency can be written as itance per unit displacement of the resonator, approximately

given by (neglecting fringing fields and static beam bending)

E h aC W, W,
fO = fnom[]- - g(d7 VP)]1/27 fnom = 1.03x ;ﬁ (3) % = d—(Q) (5)

, . wheredy is the electrode-to-resonator gap spacing under static
whereZ andp are the Young's modulus and density of the struGn onresonance) conditions. When the frequency; ahatches
tural material, respectivelyy and L, are specified in Fig. 3; yhe resonance frequency, the beam begins to vibrate with a

Sfuom 1S the nominal mechanical resonance frequency of the r63to-to-peak displacement amplitude at locagjagiven by
onator if there were no electrodes or applied voltages; the func-

tion gmodels the effect of an electrical spring stiffnéssthat QF, Q aC
appears when electrodes and voltages are introduced and that x(y) = Fert (4) = ) VP%W (6)
subtracts from the mechanical stiffnéss; andx is a scaling

factor that models the effects of surface topography (seendfeating a current, already described in association with (1).
Figs. 12 and 13). For theresonators of this works is dom- In (6), k.. (y) is an effective stiffness at locatianto be de-
inated by anchor step-up and finite elasticity effects [17], [18fermined later in this section via integration over the electrode
which are predictable using finite element analysis (FEA).  width. When plotted versus input frequengy, traces out the
bandpass biquad spectrum shown in Fig. 3. For the resonator
design of this work (summarized in Table Il), a typical vibration
amplitude is 49 A at the beam center for a dc biasef= 10 V

Th i £ thi K util itive t ducti and an ac input voltage ef = 3 mV.
€ resonators ot this work Utlliz€ Capaciiive transauction frequency characteristic for an 8.5-MHz polysilicon

mainly to _simplify future integration with transi_storcircuits. For mechanical resonator, measured under linear drive conditions
the described cIamped—chmpgd beam vertically resonant £70 mTorr pressure via an experimental setup to be described
sign, the transducer capacitor is formed between the reson%o%ection VI, is presented in Fig. 4. The quality factgr
bgam and an underlymg elelctrode, ShOW.” "; F|fg. :cgi th))' actuatg Ay »cted from this plot is 8000, which is plenty adequate for
given resonator, an input voltage, comprised of a dc-bias POt onstration of low insertion loss filters. Note, however, that

tial V> and an ac signa;, if:’ applied across the electr_ode-to-resthis @ is only achievable under vacuum, where viscous gas
onator transducer capacitor. (Note that the dc biass effec- damping is minimized [19]. Much lowe®'s on the order of

tively bemg applleq toone plate of a capacitor, the_re IS no-dc “Yindreds are seen under atmospheric pressure.
rent associated with it, so no dc power consumption.) This com-

bination of voltages generates an electrostatic force between the
electrode and resonator, with the most dominant componentat

A. Electromechanical Operation

Equivalent Lumped Parameter Mechanical Circuit

the frequency of; given by [9], [10] For the purposes of filter design, it is often convenient to de-
fine an equivalent lumped-parameter mass-spring-damper me-
a9C chanical circuit for this resonator (see Fig. 1), with element

Iy = VP%W (4)  values that vary with location on the resonator. With reference
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Clamped-Clamped Beam ) p Electrode wherek,,, andm,. denote values at a particular location (usually
. ) / . o
i the beam center location), and the quanfity/%,,) must be
VA ,/ / - obtained via integration over the electrode widlth due to the

location dependence @f,,.

The electrical spring stiffneds is generated by the nonlinear
dependence of electrode-to-resonator gap capacinee on
displacement: and is dependent very strongly upon the elec-

H H H /
Fig. 5. Resonator cross-sectional schematic for frequency-pulling ap{(pde-to-resonator gap spacitdgAt a specific location;’ cen-

y >
y
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Y
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impedance analysis. tered on an infinitesimally small width of the electrod, the
differential in electrical stiffness is given by [21]
tq Fig.b5, tr21§ equivalent mass at a locatipan the resonator is ) = V2 coW,.dy/ 13)
|Ven e y = —_—
g y [20] r (d(y))?
L, . .
pW,h/ [Xmode(y)]2(dy") where the electrode-to-resonator gap distahienow seen to
_ KEy, _ " Jo mote also be location dependent, since the beam bends somewhat due
m(y) = =
" (1/2)(v(y))? [Ximode (%)]? to the dc biad’p> applied between the electrode and resonator.
(7) Recognizing that for the fundamental mode the static and dy-
where namic stiffnesses are virtually the same, and assuming a static

bending shape due to the distributed dc force defined by the
function X.atic(%), the gap distance can be expressed as

1 Xstatic(y) d /
y(d(y')? Xetatic(y')
14)
hered,, is the static electrode-to-resonator gap with=0V.
In (14), the second term represents the static displacement of
En(y) = wim.(y) (9) the resonator towards the electrode at a particular locatjon
evaluated by integration over the width of the electrode, from
wherewy is the radian resonance frequency of the beam. Lagt,= L., to L... In this work the electrode is centered with
the damping factor is given by the resonator beam center, and tys = 0.5(L,. — W.) and

Le2 = 0.5(L.+W.). Since the desired variabléy) appears on
en(y) = B () (y) _ wnomma(y) _ km(y) (10) both sides of (14), one of them within an integral, (14) is best

Xmode(y) = C(COS ky — cosh ky) + (Sin ky — sinh ky) (8)

k = 4.730/L,. and¢{ = —1.01781 for the fundamental mode, 1 Les
K B, is the peak kinetic energy in the systemy) is the ve- d(y) = do — =VAeoW, /
locity at locationy, and dimensional parameters are given in 2 L Fm
Fig. 5. The equivalent spring stiffness follows readily from (2\)\/
and (7) and is given by

@nom @nom Wnom Gnom solved by first assuming(y) = dy on the right side, solving
where for d(y) on the left, then using this function again on the right,
iterating untild(y) converges. In addition, for most cases (14)
Em(y) = wiomme(y) (11) is not overly sensitive to the functioN;ic (), SO Xmode(¥)

] ] . ] given by (8) can be substituted faf;;.:i.(y) with little differ-
is the mechanical stiffness of the resonator alone, without the Kce 1t should be noted that more rigorous versions of (14) are

fluence of applied voltages and electrodes to be discussed ng¥hinaple through strict static analysis, but these often take the

andQnon, is the quality factor of the resonator under the samgm of polynomial expansions and are less intuitive than (14).

conditions. The quantity(k. /k,,) may now be found by integrating over

he el idth is gi

C. Voltage-Tunable Electrical Stiffness the electrode width and is given by

. Leo .

