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Abstract—In this part of the paper, extensive measurement
results on the resonance, frequency tuning, and temperature char-
acteristics of the silicon bulk acoustic-wave resonators (SiBARs)
that were described in Part I will be presented and justified.

Index Terms—Bulk acoustic wave resonators, high-aspect-
ratio polysilicon and single-crystal silicon (HARPSS), MEMS,
micromachining, micromechanical resonators, silicon resonators.

I. FUNDAMENTAL MODE OPERATION
A. Two-Port Resonators

HE FABRICATED two-port high-aspect-ratio polysili-

con and single-crystal silicon (HARPSS)-on-silicon-on-
insulator (SOI) silicon bulk acoustic-wave resonators (SiBARs)
were tested in both vacuum and atmosphere using the test
setup that was described in Part I. Fig. 1 shows the measured
frequency response for a 300-ym-long 50-pm-wide 20-pm-
thick SiBAR. A very clear resonance peak was observed for
this resonator by applying polarization voltages of as low as 7 V
[Fig. 1(a)]. A quality factor of 77 000 in vacuum and 24 400 in
air were measured for the fundamental width-extensional bulk
mode of this resonator at 85.9 MHz. Polarization voltages of
up to 60 V were applied to the resonator, resulting in a total
measured impedance of 680 (2 [Fig. 1(b)]. However, the quality
factor of the resonator was gradually reduced to 22500 by
increasing the polarization voltage to 60 V. Gradual reduction
of the measured quality factor is a result of the existence of a
parasitic resistance R),,q in series with the resonator motional
resistance that loads the intrinsic mechanical @) of the resonator.
From (3) in Part I, we have

R,
oaded = Wunloaded 5 5 (l)
Ql ded Q load dR7,L n Rload

where R,, is the motional resistance of the resonator, and
Qunloaded 1s the intrinsic mechanical () of the resonator and is
equal to the measured resonator quality factor at low polariza-
tion voltage before () degradation starts. As the impedance of
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Fig. 1. Measured frequency response of a low-impedance 86-MHz SiBAR
with (a) low and (b) high polarization voltages showing () loading that is caused
by the parasitic series resistance due to its very low motional resistance.

the resonator decreases by increasing the polarization voltage,
the effect of the loading resistor on the quality factor becomes
more pronounced [as confirmed by (1)].

Using (1) and the fact that the total resistance that is com-
puted based on the measured insertion loss at high V), [using
(4) in Part I] is the sum of the motional resistance of the
resonator and the associated parasitic series resistance (Rt =
R, + Rioad), the value of the loading resistance and intrinsic
motional resistance of the resonator can be calculated (two
equations and two unknowns). For the resonator of Fig. 1, the
extracted motional resistance is only 200 2, and the related
parasitic loading resistance is 480 2.

For SiBARs that were fabricated in the previous work [1],
support lengths were set to the quarter acoustic wavelength

0018-9383/$25.00 © 2007 IEEE
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Fig. 2. Measured frequency response of a 106.8 MHz SiBAR with different
polarization voltages.

at the frequency of their first width extensional mode, which
is equal to half of the width of the SiBAR. For such support
length, the resonance frequency for the extensional resonance
mode of the support beam will be close to the resonance
frequency of the SiBAR. Therefore, during operation of the
resonator, the support beam will vibrate in its longitudinal
mode, isolating any perpendicular displacement at the sup-
porting point (displacement along the SiBAR length) from the
substrate. Based on this argument [2], the quarter-wavelength
supports were expected to reduce the support loss and improve
the quality factor of the resonators significantly. However,
measurement results of SiBARs revealed that resonators with
quarter-wavelength supports do not have noticeably larger qual-
ity factors compared to the SiBARs in this paper with short
(with a length of 3—5 pum) supports. On the other hand, much
lower impedances can be achieved for the resonators with short
supports. Short supports increase the stiffness of the resonator
structure significantly, making it much more resilient against
electrostatic pull-in or stiction during hydrofluoric acid release
(as the gap sizes become smaller). Therefore, such resonators
can tolerate much higher polarization voltages (or smaller gap
sizes) and provide lower impedances. From the manufactura-
bility and reliability points of view, having stiffer structures is
also beneficial for improving shock resistance and long-term
durability of the resonators.

Fig. 2 shows another example of a low-impedance
106.8 MHz (40 pm wide, 150 pm long, and 20 pm thick)
SiBAR whose quality factor is being loaded by the series par-
asitic resistance. The quality factor for this resonator decreases
from 49 600 to 13200 by increasing the polarization voltage
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from 10 to 90 V, which is a result of existence of a 770 2
loading resistance in series with the 280 {2 intrinsic motional
resistance of the resonator (at V,, = 90 V). The extracted mo-
tional resistances on the order of 200 2 are among the lowest
impedance values that are reported for the HF air-gap capacitive
resonators so far and are well within the desired range for
RF circuit design applications.

