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Abstract—This paper reports on the first demonstration
of a 1.05-GHz microelectromechanical (MEMS) oscillator
based on lateral-field-excited (LFE) piezoelectric AIN contour-
mode resonators. The oscillator shows a phase noise level of
—81 dBc/Hz at 1-kHz offset frequency and a phase noise floor
of —146 dBc/Hz, which satisfies the global system for mobile
communications (GSM) requirements for ultra-high frequency
(UHF) local oscillators (LO). The circuit was fabricated in the
AMI semiconductor (AMIS) 0.5-pm complementary metal-
oxide-semiconductor (CMOS) process, with the oscillator core
consuming only 3.5 mW DC power. The device overall perfor-
mance has the best figure-of-merit (FoM) when compared with
other gigahertz oscillators that are based on film bulk acoustic
resonator (FBAR), surface acoustic wave (SAW), and CMOS
on-chip inductor and capacitor (CMOS LC) technologies. A
simple 2-mask process was used to fabricate the LFE AIN
resonators operating between 843 MHz and 1.64 GHz with
simultaneously high @ (up to 2,200) and k2 (up to 1.2%). This
process further relaxes manufacturing tolerances and improves
yield. All these advantages make these devices suitable for
post-CMOS integrated on-chip direct gigahertz frequency syn-
thesis in reconfigurable multiband wireless communications.

I. INTRODUCTION

OSCILLATOR development based on microelectrome-
chanical systems (MEMS) has drawn significant at-
tention, because MEMS resonators can provide CMOS
compatibility and multifrequency operation on a single
chip [1], [2]. With either electrostatic [3], [4] or piezoelec-
tric [5], [6] transduction, MEMS resonators have been re-
cently demonstrated to attain simultaneously high quality
factor (@ > 1,000) and high operating frequencies up to
the gigahertz range. However, due to the relatively small
electromechanical coupling coefficient (k2 < 0.6%) and
thus large motional resistance, no gigahertz MEMS os-
cillator has been demonstrated using laterally vibrating
resonators. The low coupling obtained to date combined
with an increase in substrate parasitics and the need for
higher power consumption when operating at higher fre-
quencies [2] has in fact limited the demonstration of these
oscillators.

Manuscript received May 19, 2009; accepted August 12, 2009. This
work was supported by DARPA N/MEMS S&T grant no. HR-001-06-
1-0041.

The authors are with the Department of Electrical and Systems En-
gineering, University of Pennsylvania, Philadelphia, PA (e-mail: czuo@
seas.upenn.edu).

Digital Object Identifier 10.1109/TUFFC.1382

In the work reported in this paper, significant prog-
ress has been made toward the first demonstration of a
1.05-GHz oscillator based on lateral-field-excited (LFE)
piezoelectric AIN contour-mode MEMS resonators (Fig.
1). By depositing a piezoelectric AIN layer directly on sili-
con wafers and making the film thickness, T, equal to ap-
proximately 0.45 times (which can be explained by Lamb
wave theory [7]-[10] as it will be discussed in more details
in the next section) the desired wavelength of operation,
A, both the material quality (therefore resonator @) and
k2 have been optimized without being negatively affected
by the quality of bottom metal films. In this way, simul-
taneous high @ (up to 2,200) and k? (up to 1.2%) have
been achieved from 843 MHz to 1.64 GHz for LFE AIN
resonators without a floating bottom electrode [5]. This
solution makes the design of gigahertz MEMS oscillators
with low power consumption possible. The demonstrated
1.05-GHz oscillator shows a phase noise of —81 dBc/Hz
at 1-kHz offset frequency with a DC power consumption
of 3.5 mW. The integrated circuit (IC) that is wire-bond-
ed to the LFE AIN resonator was fabricated in the AMI
semiconductor (AMIS) 0.5-pm CMOS process.

