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Abstract—A micromechanical 13.1 MHz bulk acoustic mode & U Yl +ep—2ckie,)l p [
silicon resonator having a high quality factor (Q = 130000) and out o
high maximum drive level (P = 0.12 mW at the hysteresis limit) | T ] ‘f
is demonstrated. The prototype resonator is fabricated of single-

crystal silicon by reactive ion etching of a silicon-on-insulator o
wafer. A demonstration oscillator based on the new resonator

shows single-sideband phase noise of -138 dBc/Hz at 1 kHz offset | | Un
from the carrier. HOH
Index Terms—Bulk acoustic wave devices, Microresonators, I T Ubias
Oscillator noise, Oscillators, Phase noise, Resonators, Silicon on
insulator technology Fig. 1. Square-extensional microresonatgs (= 13.1 MHz and Q =

130000). (a) A schematic of the resonator showing the vibration mode in
the expanded shape and biasing and driving set-up. (b) A scanning electron
I. INTRODUCTION microscopic (SEM) image of the resonator.
ODERN wireless applications are setting increasing
demands for the oscillator size, power consumption an . i
price. The conventional quartz crystal-based low phase noﬁ%e T-type comer anchoring is used for reducing the energy
oscillators are typically centimeter sized and appear buul&akage to the substrate. . )
in the otherwise highly integrated transceiver architectures,] € component was made by deep reactive ion etching of
Micromechanical resonators offer a promise of compact sizd/con-on-insulator (SOI) wafer. For the HF release, the plate
low power consumption and integrability with IC electronicg¥/@s perforated with a 3689 matrix of 1.5.m diameter holes.

and are thus a very attractive potential alternative for the quaf?€ Structural silicon I?gler agd the substrate were heavily
crystals [1]. boron doped£s =~ 5-10"° cm~>) for electrical conductivity.

A low phase noise oscillator requires a resonator capable
of a high quality factor and a large power output [2], [3]. 1. RESONATOR MODEL

Both requirements are typically met using quartz crystals,AS shown on the schematic in Figure 1, the vibration mode

in particular the large physical size of quartz resonatof$, pe characterized as a square plate zooming in and out
accommodates high drive levels. In contrast, as the resongipls hreserving the original shape. This is in contrast with
size is dramatically reduced in the case of microresonatofe \vell-known Lané-mode in which the square edges bend
the low power capacity limits the achievable oscillator noiqﬂ antiphase preserving the plate volume [5]. Our resonator

floor .[4]' . , , also exhibits the Lagmode (atf, = 12.1 MHz, Q =
This letter describes a 13.1 Mhicromechanicatesonator 60000), but it is not excited in the symmetrical four-electrode

which, for the first time, provides oscillator phase nOisgonfiguration

performance typically required in wireless communication The mode can be approximated as a superposition of two

applications. The resonator is based on a two-dimensional bBUfhogonaI sound waves with the displacements given,by:
acoustic vibration mode that allows a maximum drive Iev%sinm/L andu, — Asinmy/L, where A is the vibration
Yy 1

P =0.12 mW and a quality facto) = 130 000. amplitude,L is the plate size, and andy indicate the position
on the plate. This biaxial motion im- and y-direction, with
Il. RESONATOR STRUCTURE AND FABRICATION minimal rotation and shear, is a consequence of Poisson’s ratio
Figure 1 shows the schematic and scanning electron michgtween the [110]- and [0]-direction being very smally( =
scope (SEM) image of the resonator. The resonator size is0.06). Thus, the square resonator shape, instead of circular [6],
320 umx320 umx10 um. The surface orientation is (100)optimally accommodates the anisotropic elasticity of single-
and the plate sides are aligned in th&10> crystal directions. crystal silicon. The analytical mode shape was verified with
a 3-D finite element model (FEM) that included the silicon

Authors are with VTT Information Technology, P.O. BOX 1207, 0204‘hnisotropic elastic properties.
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This is a pre-print version of the paper. The final version can be obtained BY INtégrating the mode shape, a lumped one degree o

from http://ieeexplore.ieee.org/ freedom model shown in the inset of Figure 2 is obtained. The
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TABLE |
THE RESONATOR DIMENSIONS AND CHARACTERISTIC PARAMETERS
MEASURED AT Up;,s = 100 V.