As indicated in (3), where is seen to be a function of dc-bias < ke > o, Vp) = / 2 dke(y')' (15)

voltageVp, the resonance frequency of this device is tunable via km Lo km(y)

adjustment o/’ [8], and this can be used advantageously 8yen the dependencies of (13)(15), and assuming a set value

implement filters with tunable center frequencies, or to corregt Vp, designing the resonator of Fig. 3 for a specific resonance

for passband distortion caused by finite planar fabrication t%’equency amounts to setting geometric dimensiong¥,., and

erances. The dc-bias dependence of resonance frequency agisegi; cap layout, since all other variables are determined at
from aVp-dependent electrical spring constanthat subtracts the outset by fabrication technology.

from the mechanical spring constant of the systgmlowering
the overall spring stiffness, = k., — k., thus lowering the res- p_ py|l-In Voltage Vi
onance frequency according to the expression

When the applied dc-bias volta§e is sufficiently large, cat-

1 [k — k. 1 [k ko \ 12 astrophic failure of the device ensues, in which the resonator
fo= on me 2\ m, {1 - <km >} beam is pulled down onto the electrode. This leads to either de-
struction of the device due to excessive current passing through

1/2
103k Eh [1 _ < ke >} / (12) the now shorted electrode-to-resonator path or atleast a removal
p L? km of functionality if a dielectric layer (e.g., an oxide or nitride) is
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where the subscript denotes the electrode location at the very
center of the resonator beam (i.e.yat= L,./2). An expres-

+ sion for the electromechanical transformer turns ratioan be

fe obtained via an impedance analysis yielding the motional re-
sistanceR, seen across the electrode-to-resonator gap at res-

° onance. Pursuant to this, the voltage-to-displacement transfer
Fig. 6. Equivalent circuit for aimechanical resonator with both electricalfl‘InCtlon ?‘t a given locatiop (see Fig. 5) at resonance is f_lrSt
(voltagew;) and mechanical (forcg. ) inputs and outputs. found using phasor forms of (4)—(6), (8), and (9) and inte-
grating over the electrode width to yield
TABLE | I
MECHANICAL-TO-ELECTRICAL X <2 QVpeoW, Xmode(y)
CORRESPONDENCE IN THECURRENT ANALOGY Vz(y) = L., [d(y’)]2/€r(y’) Xmode(y’) dy . (17)

Mechanical Variable Electrical Variable Using the phasor form of (1), the series motional resistance
Damping, ¢ Resistance, R seen looking into the drive electrode is then found to be
Stiffness™!, k! Capacitance, C o Vi _ Leo o Vpeo W, X ] -1 .
Mass, m Inductance, L I /Lel [d(y)]? Vz(y) aeo (18)
Force, f Voltage, V Inserting (17), factoring out.. = k../(wo(@), and extracting
Velocity, v Current, / 7. yields

(22)

Note that the effective resonator quality fact@ris dependent
upon the electrical spring stiffness, and thus is also a function
of the dc-bias voltag&p. In this paper, the variabl@ denotes

Lea  pLes 2

present above the electrode to prevent electrical contact betwegn = \/ / / Vi(eoWe)? ke Xinode(y) dy’ dy.
it and the conductive resonator beam. Lo oo AW Ee(y) Xiode(')

Unlike previous low-frequency micromechanical structures o . ) . (19)
[8], [15], the attractive electrostatic force between the electror%]te that the effective mte_zgra_ted stifiness defined in (6) can also
and this HF resonator that incites pulldown now acts agai extracted from (17), yielding
a very large distributed stiffness that must be integrated over e g 12 1 1 X W) _
the electrode area to accurately predict the pulldown voltage. q(y) = l / [ 0/ } ) mode U/ dy’
V1. Thus, previously used closed-form expressiondfq21] Lo LA ] Ee(y) We Xinoue(¥')
based on lumped parameter analysis are no longer applicable. o (20)
Rather, for this resonator, the procedure for determiriipg  1N€ transformer turns ratig. in Fig. 6 models the mechan-
entails finding thel/> that sets the resonance frequency equi@! impedance transformation achieved by mechanically cou-
to zero, and thus, with reference to (12), amounts to setting (18)19 {0 the resonator atglocation displaced from its center.
equal to unity and solving for thep variable. As will be seen, such coupling will be required when imple-

menting filters with two or more resonators. Expressed in terms

E. Small-Signal Electrical Equivalent Circuit of a stiffness ratio, the equation for the mechanical transformer

To conveniently model and simulate the impedance behavfgfns ratio when coupling at a distankerom an anchor takes
of this zmechanical resonator in an electromechanical circuff'® form
an electrical equivalent circuit is needed [8], [22], [23]. As ko =1,
shown in Fig. 3, both electrical and mechanical inputs and out- Mle = k—re (21)
puts are possible for this device, so the equivalent circuit must
be able to model both. In addition, for physical consistency Finally, for the equivalent circuit of Fig. 6, it should be noted
from both transducer and noise perspectives, a circuit modiaat the damping constant is not inherently a function of the
that directly uses the lumped mechanical elements summarigégctrical stiffnesst.. Thus, when expressed in terms of the
by (7)-(10) is preferred. Fig. 6 presents the equivalent circ@verall stiffnessk,. of the system, th€ of the resonator must
used in this work, in which transformers model both electric®e adjusted so that retains its original value given by (10). In
and mechanical couplings to and from the resonator, whit@rms ofk,. andwy, then, expressions fet. take on the form
itself is modeled by a corkeCR circuit—the electrical analogy

; . WM, k. k.m,

to a mass-spring-damper system—uwith element values corre- cr = = =
sponding to actual values of mass, stiffness, and damping as Q wold Q
given by (7)—(10). In this circuit, the current electromechanicathere
analogy is utilized, summarized in Table I. 12

When_ Ioo_king i_nto the electrode port Qf th_e_equivalen_t res- Q = Qnom [1 _ <k_€>} ) (23)
onator circuit of Fig. 6, a transformadCR circuit is seen, with K,
element values given by

L= g o "z R, = Ve _ e

n? Fre QnZ Z

(16)
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that defined by (23), whil€},...., is reserved for zero-bias con- & ke
.. s12
ditions. Mo 4 m;lz o m;IZ | 1,5,
Sr2c

IV. FILTER DESIGN

Despite the use of vibratingmechanical resonators I""‘-t}’":"'i:ig. 7. Equivalent mechanical circuit for the two-resonator filter of Fig. 1(a)
than transistor-based ®CR biquads, the network topologiesusing a coupling beam of length less than an eighth of a wavelength of the
for the mechanical filters of this work differ very little from operating frequency.
those of their purely electronic counterparts, and in principal
can be designed at the system level via a procedure deri@tl¢; is a normalizedy parameter obtained from a filter cook-
from well-known, coupled resonator ladder filter synthesis tecROOK [24]. For the common case whefe>> Qg (24) be-
niques. In particular, given the equivaldr€R element values COMes
for a prototypexmechanical resonator, it is possible to synthe- [ rie
size a mechanical filter entirely in the electrical domain, con- Rqi = — > = ‘ 2 (25)