II. PiEzZOELECTRIC LFE ALN RESONATORS

In our previous work, piezoelectric thickness-field-
excited (TFE) AIN contour-mode resonators have been
demonstrated to have high @ (up to 4000) in air, low
motional resistance (~25 ), and multiple frequencies of
operation [5], [11] on the same substrate. Based on a simi-
lar fabrication process, piezoelectric RF MEMS switches
have been monolithically integrated with TFE AIN reso-
nators [12]. TFE AIN resonators have also been used to
demonstrate multifrequency oscillators (176-482 MHz) for
next-generation reconfigurable frequency-reference and
timing applications [2]. When the TFE scheme is pushed
to higher frequencies (> gigahertz), the feature size of the
electrodes decreases (gigahertz operation of AIN usually
corresponds to a few microns for the lithographic pattern-
ing of electrodes), which poses a severe challenge for the
microfabrication of these devices. The critical issues in-
clude degraded AIN deposition on densely patterned (due
to uneven surface) wafers and high vulnerability to align-
ment errors.

Therefore, the idea of introducing LFE resonators with-
out a floating bottom electrode is proposed to solve these

0885-3010/$25.00 © 2010 IEEE
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Fig. 1. Micrographs and circuit schematics of the 1.05-GHz LFE AIN
MEMS resonator and its wire-bonding to the CMOS IC chip. £p

problems. As shown in Fig. 2, LFE means that there are
interdigitated metal electrodes only on top of the piezo-
electric thin film, but not on the bottom side. The electric
field has a laterally distributed component (perpendicular
to the thickness direction), which is different than TFE
AIN contour-mode MEMS resonators, whose electrical
field is exclusively in the thickness direction. To avoid con-
fusion between different “TFE” and “LFE” definitions in
the ultrasonic community, it is important to note that the
electrode configuration of the LFE AIN resonators of this
work can also be described via the terminology used for
the well-known interdigital transducer (IDT)-extensively
studied for surface acoustic wave (SAW) excitation and
recently studied [9], [10] for Lamb wave excitation in thin
AIN films. Although K2 has been traditionally used for
describing the electromechanical coupling of LFE resona-
tors [13], k2, as employed for film bulk acoustic resonator
(FBAR) [14], is adopted throughout this paper given K?
is small and the 2 values do not differ significantly from a
practical point of view.

1 1
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Fig. 2. Cross-sectional schematic and mode shape (displacement profile)
of a piezoelectric LFE AIN contour-mode resonator. £

By depositing AIN directly on low-roughness Si wa-
fers, the AIN thin-film quality can be well controlled and
optimized with current-day sputtering techniques. At the
same time, misalignment errors are greatly relaxed, be-
cause only one top metal layer is needed to excite the
resonator. Based on this LFE scheme, AIN resonators
have been demonstrated up to 10 GHz with the highest
f-Q product (~4.6 x 10'2 Hz) ever reported for AIN con-
tour-mode devices [6]. For oscillator applications, another
important figure of merit (FoM) related to the resonator
design is the k2 Q product. Therefore, in addition to the
quality factor optimization, the electromechanical cou-
pling coefficient k2 has been maximized in this work by
making the film thickness T equal to about 0.45 times the
desired wavelength of operation, A, as illustrated in Fig. 2
[7]. In this way, simultaneous high @ (up to 2,200) and k?
(up to 1.2%) have been achieved for LFE AIN resonators
from 843 MHz to 1.64 GHz, as listed in Table I. The rea-
son for this choice of film thickness mainly comes from the
Lamb wave theory, where the maximum electromechani-
cal coupling happens at 0.45\ for Sy Lamb waves in AIN
excited by IDT [7]-[10]. At this relatively large AIN thick-
ness, the dispersion of the phase velocity deteriorates to a
certain extent. Despite that, the frequency sensitivity to
process variations (AIN thickness and electrode thickness)
for LFE AIN contour-mode MEMS resonators is generally
lower than (or at least comparable to) AIN FBAR resona-
tors [7].

For the fabrication process (shown in Fig. 3), only 2
masks are needed: one for top electrode patterning and

TABLE I. EXPERIMENTAL RESULTS OF LFE ALN RESONATORS.

