286 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 7, NO. 3, SEPTEMBER 1998

Microelectromechanical Filters for Signal Processing

Liwei Lin, Roger T. Howe,Fellow, IEEE, and Albert P. Pisano

Abstract— Microelectromechanical filters based on coupled mechanical filters were noncompetitive because of higher
lateral microresonators are demonstrated. This new class of manufacturing cost and larger size (typically, cylinders several
microelectromechanical systems (MEMS) has potential signal- .ontimeters in length and approximately 1 cm in diameter).
processing applications for filters which require narrow band- ith the ad f | lei .
width (high (), good signal-to-noise ratio, and stable temperature With the advent of CMOS very large-scale integration (VLSI)
and aging characteristics. Microfilters presented in this paper technology, it became feasible to integrate switched-capacitor
are made by surface-micromachining technologies and tested by filters with other functional blocks to fabricate single-chip
using an off-chip modulation technique. The frequency range of microsystems (e.g., in a one-chip modem).
these filters is from approximately 5 kHz to on the order of 1 MHz f . . . .
for polysilicon microstructures with suspension beams having If a flltgr using mlcromechanlcal elements could be fabrl_
a 2um-square cross section. A series-coupled resonator pair, cated by |_ntegrated circuit (IC) processes, then many Qf their
designed for operation at atmospheric pressure, has a measuredtechnological drawbacks would be eliminated. In particular,
center frequency of 18.7 kHz and a pass bandwidth of 1.2 kHz. micromechanical filters could emerge as functional blocks in
A planar hermetic sealing process has been developed to enablejyagrated microsystems. Somewhat similar motivations were

high-quality factors for these mechanical filters and make possible ; .
wafer-level vacuum encapsulations. This process uses a Iow—stres@ehlnd efforts at the Westinghouse Research and Development

silicon nitride shell for vacuum sealing, and experimental results Center in the 1960’s to develop micromechanical resonant
show that a measured quality factor of 2200 for comb-shape structures for filtering and other applications [6]. The pio-

microresonators can be achieved. [265] neering “resonant gate transistor” was a field-effect transistor
Index Terms—Coupling springs, microelectromechanical fil- With a vibrating metal beam replacing the gate. The beam was
ters, resonators, vacuum encapsulation. resonated vertical to the substrate using electrostatic forces

applied by an underlying electrode. Typical dimensions of
the metal thin-film beams were 0.1 mm long and 5-+i@

. ] . thick. Typical quality factors were 500 at 5 kHz. The project
T HE USE OF electromechanical filters for signal procesgzas abandoned due to lo@'s, high-temperature coefficients
ing dates to the 1940's. In early filters, steel plates Weg he resonant frequency, and aging of the metal films. In
used as the resonators, and wires were used as the mechagigalion the nonlinear electrostatic drive would impose severe
coupling elements [1]. Mechanical filters were refined bew\’e%%nstraints on the amplitude of the input signal and, thus, the
1950-1970 into effective signal processing components amic range of the filter.
were deS|gned.|nto a variety of applications [2], [3]. ... The advances in micromachining processes and in microres-
Mechanical filters have pgen used Whgre harrow ba”‘?'W'd ator materials and design [7], [8] have opened the feasibility
low lOS.S’ and_good stability are reqw_red. They typl_call}sf integrated micromechanical filters. Microresonators fabri-
have hlgh-q_uallty factorscf) combined V\."th e_xcellent_ a9N9 cated from polycrystalline silicon (a low-loss material), driven
characteristics. I_n present-dgy mechanical filters, nickel—ir interdigitated electrodes (which provide a linear excitation),
alloys are used in constructing the resonant elements, whi 4 suspended by folded flexures (for a linear spring-rate to

are C"?‘pab'e of 'quahty factors ranging from 10000 to 250 very large displacements) are very attractive as building blocks
[4]. Piezoelectric crystals, such as those commonly used .in . : . )

. . . : . for mechanical filters. In addition, laterally driven structures
oscillators, are also sometimes used in mechanical filters.

benefit from having all critical features defined in one masking

Mechanical filters have been displaced in audio-frequenF : . .
- . ; Ievel, which enables the designer to implement such features
applications by the advent of integrated switched-capacitor

filters, which are implemented in MOS technologies [5 s differential drive and split combs for levitation suppression