. . . %Qﬂtrﬁe WOQZQﬂtrne
verting to the mechanical domain only as the last step. However,
although possible, such a procedure is not recommended, sifédhe variables in (25), the electromechanical coupling factor
knowledge and ease of design in both electrical and mechanigals often the most convenient to adjust for a desired value of

domains can greatly reduce the effort required. termination resistance. Thus, considering both (19) and (25),
The design procedure for the two-resonator micromechani¢@imination impedanc&q; requirements and bias voltage
filter of this work can be itemized as follows. limitations often dictate the electrode-to-resonator gap spacing

1) Design and establish themechanical resonator proto-and overlap for a particular resonator design.

type to be used, choosing necessary geometries for @e
needed frequency and insuring that enough electrode-to- _ )
resonator transducer coupling is provided to allow for pre- If each resonator is designed to have the same resonance fre-
determined termination resistor values. quency, then the passband of the overall filter will be centered
2) Choose a manufacturable value of coupling beam wig@sound this frequency. The coupling spring acts to effectively

W, and design coupling beam(s) corresponding to pull the resonator frequencies apart, creating two closely spaced
“quarter-wavelength” of the filter center frequency. resonance modes that constitute the ends of the filter passband.

3) Determine the coupling location(s) on the resonators cdror @ given filter center frequendfy and bandwidth, the re-
responding to the filter bandwidth of interest. quired c_oupllng beam spring constant can be found using the
4) Generate a complete equivalent circuit for the overdikPression [20], [24]
filter and verify the design using a circuit simulator. B
Each of the above steps will now be expanded. Fara = Fe <%) k12 (26)

wherek,. is the resonator stiffness at the coupling location and
k12 is the normalized coupling coefficient between resonator
The pmechanical resonators comprising the filter are prefefanks for a given filter type (i.e., Butterworth, Chebyshev, etc.)
ably designed to be identical, each with the same stand-alqp&]. The needed value of coupling spring constans is then
resonance frequency. Design equations governing the dimggained by proper choice of coupling beam geometry using ex-
sions and bias voltages required to achieve a given frequepgissions to be determined.
have already been presented in Section IIl. The design of the coupling beam is complicated by the fact
In addition to determining the center frequency of the filtethat the beam itself has finite mass. In particular, for the case of
the resonator design also dictates the termination resistorsgficroscale filters, the coupling beam mass is on the same order
quired for passband flattening. As witlt-ladder filters, the de- a5 that of the resonator beams. Unless accounted for, this beam
scribedumechanical filters must be terminated with the propehass can add to the masses of the adjacent resonators, thereby
impedance values. Without proper termination, the resonatgfanging their individual resonance frequencies as dictated by
Q's are too large, and the filter passband consists of distingy and in turn, changing the center frequency of the filter or
peaks of selectivity, as seen in Fig. 2. In order to flatten the paggstorting its passband if it uses more than two resonators. This
band between the peaks, tfks of the constituent resonatorsis depicted in Fig. 7, which shows a specific case where each res-
(more precisely, of the end resonators) must be reduced, and §igtor effectively takes on half the mass of the coupling spring,
can be done by terminating the filter with resistors. In Fig. 1, reeading to an overall shiftin filter center frequency as seen under
sistorsiig: and Rg» serve this function. The required value okjmulation.
termination resistance foramechanical filter with center fre-  Although instructive, Fig. 7 actually only describes the spe-

Coupling Beam Design

A. Micromechanical Resonator Design

quencyfo and bandwidthB is given by cial case where the coupling beam length is less than an eighth
o) of the acoustic wavelength corresponding to the frequency
Rg; = <q Ome 1) Ry (24) of operation. For this special case, the coupling beam can be

1\ fltr

modeled by the lumped mass-spring system shown. In general,
where(@ is the unloaded quality factor of the constituent regiowever, especially at high frequencies, the coupling beam is
onators,Qni=fo/ B, i refers to the end resonator in questionnore accurately modeled by an acoustic transmission line—the
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f Fig. 9. Simplified equivalent circuit for the micromechanical filter of Fig. 1
fl Zc 2 using a quarter-wavelength coupling beam.
and
o 0
o go= k3Bt @)
‘o C wL3H3

Fig. 8. (a) Coupling beam under forcgsandjf- with corresponding velocity
responses. (b) General transmission inenodel for the coupling beam. In order to minimize susceptibility to beam geometric varia-
) N ) ___ tions(i.e., mass variations) caused by finite layout or fabrication

mechanical analog to the familiar electrical transmission ling)jerances. the coupling beam should be designed to correspond
For this mechanical transmission linediatributedmechanical , 4 quarter-wavelength of the filter center frequency. This can

circuit is more applicable, and the amount of coupling beagy achieved by choosing coupling beam dimensions such that
mass and stiffness effectively seen by the resonators adjaggRtseries and shunt arm impedances of Fig. 8(b) take on equal
to the coupling beam actually vary with the beam dimensiong, 4 opposite values, and thus cancel in each mesh. By inspec-

and the frequency of operation. For the purposes of filtgh, of (32) and (33)Z, and Z, take on equal and opposite
design, Fig. 8 presents a general transmission line model {gyj

k A X lues when
the coupling beam, consisting of7a network of mechanical
impedances.

Pursuant to determination of the valuesy, Z, and Z. Using the selected value & [in step 2) of Section IV] and as-

in Fig. 8, the mechanical impedance behavior of the COUp“%%ming that, is set by technology, (34) can be solved for fhe

beam as seen by the adjacent (attached) resonators can be el .
. : . . that corresponds to an effective quarter-wavelength of the oper-
veniently modeled via an impedance matrix of the form [25]

ating frequency. With quarter-wavelength coupler dimensions,

(34)

Hg = sinh « cos o + cosh « sin o = 0.

Hg 2EI,0°H, the impedances of Fig. 8(b) are given by
fl TIr - 73 f2
= Hy JwlsHs ELH; k
-/tl JWL§H3 HG .’tg Za = Zb = ﬁ = ﬁ (35)
T a1y 7 Jw jw
EIS 063H7 H7 J s413 J
A B fo and
= [C D} ‘ (27) o EIH; _ & (36)
L2 Jwl3Hsy  jw
where From these equations, with the help of (29) and (31) for expan-
H{ = sinh « sin « (28) sion purposes, the stiffness of a quarter-wavelength coupling
Hs = cosh v cos o — 1 (29) beam is found to be
3 . .
Hg = sinh « cos @ + cosh « sin « (30) koo = —hoy = _Eésa (sin o + sinh 04) 37)
H7 =sin o +sinh a. (31) L3(cos o cosh o — 1)

a = Ly (pW,hw?/(EL,))%?5, I, = W,h3/12, W, is the width

of the coupling beam, other needed dimensions are givent

It should be noted that in addition to decreasing the overall
filter susceptibility to variations in coupling beam geometry,
HE use of guarter-wavelength coupling beams also allows the