Parameter Symbol  Value Units
Resonator side length L 320 [em]
Electrode length L 290 [em]
Resonator height h 10 [m]
Transducer gap do 0.75 [um]
Effective spring constant & 16.2 [MN/m]
Effective mass m 2.39 [nkg]
Quality factor Q 130000

Motional capacitance Cm 20.8 [aF]
Motional inductance Lo, 7.07 [H]
Motional resistance R 4.47 [k2]

1 1 i L 1
-2 kHz -1 kHz 5 +1 kHz +2 kHz

Fig. 2. Measured o) and simulated (-) transmission responsfy (= .The reso.nator drive level, typically eXp.rGSSEd a§ the power
13.1 MHz). Arrows indicate different bias voltages. Quality factor, gagfiSSipated in the resonator, sets the oscillator noise floor and
spacing, and parasitic capacitance were adjusted for the best fit. Ingst:directly proportional to stored mechanical energy &
electrical equivalent circuit. wE/Q) [2], [3]. For the demonstrated resonator, the energy
storage was limited bynechanicahonlinearities which caused
hysteresis in the resonator transmission response at the vi-
bration amplitudex,;; = 155 "M (@, = 160 pA at
Upias = 100 V). This translates into maximum drive level
P =0.12 mW and stored energl = 190 nJ. The high value
spring constant are related to the device geometry by arises from (i) the two—dimensiona}l bulk acoust.ic vibration
mode of the resonator that results in large effective mass and
m = phL? (1) Mechanical stifiness, (i) the high linearity of silicon as a me-
k = 7*Yaph, chanical material and (jii) the high ratio of mechanical stiffness

wherep is the silicon densityk is the device height, anh, is  t0 nonlinear electrical coupling terms [7], [8]. Normalizing the
the effective elastic modulus for the 2-D expansion. For a plared energy with the resonator volume we obtifl” =
without holes this iap = c11 + c1a — 22, /c11 = 181 GPa, 19- 10° J/in?. The cqrrespondmg typical hysteresis limit of
where ¢;, and ¢;» are the silicon stifinesses. The resonarftT-Cut quartz crystal is only/V' = 500 J/m?* [9]. Thus, the
frequencies obtained with the analytical approximation arsducial observation is that silicon is capable of storing over
FEM simulation agree within 0.5% for a solid plate confirmingV0 orders of magnitude higher mechanical enedgysities

the validity of the model. The first-order lumped model ha1an quartz. This partly compensates for the small size of the
also been refined to include the effects of frequency shift dJéicroresonators in their power handling capacity. It should be

to bias voltage and capacitive and mechanical nonlinearity [fiPted that the maximum power output is not limited by the
[8]. issipation related self-heating effects that are not a dominant

factor in the demonstrated resonator due to high thermal

IV. M EASURED RESONATOR CHARACTERISTICS conductivity in silicon.

The prototype resonator was measured using a HP419?a¢Tze Orit;errnhﬁgct? gjsevogagﬁss daind'trﬁgt Crg?osteqzen\(/:veith()f
network analyzer and a JFET (Philips BF545B) preampli- ge B.fou 9ap P ype.

fier [4]. The resonator was dc-biased using 10D fesistors, an additional mask and fairly straightforward modification

L . . o{ the fabrication process, it is possible to fabricate 60 nm
To minimize the parasitic capacitance, the resonator substrate ; .
s [10]. The electromechanical transduction factor scales as

was grounded and consequently the largest feed through A s /d2, and thus reducing the gap to 100 nm would

is the work capacnanc.é‘ol. Figure 2 ShOW.S small s_|gnal Ievelallow a motional impedance of 62 at 15 V bias voltage.
(uqe = 50 mV) transmission curves at different bias voltages

showing a good agreement with the measured and simulated

data. The mechanical resonance appeays at 13.112 MHz, V. OSCILLATOR DEMONSTRATION

which is about 4.7% lower than the result for a solid plate Figure 3 shows the noise-to-signal ratio for an oscilla-
without the etch holes. With increasing bias voltage, ther based on a discrete amplifier circuit (Philips BF545B)
resonator peak shifts to a lower frequency due to the fibnnected in series feedback configuration with the square-
order nonlinearity in parallel plate electromechanical couplirextensional resonator inside a vacuum chambgr €

that results in electrical spring softening [4]. Based on th&01 mBar). The resonator bias voltage wWég,s = 75 V and
measured data, the mechanical unloaded quality factor is e#fie noise level of the DC-source was less thap\Vlv/H z.
mated to be) = 130000. The other resonator characteristic3he vibration amplitude was limited t9,;, = 33 nm by the

are summarized in Table 1. nonlinear gain characteristics of the amplifier circuit keeping

circuit components depend on the effective spring constant
the effective mass, the quality factor), the electromechani-
cal transduction factoy = Uy;,sCo/d, the electrode ared.;,

and the electrode gap [4]. The effective mass and effective
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to be addressed and these issues are under investigation.
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