In addition, integrated analog-to-digital and digital-to-analo ithout the need for process changes [9]. To be generally

converters have made digital filtering attractive in some a seful, thege mlcromechanpal structure.s must be mtg grz_;lted
gether with associated microelectronic interface circuits.

lications. Where their special properties were not essential; I
P P prop everal processes have already demonstrated the capability of
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processes for the vacuum sealing of narrow microbridges have W
been demonstrated, and these have used epitaxial silicon [13],
[14], polysilicon [15], [16], and silicon-rich silicon nitride
[17] as microshell materials. However, the vacuum sealing
of microfilters based on comb-drive structures encounters
difficulty due to the large area and relatively soft suspensions
of the microresonators.

This paper presents design techniques, microstructural |&jg. 1. Conceptual diagram of a coupled-series N-resonator filter.
outs, and test results of series microelectromechanical filters
based on mechanically coupled polysilicon comb microresg  , First Coupling  Second
onators. A wafer-level vacuum sealing process is introduced fo Resonator  Spring  Resonator
demonstrate the feasibility of an integrated vacuum packagifggm> shape - '
procedure. These approaches show promise for achieving
high signal-to-noise ratio (with on-chip detection circuitsgjgnal
and high-quality factors of microelectromechanical filters. IPending Port
conclusion, the techniques and research directions on mate- |
rials, vacuum encapsulation, and manufacturing procedures & &
are discussed.

I -

Signal
Sensing Port

Il. FILTER TOPOLOGIES AND THEORETICAL MODELING

DC Bias = sGround Plane

A. Series Micromechanical Filters , , o
ig. 2. Layout of a series two-resonator mechanical filter.

The principle of a series mechanical filter is iIIustrateg
in Fig. 1, which shows springs;; linking two adjacent
resonators having massed; and M; and springsk; and
k;. In contrast to the frequency response of the uncoupl
single resonators, the filter in Fig. 1 can be configured to
have an improved bandpass characteristic by proper selectbn
of resonators, coupling springs, and bridging springs whichAn N-resonator series filter with only nearest neighbor
link nonadjacent resonators (note that bridging springs haweupling springs can be modeled mechanically as shown in
not been drawn in Fig. 1). Hence, higher order systems wiltig. 3. The transfer function of the output displacemént
multiple-coupling springs enable synthesis of high-qualityy the input forceF is essential since the derivative of the
bandpass filters. Signals, in the form of current or voltageutput displacement is proportional to the sense current [7].
are converted by an input electromechanical transducer ifitbe transfer function can be expressed as
mechanical vibrations at the filter, pass through the seriein 1
filter, and are then converted back into electrical signals by~ = " p— -
an output electromechanical transducer. For example, magnejzpj Gon S0 o+ G 57170 4 Gon 2 S22 - Gol
tostrictive and piezoelectric transducers are commonly used in (1)
conventional mechanical filters [4]. where Gs,, and Gs,,_; --- G are constants in the transfer

The series filter concept has been implemented by usifighction and can be designed by changing the filter geometry.
coupled electrostatically driven polysilicon resonant structurephe equivalent mass, spring rate, and damping coefficient for
Fig. 2 shows the design layout of a series two-resonatgie individual resonators are given by [7]
filter, with a square-truss coupling spring [18]. The input and

the two resonances (currents are in phase), but subtract outside
ga's interval (currents are approximately 28Qut of phase).

Mechanical Model

output electrostatic combs function as linear electromechanical M; =M;p +0.3714M;, (2)
transducers as long as they are biased at a dc voltage which Ty h<%>3 3)

is much larger than the amplitude of the signal voltage [7]. L S ;

High-order micromechanical filters can be realized by adding Dy = (Mik)Y2Q, (4)
more microresonators with coupling springs [19] and bridging

springs [20]. where M;,, and M, represent the mass of the plate and the

An electromechanical filter may also be realized by conmass of the folded beams of tfth resonator and; andL; are
bining the current outputs of two (or more) microresonatothe width and length of the eight struts in its folded suspension.
with resonance frequencies which differ by a specific ddhe thickness of the microstructure i and the Young's
signed amount. The outputs of the single microresonatar®dulus of polysilicon isE,,. The damping coefficient is
are then combined with appropriate control of the phase détermined experimentally from the measured quality factor
microresonator motional currents. Either a bandpass filter ofa although reasonable models based on viscous drag have
notch filter can be realized [21]. For the case of the bandpds=en developed [7], [12], [22]. Quality factors ranging from
filter, the relative phase difference between microresonatdess than 100 at atmospheric pressure in air to approximately
is selected such that currents combine in the interval betweg®000 in high vacuum [8] have been measured.
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Fig. 4. The equivalent circuit for a comb-shape transducer.