£, [CHz] Q, k2 Ry 9] A [um] T [um]
0.84 1900 0.67% 425 12 4
1.05 1450 1.20% 82 8 4
1.17 2200 0.96% 135 8 3
1.30 1700 0.80% 143 6 3
1.64 1450 0.39% 330 4 3

f, = series resonant frequency; @, = quality factor at series resonance; k2 = effective electromechanical coupling
coefficient; R); = motional resistance; A = wavelength of operation; 7' = thickness of the AIN film. Note that
experimental results for k2 follow closely the trend of theoretical prediction, although some deviations from
theory have been experienced due to fabrication inaccuracies and film deposition parameter variations.
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Fig. 3. Fabrication process: (a) direct AIN sputter deposition on top of Si
wafers, (b) top Pt electrode deposition and patterning using lift-off, (c)
AIN dry etching by inductively coupled plasma using Cly and BCls, and
(d) structure release by Si dry etching in XeF,. £

the other for AIN etching. Compared with the fabrica-
tion of TFE AIN resonators, the LFE scheme greatly re-
duces the number of steps, eliminates the bottom elec-
trode deposition and the via definition (which has been
a significant source of electrical resistance in TFE AIN
resonators). Furthermore, due to the intrinsically lower
k2 of LFE (less than half of TFE) [7], the motional resis-
tance of each of the subresonators (fingers) that form the
device is higher than in TFE of comparable dimensions.
Therefore, the overall device @ of LFE resonators is less
influenced by the electrical loss in the metal electrodes or
substrate parasitics. This aspect of LFE AIN resonators
relaxes the stringent requirement on metal resistivity for
conducting electrodes and reduces their impact on device
Q. Considering all these aspects, Pt top electrodes have
been chosen because high quality factors have been previ-
ously demonstrated with Pt electrodes in FBAR [15] and
TFE AIN contour-mode resonators [2]. As an example of
the resonator design (IDT transducer), the 1.05-GHz LFE
resonator (Table I) has an AIN finger (sub-resonator [2])
width of 4 pm, a Pt electrode width of 2 pm (electrode
coverage = 50%), an AIN finger length of 100 pm, and a
total number of 26 fingers. The AIN thickness is 4 pm and
the Pt thickness is 200 nm.

Similarly, because parasitic electrical loss is negligible
for LFE AIN resonators, the traditional Butterworth-van
Dyke (BVD) equivalent circuit model [14], instead of the
modified-BVD model [2], has been adopted to describe
the electrical performance, as shown in Fig. 1. As an ex-
ample, the measured admittance plot (magnitude and
phase), the BVD model fitting curve, and the equivalent
circuit parameters of an LFE AIN resonator at 1.17 GHz
are given in Fig. 4.

The power-handling capability of LFE resonators was
also characterized. The electrical response of a 1.17-GHz
device was measured for different driving power levels, and
the magnitude of its admittance is plotted in Fig. 5. As
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Fig. 4. Measured admittance plot and its BVD model fitting for a piezo-
electric LFE AIN resonator at 1.17 GHz. £§

we can see, the critical driving power before bifurcation
occurs [16] is between 2 and 4 dBm, which roughly cor-
responds to a critical driving current of 3 mA. Compared
with the 222-MHz TFE AIN resonator demonstrated ear-
lier [2], this 1.17-GHz LFE AIN contour-mode resonator
has a lower (about 1/3) current handling capability. The
difference in power handling between the TFE and the
LFE resonators is very specific to the 2 particular geom-
etries and dimensions that are taken in consideration in
this paper. The lower critical current can be primarily
attributed to the relatively larger current-frequency ef-
fect (or amplitude-frequency effect characterized by the
A-f coefficient, k) of the 1.17-GHz resonator [16], which is
also a function of the geometrical dimensions of the reso-
nator. Therefore, the current-handling (power-handling)
capability of LFE resonators is not necessarily lower than
TFE resonators, and it can be properly designed to the
required level by controlling the device geometry.