Fig. 8(a), and we h"_"V‘* aS_S””.‘ed th"’?‘ r(_)Fatlon of the COUp“UQe of identical resonators in the filter. This is perhaps best il-
beam at the connection points is not significant. For cases whﬁ[ rated in the electrical domain, in the context of the simpli-

rotation is important, the matrix in (27) becomes larger [25] byf, j fiter network shown in Fig. 9, obtained using the current

the solution methods remain similar.

electromechanical analogy of Table | on the lumped mechan-

Equating the circuit (.)f Fig. 8(b) to a chain networ|_< describely cireyit of Fig. 1(b). Here.CR circuits represent the res-
by (27) [24], then solving for the series and shunt impedancgS,qrs and a capacitivé-network models the coupling beam.

in terms of chain matrix elements, yields

A—-1 _ jEISOég(HG - H7)

T = Ty =
b c wL3H,

(32)

As aresult of filter synthesis, one property of this network is that
each mesh with all others open-circuited must resonate at the
center frequency of the filtef, [24]. Upon inspection oMesh
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:E::)g 1 _ maximized. Sinc&)q, is merely the reciprocal of percent band-
{ E408 — n: 1252 width, Fig. 10 also shows that the bandwidth of the filter can be
o VE+07 [ 1o g sethy approprlately selecting thellogatlon atwhich the resonator

& 1E+06 // \\ It 2 and the coupling beam meet. This is a very convenient feature,
5 1E+05 \ / \ —1 § since it allows the use of a set coupling beam geometry. In other
i "B TN / \ 7/ b words, the coupling beam need not be redesigned to accommo-

::E:gg N/ \N A 8 date filters with different bandwidths; only one quarter-wave-

1.E+01 P . ¢ r2 & length coupling beam need be designed—with a specific length,

1.E+00 < r v ' AN 0 width, and thickness—and filter bandwidth can be varied by

0 10 20 30 40 changing only the resonator-to-coupler attachment location.
Location, /, [um]

Fig. 10. Simulated plot ofQn.. and percent bandwidth versus couplingD- Equivalent Circuit and Design Verification

locationl.. along the length of a resonator beam. Although useful for the purpose at hand, Fig. 9 presents only
. o ) a simplified electrical equivalent circuit for the two-resonator
1, with Mesh2 open-circuited, the capacitof§i». = Cs12@nd | mechanical filter of this work. In particular, a mer€Rcircuit
Cs12a = —Cs12 are seen to cancel, leaving only the and ety oversimplifies the equivalent circuit for thenechanical
C, of the ymechanical resonator to contribute to the frequen¢Xsonators used in the filter because it models the device as a
of Meshl. The same applies fadesh2 with Meshl open-cir- - 5ne_nort. The filter resonators are actually two-port devices, one
cuited. Thus, when quarter-wavelength coupling beams are Wiisi peing at the electrode and the other being at the location of
lized, all of the resonators comprising the filter must be 'de%'pring coupling, and forces applied to each of these ports com-
tical, each resonating at the center frequency of the filter.  ine o generate the overall response of a gjwessonator. With
The availability of designs using identical resonators igis in mind, Fig. 11 presents a more suitable equivalent circuit
especially important for the case of the planar-fabricated M5y the gverall filter, where each resonator is now modeled by
cromechanical filters of this work, since matched resonators gfg ircuit of Fig. 6, and mechanical impedance transformations
much easier to achieve in a planar process than are resonai9ffe coupling spring are now conveniently modeled via trans-
with varying, specific frequencies—i.e., matching t0lerancqgmers with turns ratios;;. For the reader’s convenience, ex-
are much better than absolute tolerances in planar processegyessions for all of the circuit elements are summarized along

C. Coupling Location (Low-Velocity Coupling) with the circuit schematic in Fig. 11.

The maximum overall filter quality factortfa,, = fo/B)
attainable via a mechanical filter is proportional to the ratio of
the resonator and coupling beam spring constant#:.;» and A polysilicon surface micromachining technology similar

V. FABRICATION

is given by using (26) to previously reported versions [9], [10], except for the very
1 I important distinction that the sacrificial oxide thickness in this

Qe = —— =k < =< ) (38) process is only 1300 A, was used to fabricate theechanical
Pow ks12 filter of this work. In this process, a series of film depositions

where Pgyy is percent bandwidth. For the casenoficroscopic and lithographic patterning steps—essentially identical to
mechanical filtersk,./ks12 can be made quite large, becaussimilar steps used in planar IC fabrication technologies—are
the resonators are often much bigger and thicker than their asstilized to first achieve the cross-section shown in Fig. 12(a).
ciated coupling springs [20]. On the other handyimechanical Here, patterned phosphorus-doped polysili¢fh electrodes
filters, the resonators and couplers are usually of similar siznd interconnect (3000 A thick) are covered by a 1300-A-thick
and thus, the ratié,./ks12 is limited. This, then, limits the at- layer of sacrificial LPCVD silicon dioxide, except at portions
tainableQygq;, (or percent bandwidth). wet-etched to serve as anchors for eventual resonators. A

A novel method for attaining greate@q;, takes advan- 2-um-thick structural polysilicon film is then deposited via
tage of the fact that the dynamic spring constant of a LPCVD at585°C and made conductive via a PQ@las doping
clamped—clamped beam is larger at locations closer to thiep. 5000 A of LPCVD Si@ then follows to serve first as a
anchor points—i.e., it is larger at points moving with lowediffusion barrier against dopant loss during a subsequent 1-h
velocity at resonance. This can be seen easily from (7) and (8)50°C stress and dopant distribution anneal, then as a hard
which give resonator mass and stiffness as a function of beamask during patterning of the structural polysilicon layer via
location. Thus, by coupling the beams closer to the ancharchlorine-based, high-density-plasma reactive ion etch (RIE)
points, rather than at the centers of resonator beams, higpgg. 12(b)]. Note that throughout the back end of this process,
krc/ks12 Ccan be attained, and thus highigg;, can be achieved, the sacrificial oxide layer supports the structural polysilicon
even when the resonators and coupling springs have simiaaterial during deposition, patterning, and annealing, and
sizes. defines the electrode-to-resonator gap spadingn the final

Fig. 10 illustrates this point with a plot @@, versus cou- step of the process, the wafer is dipped into a solution of
pling locationl.. along the length of a resonator beam. As showhydrofluoric acid, which etches away the sacrificial oxide layer
Qi 1S highest near the anchor points where the velocity vgithout significantly attacking the polysilicon structural mate-
lowest, and smallest at the beam center, where the velocityia. This leaves the free-standing structure shown in Fig. 12(c)
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Fig. 11. Complete equivalent circuit for the micromechanical filter of Fig. 1, modeling both quarter-wavelength coupling beam design anditgwevglicg
location. Expressions for the elements are also included.