Ay

Fig. 3. Mechanical model of a series N-resonator filter.

M1 k; D Ly ky D2 I I,
The interresonator coupling spring stiffnesses are given by WW—WWN _L%
i) RS “ oo ct ¢
by = yn () ® =
)
. . . Fig. 5. Equivalent circuit for a series N-resonator filter.
in which w;; and L;; are the width and length of the square-
truss coupling spring as illustrated in Fig. 2.
From an electronic system design standpoint, the transfgpm the above, one finds
function relating input voltage to output curredt/V; is 1
most useful. Such a relation may be obtained by relating the = —"7aeN (10)
internal mechanical parametdrsand X, to the corresponding Vpi <%>
T

electrical input and output through the phasor relations
From the theory of indirect analogy, force and velocity in
F=Vp; <@) vV (6) a mechanical system can be treated as voltage and current in
9z /; an electrical system. Hence, the electrical equivalent circuit
for the series N-resonator filter in Fig. 3 can be further
illustrated in Fig. 5 for a purely electrical model including two
transducers., is the dc capacitance of the comb fingers.)
whereVp; and Vp, represent the dc bias at the drive (inputI'he electrical elements are related to the mechanical elements
and sense (output) ports, respectively, g@d/dz); and as follows:
(0C/dx), are the capacitive changes with respect to comb

aCy |
Io = VPO <%> 7“')Xn (7)

motion at the respective ports. For the particular case of comb- L; =M (11)
driven transducers, the vald®”/9x is a constant and can be C = 1 (12)
theoretically approximated (and underestimated since fringing Y kin?
fields are neglected) [23] as R; =D (13)
1
ox df

The theoretical form of,, (as defined in Fig. 5) can be derived

where N is the number of the comb fingersy is the py pure electrical analysis, and the amplification fagtein
permittivity, andd is the gap between the fingers. Hencerig. 5 can be expressed as

the filter transconductance can be expressed in phasor form as

(9), given at the bottom of the page. Vo ¢
b= =L (15)
C. Electrical Model L v <%> :
i or /.

Most previous analyses for filters in the macroscale use the
analogy modeling method to transform mechanical eleme i i
into equivalent electrical elements in order to apply the Iarg?:zﬁe final form of,/V; Is exactly the same as (9).
body of electrical filter design tools. The theoretical trans-
formation parameter; (shown in Fig. 4 for a comb-shaped
transducer) can be theoretically obtained by first derivin
the equivalent resistance, inductance, and capacitance (R
circuit elements for a single comb-driven resonator and thenThese filters have been fabricated via the polysilicon
generalizing the resulting for the case of a complete filter. surface-micromachining process previously used for lateral

acC acC
joVpiVeo [ 5= ) (55
Jerpr <8$>7<8.’E>0

I,
2o _ 9
Vi Gaon(jw)® + Gap1(Jw)? L + Gop o (Jw)? 2 + -+ G ®)

I1l. FABRICATION AND MEASUREMENTS

.)Fabrication Processes
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Fig. 6. The SEM photo of a series two-resonator filter.
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TABLE |

