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Abstract

Completely monolithic micromechanical signal processors con-
structed of polycrystalline silicon are described. A high-Q oscil-
lator, fabricated via a combined CMOS plus surface
micromachining technology, is detailed, for which the oscilla-
tion frequency is controlled by a polysilicon micromechanical

resonator to achieve high stability. High-Q electronic filters |

based upon micromechanical biquad stages and spring-coupled
resonators are also presented. Brownian motion and mass load-
ing phenomena are shown to have a greater influence on short-
term frequency stability in this micro-scale.

Intr: i

Mechanically-based components are widely used in com-
munication circuits for high-Q filtering at the IF and RF fre-
quencies and to generate precision local oscillators. Among the
most commonly used mechanical devices are quartz crystals
and SAW filters, which are off-chip components that interface
with signal processing circuitry at the board level. The current
trend to include increasing amounts of a total system on a single
silicon chip makes fully monolithic high-Q filters and oscilla-
tors, where the mechanical element is fabricated on-chip, desir-
able.

Such an oscillator has recently been demonstrated [1,2],
which utilizes a surface-micromachined, polycrystalline silicon
resonator [3] frequency-setting element and CMOS electronics
to sustain oscillation, all fabricated onto a single silicon chip
(Fig. 1). The cross-section of the combined CMOS plus surface
micromachining technology used to fabricate this oscillator
[1,2,4] is shown in Fig. 2. Passive filters, without on-chip elec-
tronics, have also been demonstrated

With Q’s of over 80,000 [5] under vacuum and center fre-
quency temperature coefficients in the range of -10 ppm/°C
(several times less with nulling techniques) [6], polysilicon
micromechanical resonators can serve reasonably well as min-
iaturized substitutes for crystals in a variety of high-Q oscillator
and filtering applications. This paper presents several specific
examples of micromechanics applied to the processing of elec-
tronic signals.

Resonator Design

To simplify the task of integrating CMOS with microme-
chanics, capacitive excitation and detection is utilized for the
presonators in this work. A variety of capacitive topologies are
available in this technology, and each will dictate the frequency
tuning range and stability of the |Lresonator.

Figure 3 shows the cross-section of a parallel-plate capaci-
tively driven |icantilever resonator in a typical bias and excita-
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Fig. 2:Cross-section of the MICS technology for integration of
CMOS and microstructures.

tion configuration [8]. Here, an ac voltage v; electrostatically
drives the cantilever. The dc-bias voltage Vp amplifies the
resulting force components at the frequency of v; and sources
the output motional current. In this scheme, the beam-to-elec-
trode capacitance is nonlinearly dependent upon beam displace-
ment, i.e., the change in capacitance vs. displacement, 0C/dx, is
a strong function of displacement. This leads to an electrical
spring constant, ke=Vp2(Cch2), which subtracts from the
mechanical spring constant k,, and makes the center frequency
f, & function of the dc-bias voltage Vp [7,1]. This provides a
convenient means for voltage control of the center frequency,
making parallel-plate driven resonators useful for VCO applica-
tions. A -3600 ppm/V fractional frequency change is typical for
a 20 kHz piresonator with a nominal Vp=10 V. However, the
above also suggests that oscillators referenced to parallel-plate
capacitively driven [iresonators are less stable against power
supply variations, due to electronic noise or temperature.

To eliminate this component of frequency instability, the
electrode-to-resonator capacitance must be made to vary lin-
early with resonator displacement. In this work, this is achieved
by using interdigitated-comb finger drive and sense capacitors
[3]. Figure 4 shows a iresonator which utilizes interdigitated-
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Fig. 3: Overhead and cross-sectional view of a vertical parallel-plate
capacitively driven resonator with typical applied bias and
excitation voltages.

comb finger transduction in a typical bias and excitation config-
uration. The |iresonator consists of a shuttle mass, with fingers
on opposite sides, suspended 2 |im above a ground plane by
folded flexures, which are anchored and shorted to the ground
plane at two central points. The shuttle mass is free to move in
the direction indicated, parallel to the plane of the silicon sub-
strate. Folding the suspending beams as shown provides two
main advantages: first, post-fabrication residual stress is
relieved if all beams expand or contract by the same amount;
and second, spring stiffening nonlinearity in the suspension is
reduced, since the folding truss is free to move in a direction
perpendicular to the resonator motion.