Silicon Anchor

@) Nitride Opening Electrode Interconnect § 5 Electrode
é-.—' £ o - 4 — Coupling
| *S !

Isolation Oxide

‘ Structural Polysilicon

lsolalion Oxide Fig. 13. SEM of a fabricated 7.81-MHz two-resonator micromechanical filter.
Polysilicon . - . .
Anchor  Micromechanical 7 Silicon munity to stiction [29] and the high pull-in voltages contrast
(©) Resonator Electrode  Nitride strongly with those of lower frequency applications, such as
gpm}: x accelerometers [15], and suggests that yield loss due to these
= SRR = = mechanisms should be substantially less for HF MEMS used
for communications.

 Isolation Oxid ; . . .
—o- o0 T° Since the quality factor of:mechanical resonators is large

: only under vacuum, resonators and filters were tested using
o 12 © ions depicting the fabricat dto ach custom-built vacuum chamber. This chamber featured
1g. ross-sections depicting the rabrication sequence used to achiev %g

micromechanical filter: (a) polysilicon electrode and interconnect layers unde dthrothS for connection to external instrumentation, as

1300-A-thick sacrificial oxide, (b) required film layers and masks needed duritgell as internal supports for circuit board inclusion. With
resonator patterning in a chlorine-based RIE etch, and (c) resulting free-standifji setup, the termination resistors shown in |:|g 1(a) plus

beam following a release etch in hydrofluoric acid. buffering electronics to drive coax to external instrumentation
can be placed within the vacuum chamber, alongside packaged
ifiechanical devices, with minimal parasitic interference.
sing a mechanical pump, the minimum achievable pressure
8f this system was 40 mTorr.
The SEM and frequency characteristic for an 8.5-MHz
i . ) . . arallel-plate driven, polysilicommechanical resonator mea-
Micromechanical fiiters with center frequencies from 3 t ured using the above apparatus with no termination resistors
15 MHz were designed using the procedures detailed in S%?ld using a transresistance amplifier was already presented
tions Il and 1V, then fabricated using the above polysilicon SUfr Fig. 4. It should be mentioned that tif@ of 8000 in this
electron micrograph (SEM) of a fabricated filter with design H%ziﬁfnr:lzrl]trézo?gto&i, ?c;?r\}vri%sserﬁghlgr g::lggso&? E/ ;\;Iécon
specifics summarized in Table |I. been demonstrated [30]. Measurements of other resonators
suggest that the lowep for this resonator can be attributed to
the use of a POGlgas process to dope the resonator, which has
Upon inspection and initial biasing of the completed devicebgen found to decrease thieof polysilicon resonators below
two immediate observations were made: 1) none of the devidhat of ion-implant-doped oin situ-doped ones [32]. Anchor
stuck to the substrate after a standard, wet HF release andli@sipation may also be limiting th@. Nevertheless, & of
pull-in voltages [8], [21] were high, on the order of 50 V, eveB000 is certainly high enough to achieve extremely selective
for target resonator-to-electrode gap spacings of only 1300 andpass filters with minimal insertion loss.
Both of these features result from the high spring stiffnessesin actual testing of filters,Rq, is provided by either a
required to achieve Hzemechanical resonators. The near immatching network to an appropriate load, or by a physical

free to move in several dimensions if necessary. The relea
etch is followed by extensive cleaning, including a 10-min di
in a solution of HSO, and HO; (i.e., piranha) and often a
supercritical CQ clean [27], to remove etch by-products an
other residuals from the thin electrode-to-resonator gap.

VI. EXPERIMENTAL RESULTS
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TABLE I
HF MICROMECHANICAL FILTER SUMMARY

Value*ti
Parameter - Units
DesJ/Meas. |Simulated#
Coupling Location, [, 4.08 4.48 pm
Coupling Velocity, v, 0.12v,0 | 014wy, || m/s
Center Frequency, f,, 7.81 7.81 MH:z
Freq. Modification Factor, k¥ (0.87915) 0.87915 —_
[0.9]
Bandwidth, B 18 18 kHz
Percent Bandwidth, (B/f,) 0.23 0.23 %
Passband Ripple, PR 1.5 1.5[0.5] dB
Insertion Loss, IL 1.8 1.8 [1.35] dB
20dB Shape Factor, 2.31 [2.54] —
Stopband Rejection, SR 35 — dB
Sp.-Free Dynamic Range, SFDR ~78 ~78 dB
Resonator Q 8,000 6,000 —
Structural Layer Thickness, & 19 1.9 um
pRes. Beam Length, L, 40.8 40.8 nm
pRes. Beam Width, W, 8 8 pum
Coupling Beam Length, L;» 20.35 20.35 pm
Needed Ly, for A/4 (22.47) — pm
Coupling Beam Width, W, 0.75 0.75 pm
Coupling Beam Stiffness, kg2, (~82.8) -82.8 N/m
Coupling Beam Stiffness, kg5, (113.4) 113.4 N/m
Resonator Mass @ /O, m,, ||(5.66x101%) | 5.66x1071% || kg
Resonator Stiffness @ /O, &, (1,362) 1,362 N/m
Resonator Mass @ [, m,,  ||(3.99x10")| 2.84x10°1 || kg
Resonator Stiffness @ [, k,, (96,061) 68,319 || N/m
Integrated pRes. Stiffness, Ky (1,434 1,434 N/m
Young’s Modulus, E 150 150 GPa
Density of Polysilicon, p 2,300 2,300 kg/m3
Electrode-to-uRes. Gap, d,, 1,300 1,300 A
Gap d, Adjusted for Depletion || (1,985) 1,985 A
Electrode Width, W, 20 20 pm
Filter DC-Bias, Vp 35 35 v
Freq. Pulling Voltage, Vs 0.12 0 \Y
Q-Control Resistors, Rg; 12.2 (19.6) | 14.5[19.6]|] kQ

* Numbers in () indicate calculated or semi-empirical values.

+ Bold faced numbers indicate significant deviations needed to

match simulated curves with measured curves.

+ Numbers in [] indicate values expected from an ideal simula-
tion with no parasitics and perfect termination. The value for
¥ in the “Des./Meas.” column was obtained via finite-ele-

ment simulation using ANSYS.

# Top 11 rows represent simulation outputs; the rest are used

as inputs for simulation.

resistor with valueRg. in shunt with the output node that
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Fig. 14. Measured spectrum for a terminated 7.81-MHizechanical filter
with excessive input/output shunt capacitance. HOrg, = 435.

implemented via an op-amp-based inverting amplifier using an
input resistor with valugig,.