DIMENSIONS OF TESTED SERIES MICROFILTERS FREQUENCY [kHz]

dimensions || Design ] Measured F_ig. 7. Experimental measurement of a single-comb resonator operated in
Number of resonators 2 2 air.
Beam length(resonator 1)[pm] 150 150
Beam length(resonator 2)[pm] 150 150 0
Beam width[ym] 2 1.7 3res
Thickness [pm] 2 1.8 o é\
Coupling spring length[pm] 150 150 = 8 / x
Coupling spring width[pm)] 1 0.8 =2 v/ \
18 v \
3~ 7
. - . . 4> 9/ \\
resonators [7], [8], with a polysilicon thickness of approxi->_!_ .24 v <
mately 2;:m. The folded suspensions arg:&h wide, whereas ‘,’V’(
the more compliant coupling springs are only:th wide. All g0 T
, Y
key structures such as the comb, folded-beam resonators, and i W

coupling springs have been defined and etched in a single -40
masking step. A low-pressure chemical-vapor deposition
(LPCVD) oxide nonerodible etch mask has been used to
achieve nearly vertical polysilicon sidewalls. A scanningig- 8. Experimental and theoretical results of the series two-resonator
electron micrograph (SEM) of a two-resonator series filtePdcromechanical fiter.
is shown in Fig. 6.

13 15 17 19 21 23
FREQUENCY [kHz]

TABLE I
CHARACTERISTICS OF TESTED SERIES MICROMECHANICAL FILTERS
B. Measurements Characteristics ” Series Filter
The electrical responses of the fabricated prototype filters Center frequency (f,) [KHe] 18.7
; : ; ; 3dB bandwidth (BW,) [KHz] 1.2
have been measured using an off-chip modulation-sensing .

. - . . 20dB bandwidth(BWy) [KHz] 3.2
technique in air [8], [23]. Table.I shows the deS|gned gnd Fractional bandwidth (£42) 6.4%
measured dimensions of the series two-resonator filter. Fig. 8 Passband ripple [dB] 15
shows the spectrum response of a two-resonator series mi- Shape factor (Z5120) 2.7
crofilter (with a coupling spring length of 150m) and the Quality factor (gh-) 156

theoretical (downward triangular symbols) result. The design

of the mechanipal spring.can change_the characteristics of {ig since expensive postpackaging may be avoided. LPCVD
spectrum. A stiffer coupling spring with a length of 18@  jjicon-rich silicon nitride has been used to vacuum encapsu-

can produce a wider bandwidth, but also increase the passbpRd these comb-shape microstructures with a large area and
ripple, and a notch filter may be realized [24]. On the othglys suspensions.

hand, the spectra of a single resonator has been measured to
determine several parameters such as Young’s modulus an
a quality factor as shown in Fig. 7. The Young’s modulus is’ ) )
estimated to be about 150 GPa, and the quality factor is about h€ actual (in scale) layout for the vacuum-encapsulation
30. Table Il is the summarized characteristics of the specREPcess is illustrated in Fig. 9, where the comb-drive mi-

showing in Fig. 8 which shows remarked improvement ové&fostructure is covered by a microshell. The microshell is
that for a single microresonator. drawn in transparent such that both the comb resonator and

ground plane can be clearly seen. The comb structure has
eight suspended struts which are 1pfh long and 2um
IV. INTEGRATED VACUUM-ENCAPSULATION PROCESS wide. Both the thick and thin phosphorus-doped LPCVD SiO
In order to increase the quality factor of these microfiltef®®SG) layers cover the whole comb structure. The thick PSG
for practical application, vacuum packages are required. layer extends at least 2bm away from the edges of the
wafer-level integrated vacuum-encapsulation process is attraomb resonator. The thin PSG layer extends anothemb

dLayout and Fabrication Process
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Fig. 9. Design layout a vacuum-encapsulated lateral microresonator.

more away from the thick PSG layer. These extensions are
to ensure that safe margins are established during the wet
PSG etching process. The etch channels are represented by the
gray rectangles around the microshell and will be subsequently
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filled by low-stress nitride during the sealing process. Those
large white rectangles which are right next to etch channels
are the landing anchors of the shell. Finally, the light grey
squares are etch holes which are:f in width.