B. Parasitic Resistance and Q) Loading

To achieve lower overall resistances and eliminate () loading
as much as possible, it is important to have good understanding
of the cause of the parasitic series resistance and its reduction
or elimination.

The typical values of loading resistances for the fabricated
resonators in this batch are in the range of 400-1000 (2.
The measured static resistances between the two polarization-
voltage pads on the two ends of the SiBARs are close to the
extracted loading resistor values. Therefore, the resistivity of
the silicon structure in the V), path is suspected to be responsible
for ) loading.

The 50-Q2 terminations of the network analyzer (a total of
100 £2) constitute a portion of the parasitic series resistance, and
the rest is blamed on the resistivity of the silicon structure of the
resonator itself. For a SIBAR operating in its fundamental (or
an odd) width-extensional mode, the displacement of the res-
onator body toward the electrodes on its two sides is in phase;
therefore, in each cycle, charges from the polarization-voltage
dc source have to pass back and forth through the resonator
body. As a result, the physical resistance of the resonator body
will act as a resistance in the path of the ac current passing
through the resonator and will result in quality factor loading.
This effect has also been previously observed and demonstrated
in silicon carbide (SiC) capacitive microresonators due to their
large substrate resistivity compared to silicon [3].

The immediate solution to this problem would be to fabricate
the resonators on a silicon substrate with lower resistivity
to reduce the resulting loading resistance. The starting SOI
substrate for the resonators in Figs. 1 and 2 had a device layer
resistivity of 0.015 Q - cm. To further verify this assumption
and investigate the effect of substrate resistivity on () loading,
another batch of resonators was fabricated on an SOI substrate
with lower device layer resistivity (0.002 €2 - cm). Fig. 3 shows
the frequency response and extracted resistance values for a
20-pm-thick 40-pm-wide 300-pm-long SiBAR with 125-nm
capacitive gaps (Gap aspect ratio = 160) that are fabricated on
the lower resistivity substrate.

The total extracted loading resistance for this resonator is
only 120 €. Taking the 100-§2 loading that is caused by the
50-Q terminations of the network analyzer into account, the
remaining parasitic resistance that is blamed on the silicon
structure is only 20 €2, which is over an order of magnitude
lower than the loading resistor for the devices on the previous
higher resistivity substrate.

Second-order effects such as partial depletion that is induced
in the silicon structure by the electrodes (or vice versa), chang-
ing its effective resistivity, can also be among other contributing
factors to the ) loading. Due to extremely small vibration
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Fig. 3. Frequency response of a SiBAR with similar dimensions as the
resonator of Fig. 2, which is fabricated on a lower resistivity substrate showing
a much lower loading resistance of 120 2 (with 20 €2 believed to be coming
from the silicon structure).

amplitudes (~1 nm) of the bulk-mode resonators [4], mechani-
cal nonlinearities are not believed to be involved.

The alternative approach for relaxation of the (Q-loading
issue is using other resonance modes of operation for the
resonators, as demonstrated in [3], so that charges will not have
to flow through the V), path in each cycle and will only transfer
from one side of the resonator to its other side (experiencing
less structural resistance). For the SiBAR structures that are
discussed in this paper, this can be achieved by the operation of
the resonators in their second (or any even) width-extensional
resonance mode.

C. Low-V,, Operation

With the resonator gap sizes in the range of 100-200 nm, as
the ones in Figs. 1-3, comparatively large polarization voltages
are required to achieve impedance values in the sub-kiloOhm
range. By reduction of the capacitive gaps to 100 nm and below,
the required polarization voltages can be significantly reduced.
The alternative solution would be increasing the thickness
and length of the resonators to increase the transduction area.
Fig. 4 shows the measured frequency response for a 30-um-
thick SiBAR (540 pum long and 50 pum wide) with 65-nm
capacitive gaps (a gap aspect ratio of ~460, which is the highest
demonstrated using HARPSS to date).

Due to the smaller gap size and larger length and thickness
for this resonator, sub-kiloOhm motional resistances can be
achieved with polarization voltages of as low as 10 V. Such dc
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Fig. 4. Measured frequency response for a 30-pm-thick 50-pm-wide
540-pm-long SiBAR with 65-nm gaps.
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Fig. 5. SEM view of a 30-pum-wide 150-pum-long 20-pm-thick one-port
SiBAR with 160-nm capacitive gaps. Polysilicon connecting the electrodes on
the two sides covers the quarter-wavelength support beams.

bias voltages can be generated and controlled on a CMOS chip

(51, [6].