The drive and sense capacitors consist of overlap capaci-
tance between the interdigitated shuttle and electrode fingers.
As the shuttle moves, these capacitors vary linearly with dis-
placement. Thus, the electrical spring constant, k,, is ideally
nonexistent, and the resonator center frequency is independent
of Vp. For actual comb-driven [iresonators, nonidealities do not
permit absolute cancellation of k,, and some variation of fre-
quency with Vp is observed. A typically measured frequency
variation for a 20 kHz comb-driven presonator is -54 ppm/’C

[

Micromechanical Oscillators

The equivalent circuit for the two-port imechanical resona-
tor of Fig. 4, shown transformed to an equivalent LCR represen-
tation, is presented in Fig. 5 [8,9]. Due to the use of weak
capacitive electromechanical transduction, the motional element
values are quite different from those for quartz crystal units
(which typically have R,=50Q, C,=0.04 pF, L,=0.25 H), and
this dictates differing strategies in the design of |Lresonator
oscillators versus macroscopic crystal oscillators. The detailed,
transistor-level circuit design and operation of this oscillator has
already been discussed elsewhere [2]. The focus of the present
discussion centers on issues of amplitude limiting and short-
term frequency stability.
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Fig. 4:Perspective view of a two-port, folded-beam, lateral comb-
driven resonator with typical applied bias and excitation
voltages. All areas of the resonator and electrodes are
suspended 2 Lm above the substrate, except for the darkly
shaded areas, which are the anchor points. The resonator is
electrically connected to the ground plane through the anchor
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Fig. 5:Equivalent circuit for a two-port |iresonator showing the
transformation to the more convenient LCR form. In the
equations, k is the system spring constant and (9C/dx), is the
change in capacitance per displacement at port n of the
Wresonator.

Amplitude Limiting

Figure 6 shows a system-level schematic describing the
basic architecture used for this oscillator. Since the motional
resistance of the [iresonator is large (Fig. 5), a series resonant
oscillator architecture is utilized to minimize Q-loading [2]. As
shown, the system consists of a three-port micromechanical res-
onator, for which two ports are embedded in a positive feedback
loop with a sustaining transresistance amplifier, while a third
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Fig. 6:System level schematic for the l.l.rﬁonator oscillator.

port is directed to an output buffer. The use of a third port effec-
tively isolates the sustaining feedback loop from variations in
output loading. Conceptually, the sustaining amplifier and jime-
chanical resonator comprise negative and positive resistances,
respectively. During start-up, the negative resistance of the
amplifier Ry, is larger in magnitude than the positive resis-
tance of the resonator R,, and oscillation results. Oscillation
builds up until either some form of nonlinearity or a designed
automatic-level control circuit alters either or both resistors so
that, Ryp,=R,, at which point the oscillation amplitude limits.

For oscillators controlled by quartz crystals, the nonlinearity
usually appears in the sustaining circuit, where transistors enter
the triode region at large voltage amplitudes, reducing effective
device transconductances until the loop gain drops to unity.
Limiting due to crystal nonlinearity is rare, since quartz crystal
units display very little nonlinearity over normal oscillator
operating voltage ranges [10].

On the other hand, even though comb-driven, folded-beam
Hmechanical resonators are only slightly less linear than crys-
tals [2], limiting due to nonlinearity in flexural-mode iresona-
tors is quite practical through adjustment of the dc-bias voltage
Vp. As seen from the equations of Fig. 5, the values of the
motional circuit elements representing the capacitively driven
Hmechanical resonator are strongly dependent upon the de-bias
voltage Vp applied to the resonator. In particular, the value of
motional resistance R, is inversely proportional to the square of
Vp and thus, it can be set to just under R amp at the start of oscil-
lation by proper selection of Vp. As oscillation builds up, stiff-
ening nonlinearities in the resonator springs then increase the
effective R, of the [resonator until R,=R,,,,,, when the loop
gain equals one and the amplitude limits. 'Ef‘he steady-state
amplitude of oscillation is thus a function of the initial separa-
tion between R, and R, which is in turn a function of Vp.

Short Term Frequency Stabiliry

In addition to phase noise resulting from superposed elec-
tronic amplifier noise, significant noise power contributions are
expected from Brownian motion and mass loading [10] of the
resonator, since both of these effects become increasingly
important as the mass of the resonator element decreases. In
particular, the noise component due to Brownian motion is
inversely proportional to the square root of resonator mass [1].
The magnitude of mass loading noise depends, not only on res-
onator mass, but also on the adsorption/desorption rate of con-
taminant molecules, contaminant molecule size and weight,
pressure, and temperature. Theoretical considerations show that
mass loading-induced phase noise is maximized at an interme-
diate value of pressure, but minimized at the low and high pres-
sure extremes [1,10]. Thus, the best phase noise in [tmechanical
oscillators is achieved at very low pressures, where resonator o
is largest and mass loading noise is smallest. For this reason,

| Feedback
Folded-beam Electrode .
Suspension Transimpedance

Amplifier

Drive
Electrode

V Sense
P 3.port Microresonator Electrode

Fig. 7:Circuit schematic for active Q-control for a 3-port |Lresonator.

vacuum encapsulation strategies [11] which achieve very l(_)w
pressures may play an important role when using [imechanics
for signal processing.