Fig. 10 illustrates the process sequence. Standard surface-
micromachining steps which have been used to fabricate
the microelectromechanical filters are carried out through
the second polysilicon patterning in four masks as shown
in Fig. 10(a). Without etching away the sacrificial PSG
(phosphorus-doped LPCVD SiQ) 7 um of additional PSG is
deposited to cover the microstructure. This thick PSG layer is
deposited using two sequential depositions and densifications ©
to reduce the nonplanar topology. After the vacuum shelz:I_I ,
area (Mask #5) is patterned, 5:1 BHF (buffered HF) is usea;. 10. Process flow for the vacuum-encapsulated microresonators.
to define the microshell area as illustrated in Fig. 10(b). A

1-um-thick PSG is deposited, patterned, and etched in Sdhia 0t nad is shown with the covering nitride layer removed.
BHF to form etch channels (Mask #_6)_ as ;hown in Fig. 1_0(0'}119 nitride shell has a height of about 4th as seen standing
A 1-pm-thick LPCVD low-stress nitride is then depositedypqy e the substrate. There are microbubbles in the surface
and etch holes are defined (Mask #7) and etched in a plasgigne pitride shell which are created during the thick PSG
etcher [Fig. 10(d)]. All PSG inside the shell is then etchegesition process [26]. It is suspected that these microbubbles
away in concentrated HF. After rinsing in water and methan%{re also produced by residual polystringers.
the _Wafer is dried using the sqpercritical ¢@rocess [25]. _Fig. 12 is an SEM micrograph of a cleaved wafer showing a
A yield of over 90% freestanding comb-shape resonators ifysq section of a resonator in the microshell. It was observed
achieved in the initial tests. Finally, a&n-thick LPCVD yhat the surface of the resonator has a uniform light blue
low-stress nitride layer is deposited at a deposition pressW,. on poth sides (top and bottom). This color indicates that
of 300 mTorr to seal the shell, and contact pads are opengd pitrige-forming gas (dichlorosilane and ammonia) diffused
(Mask #8) as shown in Fig. 10(e). into the nitride shell through the etch channels. Fig. 13 is a
micrograph showing a magnified cross section of the broken
comb finger in Fig. 12. It can be identified in Fig. 13 that a
Fig. 11 is the SEM microphoto of a vacuum-sealed laterkyer of nitride of about 1500 A has covered the polysilicon.
microresonator, with beams 150n long and 2um wide. A Different colors from light yellow to light blue with good

(d)

Vacuum Contact Pad

Silicon Substrate

B. Fabrication Results
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Fig. 11. An SEM microphoto of a vacuum-encapsulated lateral microres- -8
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Fig. 14. Experimental measurement of a vacuum-encapsulated lateral mi-
croresonator.

Fig. 14 is a spectrum measurement of a vacuum-
encapsulated lateral microresonator. The center frequency is
23953 Hz, and the quality factor is 2200. Reports have shown
Fig. 12. Shell and freestanding comb structure cross section as seen irl:bc\ﬁt quality factor of these comb resonator is less than 100
SEM. when operated in air while it can reach 50 000 when operated
in high vacuum (107 Torr) [8]. The quality factor of 2200
corresponds to a pressure of about 200-300 mTorr [28] inside
the shell. Since the deposition pressure of the sealing process
is 300 mTorr, part of the gas inside the shell is presumed to
have continued reacting and is consumed during the process.

This residual pressure inside the microshell could be re-
duced if LPCVD polysilicon is used as the shell material. The
source gas for polysilicon deposition can continue reacting and
a high vacuum can be achieved [15]. Moreover, the polysilicon
shell can provide an electrical shield and provide electrical
protection as well as mechanical protection to the sealed
structures. However, an additional insulation material such
Fig. 13. A close view of the broken tooth showing a thin nitride layegs sjlicon nitride should be added between the noninsulator
deposited on the microstructure inside the shell. .

and the electrical feedthroughs. Some reports suggested that
permeable polysilicon actually allows concentrated HF to

uniformity have been observed in different designs of shelR€netrateé and etch away the PSG layer underneath [29], [28].

Similar effects have been reported in surface-micromachingdiS €tching mechanism could save one—two masks from
flow channels [27]. the current shell process [30]. The high-temperature drive-

in process in the standard microstructure fabrication could be
modified by low-temperature as-deposited LPCVD polysilicon
with a subsequent suitable rapid thermal annealing (RTA)

annealing for stress relief [21] such that the whole shell

These vacuum-encapsulated lateral microresonators hay§eess would be fully compatible with postintegrated circuit
been observed in operation under an optical m'crosco‘fﬁ’ocesses