All the advantages, related to the elimination of the
bottom metal layer deposition, flexibility in material se-
lection (both the piezoelectric layer and conducting elec-
trodes), fabrication simplicity, good power-handling ca-
pability, and high yield, make the LFE scheme extremely
suitable for post-CMOS integration applications. The only
trade-off consists in the limited frequency range in which
the resonators exhibit a high electromechanical coupling,
k2, for a given thickness, T, of the piezoelectric material.
Nevertheless, assuming a requirement of k2 > 1%, the
available wavelength theoretically ranges between T7/0.6
and T/0.27 [7], which corresponds to a useful frequency
band equal to approximately 73% of the device center
frequency for a given fixed film thickness, 7.

III. OSCILLATOR CIRCUIT DESIGN

The circuit topology adopted in this work and shown
in Fig. 1 is similar to the Pierce oscillator presented in [2].
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Fig. 5. Measured magnitude of admittance at different driving power
levels, pg, for the LFE AIN resonator at 1.17 GHz. £

The oscillator core is basically a CMOS-inverting ampli-
fier formed by transistors M; and My [17]. Transistor Ms
is biased to be always on and serves as a large resistor to
bias the gate and drain voltages of transistors M; and M,
at half Vpp;. This solution was implemented to minimize
resistive loading on the resonator and maximize the al-
lowable oscillating voltage swing. The DC bias current of
M is efficiently reused in M, so that the AC gain of the
2 transistors adds up. Except for having approximately
twice the transconductance (g,,), the small-signal AC
analysis of this oscillator core circuit is exactly the same
as what has been shown in [2].

The novelty here consists in making possible the im-
plementation of a tunable supply voltage (Vpp;) design,
which is in line with the goal of having multifrequency
resonators driven by the same oscillator core. For the os-
cillator circuit in Fig. 1, the total transconductance can
be expressed as

Im = 9m + Ime

WiV
%uncoxLll[ ng _‘VTn‘ (1)
Wy (V
+ ,u'pCoij[ ng - VTp])

where i, is the electron mobility; u, is the hole mobility;
Cyyx is the capacitance per unit area of the gate oxide; Vi,
and Vg, are the threshold voltages for N-type metal-ox-
ide-semiconductor (NMOS) and P-type metal-oxide-semi-
conductor (PMOS) transistors, respectively; and W;/L;
and Wy/ Ly are the effective channel width-to-length ratios
for the 2 transistors. From (1), we infer that the transcon-
ductance is linearly proportional to the supply voltage
(Vppi) for a fixed layout design. Therefore, the oscilla-
tor core proposed here (Fig. 1) can be effectively used as
a tunable amplifier for the reconfigurable multifrequency
oscillator (timing) solution proposed in our previous work
[2], [18]. This solution allows us to optimize the oscillator
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Fig. 6. Measured phase noise of the 1.05-GHz MEMS oscillator based on
an LFE AIN resonator. The phase noise performance is compared with
the GSM requirements of UHF LO. a
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gain (i.e., power consumption) for each specific frequency
of operation of the resonators, instead of being forced to
operate with a fixed gain set by the highest frequency of
oscillation. By adjusting Vpp, the DC bias current and,
therefore, the AC gain in the circuit can be set to the
point that is above the critical transconductance for the
oscillations to start, so that both the phase noise perfor-
mance and power consumption can be optimized for each
switched-on resonator at a certain operating frequency.
This capability is not experimentally proven in this paper,
in which a single frequency oscillator is demonstrated, but
is presented as a unique feature of this novel circuit topol-
ogy and will be exploited in future implementations.

IV. EXPERIMENTAL RESULTS

The AIN LFE resonators were fabricated with a 2-mask
microfabrication process as shown in Fig. 3, while the
tunable-supply-voltage oscillator circuit design was imple-
mented in the AMIS 0.5-pm CMOS process. The MEMS
resonator die was wire-bonded to the integrated circuit
(IC) chip, and all other electrical contacts were made
through the RF and DC probes available in the Desert
Cryogenics TTP6 probe station (Desert Cryogenics, Tuc-
son, AZ). The oscillator output was directly probed on
chip and monitored via an Agilent E5052B Signal Source
Analyzer (Agilent Technologies, Palo Alto, CA). As shown
in Fig. 6, the measured phase noise of the 1.05-GHz MEMS
oscillator for an output power of —23 dBm (limited by
the current circuit design) is —81 dBc/Hz at 1-kHz offset
frequency and as low as —146 dBc/Hz when the offset fre-
quency is greater than 3 x 10° Hz. This phase noise per-
formance already satisfies the stringent global system for
mobile communications (GSM) requirements of ultra-high
frequency (UHF) local oscillators (LO) [19]. Taking into
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TABLE II. FOM COMPARISON OF GHZ OSCILLATORS BASED ON DIFFERENT TECHNOLOGIES.