A. Micromechanical Filter Testing and Model Evaluation

The measured spectrum for a terminated 7.81 MHz two-res-
onatorpmechanical filter is shown in Fig. 14 (solid curve). The
bandwidth of this filter is 18 kHz, which is very close to the
design value. The insertion loss is only 1.8 dB, which is impres-
sive for a bandpass filter with a percent bandwidth of 0.23%
(Qa: = 435) and which can be attributed to the high of
the constituentmechanical resonators. Designed and measured
pmechanical filter characteristics are summarized in Table II.
It should be noted that although the analytical design calls for
19.6-K2 termination resistors, only 12.2Zkresistors were used
in the actual measurement to minimize phase lags caused by
board-level parasitic capacitance.

In addition to the measured frequency response, Fig. 14 also
presents a simulated spectrum (dotted line) using the equivalent
circuit described by Fig. 11 with element values derived from
the “simulated” column of Table Il and summarized in Table IlI.
This simulation attempts to mimic the measured frequency char-
acteristic in the passband. As such, itincludes shunt parasitic ca-
pacitorsCp; = 100 fF at the input and output nodes (see Fig. 1)
to model board-level parasitics that interact with termination re-
sistorsRq; and generate increased passband ripple. It should be
noted, however, that a few adjustments were necessary to at-
tain the degree of matching shown. In particular, note that the
target gap spacing of 1300 A was not used to generate the “sim-
ulated” column in Table Il, nor the values in Table Ill. Rather, a
larger gap spacing of 1985 A was used that accounts for deple-
tion in the resonator beam induced by tHe-induced electric
field between the nondegenerately doped n-type beam and the
n-type electrode. This value of gap spacing was semiempirically
determined by matching measured plots of resonfteersus
Vp with simulations based on (12), usinlg and  as fitting
parameters.

In addition, as indicated in boldface in Table I, the coupling

converts:,. to a voltage that can then be buffered to subsequdatation!. was adjusted to match bandwidths, and the resonator
circuit loads. Alternatively, transresistance detection can g and the filter termination resistandey; were adjusted to
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TABLE Il aglk o ' ' ' o
HF (tMECHANICAL FILTER CIRCUIT ELEMENT VALUES —_ B i
D42} .
koA
Parameter Value Units -é 46 i ]
Coupling Location, [, 448 pum é’ 50 i W ]
C,1= 7.14 fF ] B
o172 & -54 | 1,=8.22MHz
lxl= . 5.66)(10-13 H [ = - BW=210kHz
-58 |- %BW=2.5%
= 0.000734 F : : L L L
x170x2 - 8.05 8.1 8.15 8.2 8.25 8.3 8.35
re=ro 4.62x10° Q Frequency [MHz]
Cs12a=Cs12b -0.0121 F 0 (a)
— T T T =
Cs12¢ 0.00882 F — } f,=7.8MHz
= o .10 BW=18KkHz
Ne1=Ne2 1.20x10 C/m 2 L Pgy=0.23%
c B Stop.R.=35 dB
N1 Me21 7.08 C/m 2201 I.L.<2 dB
230} ]
8 = -
match the measured insertion loss. In particular, the value of 2 -40 i ]
Rq; needed to match the simulated insertion loss and passband 50 F 4

ripple was 14.5 R, not the 12.2 R actually used for the mea-
surement.

Thel. adjustmentis notunreasonable, since the coupling beam
has afinitewidth of 0.76m, and the exactcouplinglocationis not ()
necessarily at the center of the coupling beam but could be apyy: 15.  Frequency characteristics for (a) a (053). coupled filter and (b)
where along its finite width. Furthermore, torsional motions &f (0.12):..x coupled filter, both measured under 70-mTorr pressure.
the coupling beam can also influence the actual mechanical cou-
pling, thus changing the effectivg. The adjustment i} seen

in T_aple Il is also plausible, since a small ngmper of resonat Blow velocity coupling for implementing higk filters on the
eXh!b'Fed '|OW6I’Q than the 8000 measurgd n !:'g' 4. The sm icroscale. It should be noted that the termination resistors re-
deviation inkq; also should not be alarming, given some UNCehuired to flatten the passband of the (053),-coupled filter in
tainty in the actual gap distance for this process. Fig. 15(a) were too large for off-chip testing, where relatively

Note that although the simulation matches the measuremgihe harasitic capacitors introduce passband distorting phase

verywellinthe passband, itdeviates substantially inits transiti%s Thus, only the unterminated spectrum is shown, and the

to the stopband. In particular, the measured curve features | SSdwidth is taken as the frequency range between mode peaks.
poles not modeled by the theory of Section IV that substantia

! - e e actual terminated bandwidth will be slightly larger than this.
improve the shape factor of the filter. The loss poles in Fig. 14 5 jition, the difference in the center frequencies of the two

result largely from action of the feedthrough capactiorsa)  gnectra arises because a smaller valuEofvas used to mea-
(see Fig. 1) in a similar fashion to the introduction of loss polére Fig. 15(a)

via bridging capacitors in crystal filter design [26]. In the present
experiment,Cp(sqy is actually a parasitic element; i.e., Iossc
poles were introduced inadvertently. For fully integrated filters;”
in which zmechanics and circuits are fabricated side-by-side Although theirmatchingtolerances are fairly good, planar
on a single chip, parasitic capacitors are expected to be miighrication technologies often exhibit rather patsolutetol-
smaller. In this case, the feedthrough capacitpy ;) canthen erances. For example, integrated capacitors in CMOS technolo-
be purposefully designed into the filter if loss poles are desire@ies can often be matched to 0.2%, but their absolute values can
deviate from designed values by as much as 20% [33]. From the
B. Low-Velocity Coupling micromechanical perspective, the absolute resonance frequen-
cies of micromechanical resonators can deviate from their de-
The low-velocity coupling design strategy detailed in Sesigned values [using (12)] by several percent—as much as 3%
tion IV was verified by measuring the bandwidths of filters am the University of Michigan’s Solid-State Electronics Labo-
a function of coupling spring location along the resonator bearatory. Such frequency deviations are caused by any number of
length. Fig. 15(a) and (b) compares the measured frequemrgpcess-related phenomena, such as witthariations due to
characteristics for two filters, one coupled;at = 10 um to etch undercutting, thicknessvariations due to film deposition
achieve (0.53)...x coupling and another gt. = 4.08 pm to rate inconsistencies, and residual stress in deposited films, to
achieve alower coupling velocity of = (0.12)vm,ax. Thefilter name a few. As with planar IC technologies, these variations
bandwidth clearly changes as the coupling location changesstill seem to be uniform in small areas, so resonator-to-resonator
particular, the (0.12),,., coupled filter exhibits a percent band-frequency matching tolerances are fairly good, on the order of
width of 0.23%, which is much smaller than the 2.5% of it.4%.