An off-chip measurements scheme [23] is used to measure
frequency spectrums of microresonators both in air and in
encapsulation. It is found that an unencapsulated resonator
resonating at 17 kHz will subsequently resonate at 24 kHzThe results of microelectromechanical filters operating in air
after going through the vacuum-encapsulation process. Tdred the successful demonstration of the wafer-level vacuum-
uniform deposition of excess nitride over the resonator strueacapsulation process indicate that microelectromechanical
ture is probably the primary cause. The microresonator canfileers are a promising direction for hig@-narrow-band signal
successfully operated with only a 5-V dc bias and 0.3-V gwocessing applications. Table Il lists the comparisons be-
signal. This result could not be achieved previously in air. tween micro and macromechanical filters, and it is clear that

C. Experiments

V. DISCUSSIONS
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TABLE Il o A
COMPARISONS BETWEEN MACRO AND MICROMECHANICAL FILTERS Silicon Nitride
”I Macro l Micro

Percent Bandwidth 2% to 10% | 6%(in air)
Temperature coefficient |} 60 ppm/°C | 10 ppm/°C
7?7

Aging(Ten years) 750 ppm C,
Compatibility with 1C No Yes
Multifunctional Chip No Yes

Fig. 15. A composite beam with a trapezoidal cross section.

microelectromechanical filters have great potential in terms

of being built with functional blocks in a single chip as a

multifunctional system. However, there are several techniddccess [35], [36]. A major advantage of the polysilicon
issues for developing practical implementations of these gitructures is that they can be fabricated along with microelec-

ters. Prospects on the materials, vacuum encapsulation, J78'C funcltlonal blocks as demonstrated by the commercial
manufacturing issues are provided in this section. microaccelerometers [38].

A. Materials B. Vacuum Encapsulation

The prototype filters are fabricated from LPCVD polycrys- Quality factor determines the characteristics of the me-

talline silicon, which is well known for having a process- . ' o ;
. . ] anical filter, and it increases as the environment pressure
dependent residual strain. The folded suspensions used for the . X . .

ecCreases [28]. In order to achieve high-quality factors, mi-

prototype filters have spring rates which are nearly insensitive ; ' . .
. . . : - cromechanical filters must be packaged in a moderate—high

to the average residual strain (tensile or compressive) in the . . ;
. . . vacuum. A vacuum ambient could be provided by a hermetic
film since they are able to release stress being freed from ) .
ackage although this approach would involve greater cost.

the substrate [7], [31]. The square-truss coupling springs a[I)[ﬁe vacuum-encapsulation process described in this paper has

attached to the resonators at their center points. Thereforgmonstrated the feasibility of using the integration process

they are also free to expand or contract after removal of t epackage microfilters under a thin-film vacuum cavity [39].

sacrificial layer. A second benefit of folded suspensions : o "
. . o or the relatively small cost of a few additional deposition
that they largely isolate the filter from strains in the substrate : . . . :
nd masking steps, micromechanical filter chips could be

caused by thermal expansion or packaging, Agmg_ should Zbricated with no need for special and expensive hermetically
less of a problem with microelectromechanical filters than

with conventional mechanical filters since polysilicon is gealed packages.
: . A few design issues should be addressed for this integrated
high-Q material. . . _ .
. - . , acuum-encapsulation process. First, the nitride shell, which
The filter characteristics are a function of the Young's mod- . . )
may have been statically charged [9], may cause an interesting

ulus and the dens_ity of p_olysilicon,_l?oth of which vary Withfrequency doubling effect. It has been found that with a 0-V
temperature. For fine-grained polysilicon, the calculated tergé bias and a 3-V ac signal, the microresonator with natural

perature coefficient of Young’'s modulus for microcrystallin . i
silicon is —75 ppm?C [32]. For linear microresonators With?r_equency of 24 kHz can resonate when excited by a 12-kHz

folded-beam suspensions, the temperature coefficient of |%nal. This second-order forcing-function-induced resonance