fo Phase noise Piss FoM
Reference [GHz] [dBc/Hz] [mW]  Technology [dBc/Hz]
This work 1 —140 @ 100 kHz 3.5  AIN Contour-Mode MEMS —215
2009 0.5 pm CMOS
S. S. Rai 2 —144 @ 1 MHz 0.6 FBAR —212
2008 [21] 0.13 pm CMOS
T. Sadek 1 —156 @ 600 kHz 94  SAW —210
2004 [22] 0.18 pm CMOS
S. S. Rai 2 —111 @ 1 MHz 0.6 LCVCO —180
2008 [21] 0.13 pm CMOS
J. Kim 44 —101 @ 1 MHz 7.5 0.12 pm SOI CMOS —185
2005 [20]

account that the LFE AIN resonators have a power-han-
dling capability much greater than —23 dBm, the phase
noise floor can be further reduced if the oscillator circuit
is designed to operate at a higher power level.

To compare the overall performance of different oscil-
lators, a commonly used FoM has been established and is
given by the following equation [20]:

FoM = L(fn)— 2010g[j:0

P
]+1010g[
1m

m

where L(f,,) is the oscillator phase noise at f,,, a specific
offset frequencys; f, is the center frequency; Py is the DC
power consumption (in milliwatts) of the oscillator cir-
cuit. The calculated FoM values for gigahertz oscillators
based on different technologies are listed in Table II. As
we can see, the 1.05-GHz MEMS oscillator demonstrated
in this work has the best FoM when compared with other
gigahertz oscillators based on FBAR, SAW, and CMOS
on-chip inductor and capacitor (CMOS LC) technologies.
In addition, the piezoelectric AIN contour-mode MEMS
technology provides simultaneously multiple frequencies
of operation on a single chip, CMOS compatibility, and
high quality factor, whereas none of the other 3 technolo-
gies has all these combined capabilities.

By using this MEMS oscillator technology based on
LFE piezoelectric AIN contour-mode resonators, multi-
frequency operation over a given frequency range can be
realized with much better phase noise performance than
conventional LC oscillators. With phase noise performance
(of the free-running oscillator) further optimized to sat-
isfy all the system-level requirements of different wireless
standards, such as GSM, universal mobile telecommunica-
tions system (UMTS), and code division multiple access
2000 (CDMAZ2000), it is possible to envision the elimina-
tion of power-hungry phase-locked-loop (PLL) circuits for
frequency synthesis in future single-chip and multiband
reconfigurable transceiver solutions. In addition, the ex-
tended operating frequency range of these LFE AIN de-
vices up to 10 GHz with high @ and low impedance makes
possible the design of novel communication and sensing
systems based on nontraditional RF architectures.

V. CONCLUSION

Design, fabrication, and testing of a 1.05-GHz CMOS
oscillator based on LFE piezoelectric AIN contour-mode
MEMS resonators have been demonstrated. This is the
highest-frequency MEMS oscillator ever demonstrated us-
ing laterally vibrating resonators. The oscillator shows a
phase noise of —81 dBc/Hz at 1-kHz offset frequency and
a phase noise floor of —146 dBc/Hz, which satisfies the
GSM requirements for UHF LO. The overall device per-
formance has the best FoM when compared with other
gigahertz oscillators that are based on FBAR, SAW, and
CMOS LC technologies. The electromechanical coupling
coefficient (k2) for LFE resonators has been optimized to
attain values up to 1.2% with simultaneously high @ (up
to 2,200) in air. This was made possible by depositing AIN
directly on Si wafers and making the film thickness equal
to 0.45 times the desired wavelength of operation. In the
future, we would like to expand this oscillator technology
to microwave frequencies.
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