765 7.7 77578 7.85 7.9 7.95
Frequency [MHz]

(0.53wm.x coupled counterpart and which verifies the utility

Passband Tuning
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Fig. 16. Measured frequency versus applied dc biasfor a parallel-plate
transduced clamped-clamped beamechanical resonator. Fig. 17. Measured output poweP, versus input powerP; plot for
determination of IIP3 for an 8.76-MHgmechanical resonator. Input tones
for I M5 determination are spaced 200 and 400 kHz from the resonator center
From a filter perspective, assuming identical resonators dreuency.

used, the above implies that filter passbands should be fairly re-
peatable, at least for lo@ g, designs. However, absolute toler- mechanical resonator in series with a resistgr= 3050 €2,
i

ances will cause center frequencies to deviate significantly frc{fpth design and operating data also given. Output power
designed values. In addition, for filters with hi@ha.., €ven oqn4nges to both an in-band input signaf@at= 8.76 MHz
small mismatches in resonator frequency can cause significgfly 4 wvo-tone out-of-band signal with tones spaced 200 and

passband distortion. Thus, for the majority of applications, SOMB( kHz away fromf, are plotted and indicated @8, funa

form of trimming or tuning is required to achieve accurate pasg: 4 Py 13, respectively. It should be noted that these plots
band shape and location. ’

As indi d by (3 ¢ vol I g/ere measured from a stand-alone, one-port resonator (as
s N |cate_ y @), some "’?mour_“ of voltage-contro € posed to a properly terminated filter), and thus, the output
frequency tuning is available via adjustment of the dc-bi

| Vo Fig. 16 sh lot of f Vis f as not matched to the measurement apparatus (a spectrum
VIO tagedp.l '9. df) ows a plot 0 drequengy VeLS B or.? analyzer). This lack of matching leads to more insertion loss
clamped—clamped beapresonator designed to the specificag, normally seen in a matched filter, but does not invalidate

tions of Table l_l' Here, a 9.4% tuning range is provi_ded OV&dh third-order input intercept point (IIP3) determination based
_30Vofb|as variation. As seen from (12)_(15)’”1_6 tuning rangs, his data. In particular, the IIP3 derives from an in-band
IS strongly depender_lt upon resonator de_5|gn, Increasing Wil input force component generated by input transducer
decreasing gap spacing and decreasing with increasing St'ﬁm?ﬁj%linearity and is not a function of output matching. (In fact,

To correct the passband of a micromechanical filter suffering, .. ovic “of Fig. 17 would perhaps be better construed as

from mismat.ched resonators, the, voltage in Fig. 1is S"T‘P'y velocity power, rather than electrical.) Thus, despite the lack of
varied to adjust the resonance frequenciResonatorluntil it output matching, 1IP3 can still be extracted from Fig. 17 and
matches that dResonator2at which point passband distortioniS seen to be-1.3 dBm

is removed. From Table Il, a tuning voltagg,; of 0.12 V was Again, since 1IP3 is a function of input velocity power, the

required t_o attain Fig. 14. Although not gsed in this de5|gq, S€3ta of Fig. 17 can be extended to a properly terminated filter
arate tuning electrodes could also be introduced alongside

e . . . o
I/O electrode of each resonator to decouple the frequency tung}%matchmg displacements mduceq by electrical input POWEr.
Mce velocity corresponds essentially to the current flowing

function from the 1/0. . through the equivalent circuit of a resonator, tHgversusrF;
For practical purposes, depending upon how well proces

variations can be controlled, the range gf-activated fre- p%t for a properly terminated filter using the 8.76-MH2 res-

. .. onator described above can be obtained from Fig. 17 by shifting
quency tuning may not be adequate for all cases. This will he ; .
: . . e P;-axis so thaf’; values for the filter correspond to the same
especially true in portable systems, which generally operate
. : resonator currents as generatediyls for the stand-alone res-
with low supply voltages (below 3 V) that leave little room S ; . )
S onator in Fig. 17. This can be done using the expression
for Vp variation, at least not enough to correct for absolute
tolerances as high as 3%. For these cases, alternative trimming o R R
technologies are being investigated that, when combined with P, jur = <M) P e (39)
Vp-activated tuning, should enable a wide range of precise (R + Ry)

frequency adjustment [32].
where P; s, and P; .., are the input power scales for the

filter and resonator plots, respectively. Using (39), assuming
D. Spurious-Free Dynamic Range a 36-kHz bandwidth filter centered at 8.76 MHz using the
resonator and bias values of Fig. 17 witly; = 10 k<2,
Pursuant to measurement of the out-of-band SFDR fortleen shifting all curves upwards to reflect the 2-dB insertion
pmechanical filter, Fig. 17 presents a plot of output powdoss seen in Fig. 14, yields Fig. 18. The IIP3 point for this
Py versus input powerP; for an 8.76-MHz polysilicon extrapolated filter is now 5.1 dBm.
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10 T Fiter Data: transceiver components and to alleviate filter passband
01 |f=876MHz | s <1 dB " distortion due to parasitics [14], [34], [35];
-10 B=36kHz Adabm :
204 | Ro=10k2 3) absolute and matching tolerances of resonance frequen-
30 | Resonators cies, which will both be functions of the fabrication tech-
of Fig- 17 ! nology and of frequency trimming or tuning strategies

[32];

4) stability of the resonance frequency against temperature
variations, mass loading (e.g., by contaminant molecules
[36]), aging, and other environmental phenomena.

0 P o fund
70 -
-80

<90 -

Output Power, P, [dBm]
A
o

100 - Each of the above phenomena is currently under study. In par-

9 80 70 60 50 40 30 20 -10 0 10 ticular, assuming adequate vacuum can be achieved, the ulti-
Input Power, P; [dBm] mate quality factor will be strongly dependent upon the material

type, and even the manufacturing process. For example, surface

Fig.18. Output poweP,; versus input poweP; plot for determination of 11P3 . o
for an 8.76-MHzumechanical filter (extrapolated from Fig. 17). roughness or surface damage during fabrication may play a role

in limiting quality factor. In fact, preliminary results comparing

The out-of-band SFDR (with tones 200 and 400 kHz offséhe quality fact.or ach|§avlable n boron-'so_urce-doped polysilicon
Structures (which exhibit substantial pitting of the poly surface)

Lr)c()prrr]etzseiélge[;i]enter frequency) can now be determined Vlaﬂ\]/%rsus implant-doped ones, indicate that the latter exhibit al-
most an order of magnitude highér at frequencies near 10
SFDR= 2(IIP3 — N,;) — SNRuin (40) MHz. Another loss mechanism that may become more impor-
tant with increasing frequency is loss to the substrate through
where all quantities are in decibels, SNR s the required min- anchors. More balanced tuning fork designs could alleviate this
imum signal-to-noise ratio, ani¥,; is the input-referred noise mechanism.
power, given for this filter by From a filter design perspective, the practical frequency
range is limited by electromechanical coupling. In particular,
Noi = Nrq +IL +10log B (41)  electromechanical coupling largely determines the valuegf
whereNrq = —174 dBm is the thermal noise power deIivered’equ?red to terminate a givep filter, anq thus, dictates mgt_ching
by R, into a matched load; L is the insertion loss of the filter, 'éduirements, power-handling capability, and susceptibility to
and B is the filter bandwidth. Note that noise associated with2SSband distorting shunt parasitic capacitatige To satisfy
Brownian motion of theimechanical filter structure is modeledPr€sent-day impedance matching requirements, a siaglis
by thermal noise in itsk,’s [10], and is included in the L oﬁgn required, which from (24) ne.cess[tates a small valge_of
component of (41). FofL = 2 dB and SNR,;, = 10 dB, R, in the resonators making up a given filter. From (18), this is