. . ... has not been observed in air probably due to the heavy viscous
resonance frequen&C can be determined by differentiating_. ) ; .
i . : air damping effect [40]. Furthermore, this second harmonic
with respect to temperaturg, yielding an expression of the

term is negligible while the resonator is driven in air and the
form . : :
dc bias voltage is much larger than the ac input.
TC; = %(TCFj +TC) (16) Second, since a thin layer (1503’() of silicon nitride has
deposited onto the surface of the resonator, the resonant
whereTCg andT'C), are the temperature coefficients of theérequency of the resonator is changed. The cross section of
Young's modulus and thermal expansion (2.5 pp@)/[33], the beam is measured under SEM and illustrated in Fig. 15,
respectively. Equation (16) predictsZéCy of —36 ppmfC, where a trapezoidal cross section is the result of plasma etch.
which is better than that of conventional mechanical filten$ js measured thati, is 1.3 um, Cs is 1.85um, andB. is
at 60 ppm7C [4]. An experimental study has demonstrated 4 ,m while the nitride layer has the thickness of 1580
that 7'C’y is only —10 ppmfC for in situ phosphorus-doped The moment of inertia of this trapezoidal cross section coated

polysilicon deposited at 62C [34]. However, the tempera- with a second material, silicon nitride, can be represented as
ture coefficient of frequency gbackagedresonators must be

measured in order to make a fair comparison. >
Although the initial test devices are fabricated by polysil- 7, = —— [BI(A1 + O (A2 + OF)
icon, other process sequences and materials are possible and 48E,
may have advantages for particular applications. For example, _B, < _ &>(A2 FOo)(A2 + C2)
single-crystal silicon lateral resonant microstructures identical
in design have been fabricated by means of a wafer-bonding a7

n
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where I;,, is the effective moment of inertia with respect t@approximately 5 kHz to on the order of 1 MHz. A series
polysilicon andZ,, and £, are the Young’s modulus of nitride two-resonator bandpass microfilter has been fabricated with
and polysilicon, respectively. The resonant frequelficys a measured center frequency of 18.7 kHz and a bandwidth
of 1.2 kHz. A planar hermetic encapsulating process has
been demonstrated by using a low-stress nitride shell. It
enables high-quality factors for microelectromechanical filters,
independent of the nature of the ambient environment. A
vacuum-sealed microresonator has a measured quality factor

where bothM, and M, are the mass of the plate and of th@f 2200 at a center frequency of 24 kHz. Higher quality
ctors can be achieved by using polysilicon as the sealing

supporting beams and both include the coated thin nitride Idcfi‘ ;
ers. Experimentally, a 17-kHz microresonator without goingraterial.
through the shell process has been found to resonate at 24
kHz inside the microvacuum shell. Equation (18) predicts a
resonant frequency of 23.4 kHz. .
Another issue to be considered is the possibility of t The authors. woulq like to thank Dr: C'.T"C' Nguyen
nitride shell collapsing under ambient pressure. Nitride sh:ﬁ%r valuable discussions anq the helping n the. speptrum
rfé?asurements and K. McNair for valuable discussions in the

with different designs have been tested under a surface profi . . .
vzcuum—encapsulatlon process. The devices were fabricated

1 24E, I,
2\ (M, + 0.3714M,)L?

beam

fo=

(18)

ACKNOWLEDGMENT

Alpha Step 200. The measured deflections are from 2 to.
pm at the center of the 3.pm-thick nitride shells fabricated
between 300—-40pm in length. These results are qualitatively
consistent with the theoretical calculations [39]. However, if a

large area is to be covered by a thin nitride shell, supporting
posts may be a necessary design addition. [1]

(2]

Conventional mechanical filters require the manufacturingdgl
of resonators, coupling wires, and transducers, as well as
bonding, and final trimming. For microelectromechanical fil-[4]
ters, the IC batch process is used to fabricate the resonatcgs,
coupling elements, and electronic interface together, there j
achieving the advantages of batch fabrication and avoiding]
time-consuming steps such as the serial bonding of coupling
wires to resonators. However, the IC process is not sufficiently
well controlled that the microresonators can be fabricated
without some means of trimming for final adjustment of thel®
filter characteristics. In order to trim the resonant frequencies,
processes for adding or removing material from the resonatd?!
must be developed. Some options for trimming are laser etch-
ing or laser-induced local deposition [41], similar processgs]
using focused ion beams, or the laser-induced evaporation of
metal films deposited on the resonator. However, these pro-

C. Manufacturing

in the University of California at Berkeley Microfabrication
.aboratory.
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