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Abstract—The use of a stress-buffered array-composite of six
13.4-pm radius capacitive-gap transduced radial-contour mode
polysilicon micromechanical disk resonators with 36.1-nm elec-
trode-to-resonator gaps has enabled a Pierce oscillator centered at
199.2 MHz with phase noise marks of -104.7dB¢/Hz at 1-kHz offset
and -149.6dBc/Hz far from the carrier, sufficient for smartphones.
The 12-kHz to 20-MHz integrated jitter is 163.3fs, which yields an
excellent jitter FoM of —251dB. The key to this demonstration is
the use of A couplers to affect a 0° phase shift across the array ter-
minals; and electrodeless resonators to buffer the effect of post-
fabrication stress that otherwise might short disks to their elec-
trodes when gaps are very small.
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L INTRODUCTION

The high Q of capacitive-gap transduced micromechanical
resonators has recently permitted best-in-class oscillator figure
of merit (FOM), with the 61-MHz implementation of [1]
achieving -119 dBc¢/Hz at 1-kHz offset and -139 dBc/Hz far
from the carrier while consuming only 78 UW. These marks
make this oscillator suitable for use as a reference for commu-
nication synthesizers, especially those targeted for very low
power applications, e.g., set-and-forget autonomous sensor net-
works. While use of the oscillator in [1] does save power, its
conventional oscillation frequency does little to reduce the
power consumed by a synthesizer’s VCO, phase-detector, and
frequency divider [2], which often dominate power consump-
tion. To reduce their power draw, a higher frequency oscillator
that preserves good phase noise performance is in order.

Pursuant to reducing the requirements, and hence power con-
sumption, of the phase detector and frequency divider circuits
in a synthesizer, this work employs gap-scaling, beam-coupled
arraying, and strategic stress-relieving buffers to achieve a cou-
pled mechanical circuit that permits a rise in reference oscilla-
tor frequency to 199.2 MHz while still retaining phase noise
performance commensurate with smart phone requirements.

II.  DISK ARRAY-COMPOSITE RESONATOR AND
OSCILLATOR CIRCUIT

Fig. 1 presents (a) the oscillator circuit with (b) the perspec-
tive-view schematic of the disk array-composite resonator that
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Fig. 1: (a) Oscillator circuit and (b) perspective-view illustration of its 5-disk

array-composite resonator frequency-setting element.

enables 199.2-MHz operation. Here, a similar Pierce-based cir-
cuit to that of [1] serves as the sustaining amplifier with C, and
C> values chosen to insure oscillation startup at 199.2 MHz.
Fig. 2 presents a plot of the negative resistance R, (described
in [1]) generated by the amplifier versus transistor M, transcon-
ductance g,,, showing how a very small C; and correct choice
of capacitors insures sufficient gain even for a motional re-
sistance R, as high as 3.3 k. The disk array-composite resona-
tor in Fig. 1(b) comprises two 5-disk half-wavelength beam
coupled arrays, themselves coupled by full-wavelength beams
between electrodeless disks. Here, half-wavelength coupling
forces all resonators in an array-composite to resonate in phase,
allowing summation of their outputs towards a smaller R,. The
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full-wavelength coupling beams force the input and output ar-
rays to vibrate 180° out-of-phase, which then provides the 0°
phase shift across the resonator array-composite I/O terminals
needed for oscillation [1].

The use of arrays, together with 36.1-nm electrode-to-resona-
tor gaps (down from the 80-nm of [1]), enables a reasonable Ry
of 3.3 kQ despite the 3.3 times higher frequency than [1] and
ultimately enables oscillator operation at 199.2 MHz. Perhaps
more important, however, is the use of electrodeless buffer
disks at the ends of the arrays [3]. These move with post-fabri-
cation stress to alleviate strain in the inner electrode-equipped
resonators, preventing them from pushing into their electrodes.

III. MECHANICALLY COUPLED ARRAY-COMPOSITE
RESONATOR

To explain the need to mechanically couple resonators rather
than use an uncoupled array of individual, identically drawn
resonators, Fig. 3 summarizes the basic issues using a plot of
output current versus input voltage for three cases: (a) a single
disk resonator; (b) an array of uncoupled disks; (c) a coupled
array, i.e. array-composite, of electrode-equipped disk resona-
tors; and (d) a coupled array with electrodeless buffer disks at
its ends. Here, the goal of arraying N resonators is to sum elec-
trode-equipped resonator currents so that the total output cur-
rent is N times larger than that of a single resonator for the same
input voltage, which then means the motional resistance R, =
vi/ix gets smaller by N times.