(40) yields an SFDR= 78 dB. most conveniently achieved by reducing the electrode-to-res-
onator gap spacingy, increasing the electrode-to-resonator
VII. FREQUENCY RANGE OF APPLICABILITY area overlap areal, = W,W,, or increasing the dc bias

voltageVp applied to the resonator. For practical purposks,
The ultimate frequency range of the described micromgs|imited by the total beam length (which is in turn dictated by
chanical resonators is of great interest and is presently a topig, andV/} is limited by the available power supply or by the
under intense study. From a purely geometric standpoint, tighest voltage achievable via charge pumping in the circuit
frequency range of micromechanical resonators can extad@hnology being used. Reduction of the electrode-to-resonator
well into the gigahertz range. For example, the dimensiogap spacing, perhaps down to 200 A rather than 1300 A, and the
of a clamped—clamped beam resonator required to attainyge of different dopings for the resonator and electrode (e.g.,
frequency of 1 GHz are (referring to Fig. 3 and assumingtype resonator, n-type electrode) to prevent depletion-based
Vp = 0V) approximatelyL,, ~ 4 um, W, = 2 um, and gap increases, may be the most practical methods for reducing
h = 2 pm, where finite-element analysis should be used tg,. For the filter of Fig. 13, a gap spacingd&f = 276 A would
account for width and anchoring effects. This frequency caillow the use of 1-R termination resistors with’> = 5 V.
also be attained by longer beams vibrating in higher modes.Because the gap spacing for the above HF filter is defined
Thus, according to analytical and finite-element predictiomy an oxide spacer thickness, it can be made very small, on the
frequencies into the gigahertz range are geometrically possitdeder of tens to hundreds of angstroms. For this reason, the min-
Geometry, however, is only one of many important consigmum gap spacing is likely not determined by process limita-
erations. The applicable frequency range of micromechanig@ns, but rather by dynamic range and linearity considerations.
resonators will also be a function of several other factors, it particular, for a given displacement amplitude, a decrease in
cluding: gap spacingy leads to an increase in capacitive transducer non-
1) quality factor, which may change with frequency for dinearity.
given material, depending upon frequency-dependent en-This can most readily be seen in an expression for nonlinear
ergy loss mechanisms [28]; distortion. An approximate expression for the magnitude of the
2) series motional resistanég, (cf., Fig. 11), which must be in-band force component afy arising from third-order inter-
minimized to allowRq; impedance matching with othermodulation of two out-of-band interferers @af = wo + Aw
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andws = wg + 2Aw can be derived by considering nonlineariin particular, coupling beam masses are comparable to those
ties in the input capacitive transducer. Assuming that resonatdrresonators on this microscale, so mass loading effects are
displacements are small enough that stiffening nonlinearity camplified in this domain. In the absence of proper design

be neglected, such a derivation yields methodologies, such mass loading can generate center fre-
quency shifts and distortion in the filter passband. To suppress

2
Fry, = V3 {i%k‘/—’)p@l + 0,] this effect, quarter-wavelength coupling springs are utilized,
0 geff 5 but these place constraints on the values of coupler stiffness
3 (e040)” VP that then limit the percent bandwidth attainable by microscale

§dy g O

3 (e0do)* V3

mechanical filters using a rigid geometry. A novel technique
626 based on low-velocity coupling was introduced and demon-
2 4t K2t 2} strated that alleviates percent bandwidth restrictions and allows
the realization of high@ ;mechanical filters.
where®; = ©(w1), ©2 = O(w2), and High-Q performance was demonstrated for both single
1 presonators and filters in the HF range, leading to impressively
- 11— (w/wus ap)? + jw/(Qwaz an )| (43) Ipwinsertion loss in ;mal! percent bandwidth micromechanical
] filters. Passband distortion caused by finite planar process
wherew,sqp = w, + B/2 is the 3-dB frequency at the uppergierances was alleviated via a voltage-controlled frequency
edge of the filter passband. For theesonator in series with ling capability arising from effective electrical stiffnesses
R, = 3050 © of Fig. 17, (4) and (42) combine to predict anpat add to the mechanical stifinesses of the resonator beams.
IP3= —1.0 dBm, which is close to the measured value. Fag,,chy frequency tuning or trimming methods are expected
the parameters used in the filter example of Fig. 18, (40)~(4g) pecome increasingly important as dimensions shrink to

(42)

O(w)

yield 1IP3= 5.3 dBm and SFDR- 78 dB—very close to mea- 5ccommodate higher VHF and UHF frequencies.

sured/extracted values.
Equation (42) indicates that third-order intermodulation force
components can be reduced by increasing the electrode-to-res-
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overlap aready and the applied dc biagp. Unfortunately, as
seen from (18) and (24), these adjustments also increase the
required value of termination resistangg;. Thus, for the filter
design of this work, there is a tradeoff between linearity (i.e., [*]
dynamic range) and the ability to match to small impedances.
Although small impedances are not normally required at IF[2]
frequencies, they are often needed at RF in the transmit path[S]
e.g., to load power amplifiers. Nevertheless, even wigh
reductions to maintain adequately Ia¥;, (42) predicts fairly

good dynamic range at higher frequencies. For example, for 84
hypothetical 200-kHz bandwidth, 70-MHzmechanical filter

5
with Rq; = 2 k€2, and usinguresonators with{@ = 8000, )
L. =152 pum W, =8 uym W, = 12.2 pym, h = 2 um,
do = 203 A, ke = 64152 N/m, andR, = 186 Q for )
Vp = 6V}, (40), (42), and the design equations of Sections IlI
and IV yield (with input tones offset 400 and 800 kHz frgf) 7]

[IP3= 12 dBm and an out-of-band SFDR of 78 dB.
From a broader perspective, the above linearity versus
impedance tradeoff amounts essentially to a power-handling®
limitation. Some of the more promising methods for enhancing g,

the power-handling capability of micromechanical filters
include alternative transducer configurations (e.g., more Iineallrm]
capacitive transduction, or piezoelectric transduction) and var-
ious system-level solutions (e.g., paralleling micromechanical
filters), both of which are the subject of current research. [11]

VIII. CONCLUSIONS

12]
Surface-micromachined, polysilicon, high-.mechanical

bandpass filters in the HF range have been designed, fabril—3
cated, and tested with particular attention to design Iimitationé ]
caused by miniaturization of resonator and spring elements.
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