Micromechanical Filters

Simple second-order high-Q bandpass filters are often
required in communication electronics. A mechanical resonator
can provide a high-Q bandpass or lowpass biquad response,
depending upon whether resistive or capacitive detection tech-
niques are utilized [12]. A typical measured response for an 18
kHz folded-beam comb-driven [imechanical resonator operated
under 20 mTorr pressure yields a quality factor of 50,000, giv-
ing an effective -3 dB down bandwidth of 0.36 Hz.

For most practical applications a larger bandwidth is
required, so the Q of the resonator must be reduced. Since the
initial quality factor of the |tmechanical resonator is difficult to
predict, any technique used to control Q should be independent
of its initial value. One Q-control method which satisfies the
above condition and provides ratioed specification of the effec-
tive gain of the stage is shown in Fig. 7. Here, a three-port [tme-
chanical resonator is utilized, where an input port accepts an
excitation signal, an output port directs resonator motional cur-
rent to a transresistance amplifier, and a feedback port directs
the resulting output voltage back to the resonator. Properly
phased competition between the input and feedback ports effec-
tively lowers the Q of the system. The transfer function for the
system of Fig. 7 can be written as:
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is the controlled value of quality factor. In Eq. (1), Mg and kg
are the effective mass and spring constant of the resonator,
respectively, and Ramp is the transresistance amplification pro-
vided by the amplifier. Note that the gain of this stage is com-
pletely determined by the ratio of the number of resonator input
fingers, N; to the number of feedback fingers, Nfb, which can be
precisely specified to within an error dependent upon the
matching tolerance of the dC/dx for each finger gap. This, com-
bined with Q variability, provides complete freedom in specify-
ing any arbitrary bandpass biquad transfer function via this
Helectromechanical system.,
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Fig. 8:Schematic of a parallel |iresonator filter. When the switch is
set at 1, a bandpass filters results; at 2, a notch filter is
implemented.
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Fig. 9:SEM of a spring-coupled pmechanical filter.

The ability to specify any arbitrary bandpass biquad transfer
function makes available a myriad of high order coupled-biquad
filter architectures, from cascaded biquad to leap frog [12]. In
each of these cases, the minimum bandwidth, temperature
dependence, and aging characteristics could be improved when
incorporating micromechanical biquads in the design. One sim-
ple example of a biquad filter is the parallel electromechanical
filter shown in Fig. 8 [13], which consists of two |lresonators
properly spaced in frequency, with outputs combined to yield a
flat passband and steep rolloff outside the passband.

By implementing the coupling, as well as the biquads,
mechanically, very compact imechanical filters can be achieved
[13]. One possible design utilizes soft mechanical springs to
couple resonators. These filters are designed to match an equiv-
alent electrical LCR ladder filter in the mechanical domain,
using either the current or mobility electromechanical analogies.
The SEM for a prototype two-resonator [imechanical version of
this filter is shown in Fig. 9. The corresponding measured spec-
trum (using off-chip electronics) is presented in Fig. 10

Conclusions

Completely monolithic, highly stable, high-Q oscillators and
electromechanical filters utilizing surface-micromachined poly-
silicon mechanical resonators have been demonstrated. Due to
the novelty of the process and the devices, conservative mea-
sures were taken for the designs, and prototypes of up to only
100 kHz were fabricated. Designs up to a few megaHertz are
feasible using folded-beam resonator designs, and higher fre-
quencies (tens of MHz) should be feasible using more advanced
designs aimed at maximizing resonator quality factor, which
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Fig. 10:Measured transfer function for the filter of Fig. 9.

may otherwise degrade with increasing frequency. Both mate-
rial and architectural improvements should be possible to
increase Jiresonator Q.

Brownian motion and mass loading were identified as phe-
nomena which become increasingly important contributors to
phase noise as resonator dimensions shrink. According to the-
ory, mass loading-induced phase noise can be substantially
reduced by operating the miniature [imechanical resonator
under very low pressures. For this reason, integrated vacuum
encapsulation techniques which achieve sub-microTorr pres-
sures may play an important role in the future.
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