Note how the extremely high Q of its constituent disk reso-
nators essentially precludes the uncoupled resonator array (case
(b)) from summing currents. Instead, its output comprises sev-
eral individual resonator current peaks that do not combine be-
cause for real devices their frequencies are not precisely the
same—a consequence of finite fabrication tolerances. If the O’s
of the resonators were substantially lower, then their peaks
would be broad enough to traverse the range of frequencies, al-
lowing currents to add appreciably. However, for an application
that requires high O, e.g., the present oscillator application, use
of an uncoupled resonator array will not work.

As illustrated in Fig. 3(c), coupling solves this problem by
forcing all resonators to vibrate in one resonance mode, i.e., at
one frequency. The resulting coupled resonator system has
many modes, at least as many as the number of resonators in
the array. However, the use of half-wavelength coupling beams
and strategic phasing of voltages applied to the electrodes help
to isolate a specific mode and push other modes further away
[4]. The result: An array of high Q resonators that effectively
behaves like a composite resonator outputting N times more
current at its isolated resonance frequency for a given input
voltage, hence attaining an N times smaller motional resistance.

As described in past literature [5], one additional benefit of
mechanical coupled arraying is better stability against biasing
and impedance changes brought about by both long- (e.g., ag-
ing) and short-term (e.g., supply noise) deviations. This mani-
fests from the negative capacitance inherent in the equivalent
circuit model for parallel-plate capacitive-gap transduced reso-
nators [6].
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Fig. 2: Impact of C;; on the achievable amplifier negative impedance (R )
with C;=45fF at 199.2MHz. Here, small C; allows C,,’s as small as small as
200f1F to startup oscillation for a resonator motional resistance of 3.3kQ.
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Fig. 3: Voltage-to-current (i,/v;) frequency responses of (a) a single disk hav-
ing a single peak, (b) an uncoupled disk array-composite resonator having 5
separate peaks due to mismatch, (c) a A /2-coupled disk array-composite reso-
nator having a single stronger peak, and (d) a A/2-coupled disk array-compo-
site resonator with electrodeless buffer disks that weaken the output current
versus a that of a full-electrode array-composite resonator but remains
stronger than the single disk resonator peak.

Authorized licensed use limited to: Univ of Calif Berkeley. Downloaded on November 13,2020 at 03:08:22 UTC from IEEE Xplore. Restrictions apply.



= 250 ™ 202.90m
E 200 P s 500MPa 37.2nm |
= ) 182.6nm P
£ 150 450MPa
=
g 100 60.9nm -,
E 150MPa
2 50 ¢
Q -----------

0 —e—

1 2 3
Disk Number

Fig. 4: After-release displacement of each disk in the array-composite under
various values of compressive stress. The introduction of buffer disks re-
duces the displacement of inner disks and ensure they do not touch elec-
trodes.

IV. STRESS BUFFER DISKS

Unfortunately, mechanical coupling of disks increases sus-
ceptibility to stress, especially as electrode-to-resonator gaps
get smaller. Specifically, one failure mode to avoid occurs
when stress pushes a disk into its electrode. For the present
work, a disk need only traverse a 36.1-nm gap before it touches
its electrode. This problem will get worse as gaps shrink for
future devices attempting to attain even higher frequency.

Fortunately, there is a simple design solution: Remove elec-
trodes from the disks at the ends of each linear array, which
converts the array from that of Fig. 3(c) into that Fig. 3(d),
which in turn is the same as either the top or bottom linear array
of Fig. 1. Fig. 4 captures the efficacy of this approach by plot-
ting the finite-element-simulated lateral displacement of each
disk in a 5-disk array as a function of stress. Note how the end
resonators absorb most of the stress and move the most, allow-
ing the inner resonators to move very little. Using this stress
buffer strategy, it would take more than 450 MPa of residual
stress to push inner disks with the 36.1-nm gaps used here into
their electrodes. This is considerably more residual stress than
the 150 MPa typical of polysilicon surface micromachining
processes.

While effective in solving stress issues, the use of buffer
disks does impose a reduction in the overall effective electro-
mechanical coupling of a resonator array, and hence an increase
in motional resistance. This comes about because buffer disks
increase the overall stiffness of the array-composite without
contributing to electromechanical coupling (since they are elec-
trodeless). As a consequence, the motional resistance for a N-
disk array-composite using M electrodeless buffer disks takes
the form [7]:
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Fig. 5: Scanning electron micrograph (SEM) image of the 199.2-MHz polysil-
icon disk array-composite resonator.

where R, y v, Cre v and 1y y are the motional resistance, me-
chanical damping factor and electro-mechanical coupling fac-
tor of the N-disk array-composite using M electrodeless buffer
disks, Ry o, Creo and 7, are the motional resistance, mechanical
damping factor and electro-mechanical coupling factor of a sin-
gle disk resonator, and R, y y is the motional resistance of a N-
disk array-composite where all disks have electrodes.

2
Equation (1) and (2) indicate a motional resistance (ﬁ)

times larger for an N-disk, M-electrode array-composite than
for an N-disk array-composite where all disks have electrodes.
For the design of this work, Ry goes from 1.2 k€ to 3.3 k€2 upon
(the necessary) introduction of buffer disks. 3.3 kQis still
smaller than the 7.9 kQ worst case Ranp shown in Fig. 2 for the
Pierce sustaining circuit of Fig. 1 at 200 MHz, so oscillation
should still ensue.

V.  MEASUREMENT RESULTS

Fig. 5 presents the SEM of a fabricated polysilicon disk ar-
ray-composite using the topology and dimensions summarized
in Fig. 1(b). The fabrication used the tiny-gap surface microm-
achining process of [8] that yields the cross-section of Fig. 6
where the main difference from previous such processes is a
much thicker 2.5-um-thick interconnect doped polysilicon that
reduces interconnect sheet resistance down to 2.7€/a (from the
previous 20.6 Q/o for 400-nm-thick interconnect [9]). This
helps to prevent undue Q-loading, which becomes more im-
portant as gap-shrinking and arraying reduce resonator mo-
tional resistance [8].

Fig. 7(a) presents a photo of the oscillator test apparatus,
where the bond-wired resonator and custom-IC dies reside on a
package that itself mounts on a pc-board placed inside a vac-
uum bulb. Before bond-wiring, measurement of the disk-array
composite under 5 mTorr vacuum using probes in a vacuum
probe station yields a Q of 19,921 at 199.2-MHz, as shown in
Fig. 7(b). This Q is key to the performance of the oscillator.
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Fig. 7: (a) The test apparatus, and (b) measured S, plots of the 199.2-MHz
polysilicon disk array-composite with V» of 6V, 7V, 8V, 9V and 10V.

It should be noted that disk array-composites without the
electrodeless buffer disks were non-functional, emphasizing the
importance of the buffers in resonator array design. In addition,
there is evidence that bond-wiring reduces the O of the disk
resonator, sometimes down to one-half, perhaps due to ESD or
ultrasonic-induced damage. Correct bond-wire recipe alleviates
this to some degree, but a best recipe was yet to be found at the
time of measurement. As a result, it is presently unclear whether
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Fig. 8: Output power spectrum of the 199.2MHz oscillator. Inset: the meas-
ured output waveform.
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Fig. 9: Direct phase noise measurement of the 199.2MHz oscillator (Blue)
and the phase noise after down-conversion to 13MHz (Orange).

the (bond-wired) disk array-composite used for oscillator
demonstration truly had a Q near 20,000.

Nevertheless, judging from the measured oscillator perfor-
mance its O still must have been quite good. Fig. 8 presents the
measured oscilloscope waveform and spectrum analyzer fre-
quency output of the oscillator, showing an oscillation ampli-
tude of 1V, which is larger than that of the 61-MHz single-
disk of 600mVp., [1], likely due to the higher linearity of the
disk array-composite. This larger output swing contributes to
better phase noise performance, as shown in Fig. 9 which pre-
sents the direct measured phase noise of the 199.2-MHz oscil-
lator, as well as that seen when dividing down to 13 MHz for
comparison with GSM specs. Here, the far-from-carrier phase
noise of -173.3 dBc/Hz at 13 MHz easily satisfies the GSM re-
quirement, while the phase noise at 1-kHz of -128.4 dBc/Hz is
very close to the -130 dBc/Hz GSM specification. The 12-kHz
to 20-MHz integrated phase jitter of the oscillator is 163.3fs,
with a jitter figure of merit (FoM) of -251dB, which is quite
good [10] [11][12].

VI. CONCLUSIONS

The phase jitter of 163.3fs at 199.2 MHz demonstrated here
derives from both the good close-to-carrier phase noise (enabled
by a O of 19,921) and low far-from-carrier phase noise. With
even smaller gaps, such as demonstrated in [8] [13], the voltage-
controlled tuning range of capacitive-gap transduced resonator
oscillators like this might eventually become large enough to
realize a synthesizer using an array of tunable oscillators,
obviating the need for phase-lock loop circuits and opening a
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path towards sizable advances in phase noise performance.

Work towards such a synthesizer is ongoing.
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