D. One-Port Resonators

For some of the fabricated resonators, the electrode layout
was slightly modified, so that the electrodes on the two sides of
the SiBAR are electrically connected by the pad polysilicon.
Fig. 5 shows the scanning electron microscope (SEM) view
of a 30-pm-wide 150-pm-long 20-pm-thick one-port SiBAR.
Polysilicon bridging over the support beams connects the elec-
trodes on the two sides.

Such resonators have to be operated in one-port configura-
tion. In a one-port configuration, the input ac signal v; and the
dc bias voltage V), are applied to the body of the resonator,
and the output signal is collected from the electrodes by direct
connection to the network analyzer. A large bias resistor and a
dc-block capacitor are used to isolate the ac and dc signals at
the input.

For one-port resonators, the electrode—resonator capacitance,
which is on the order of hundreds of femtofarads, acts as a
feedthrough capacitance between the input and output nodes.
The main advantage of two-port resonators is their lower
feedthrough capacitance. For a two-port SIBAR with input and
output electrodes on the two sides of the resonator, there is
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Fig. 6. Frequency response of the SiBAR of Fig. 5 measured in a one-port
configuration.

almost no direct capacitive path from input to output. The body
of the resonator, which is an ac ground, isolates the input and
output signals, and only fringing capacitances that are on the
order of a few femtofarads act as capacitive feedthrough for
such devices. On the other hand, since the electrode area is
divided into two separate sections for sensing and actuation, the
effective electrode area for two-port resonators is half of that
of a one-port resonator. This results in four times larger equiv-
alent impedance for the two-port resonators. In conclusion,
for applications where capacitive feedthrough can be tolerated
to some extent, one-port-configured resonators providing four
times lower impedances are a better choice.

Fig. 6 shows the measured frequency response of the one-
port SiBAR of Fig. 5. The resonator was operated in its first
horizontal thickness mode at 137.7 MHz and demonstrated a
comparatively high quality factor of 64300 in vacuum. Im-
pedances of as low as 1.2 k2 were measured for this resonator,
while for the two-port resonators with similar dimensions (long
support beams), the lowest measured impedances are in the
range of 5-7 k2.

It is worth mentioning that the antiresonance peaks that are
observed in Fig. 6 and some of the other frequency response
plots are a result of parallel resonance of the resonator with
its feedthrough capacitance. The calibration that is performed
for the measurements should ideally eliminate the feedthrough
capacitances; therefore, antiresonance peaks are not observed
in most of the plots (although all resonators have some
feedthrough capacitance). However, if the calibration is not
100% accurate at the time of measurement, a small portion of
the feedthrough capacitance will affect the response by causing
the antiresonance peaks. As long as the feedthrough level (out-
of-band transmission) is ~10-20 dB lower than the resonance
peak @, the resonance frequency and impedance measurements
will have adequate accuracy.

II. OPERATION IN HIGHER RESONANCE MODES

Operation of resonators in their higher resonance modes is a
good approach to achieve higher resonance frequencies without
pushing the resonator dimensions into ranges that are challeng-
ing to fabricate accurately. Using the higher order resonance
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Fig. 7. Measured frequency response of a 30-pum-wide 150-pum-long 5-pum-
thick SiBAR operating in its first and higher odd resonance modes up to the
fifth mode.

modes eases the requirement on the tolerance of the resonator
size variations (that are inevitable in high-volume manufactur-
ing). On the other hand, resonator equivalent stiffness for higher
resonance modes is larger than the fundamental mode and will
add to the impedance issues for capacitive resonators.

The support beams for the SiBARs in this paper are placed
in the middle of the resonator width. Therefore, in the even-
width extensional modes, the supports will be subject to a large
vibration amplitude that is imposed by the resonator and will
introduce excessive energy loss to the substrate. This results
in lower quality factors for such modes. However, for the odd
higher order width-extensional modes, similar to the first mode,
the midpoint of the device width is still the resonance node (i.e.,
has close-to-zero vibration amplitude), and high quality factors
can be obtained.

Fig. 7 shows the measured frequency response of a 30-um-
wide 150-pm-long 5-pm-thick SiBAR operating in its first and
higher odd width extensional modes up to the fifth mode. A
quality factor of 17300 at a resonance frequency of 765 MHz
has been measured for the fifth mode of this resonator.
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Fig. 8. Measured frequency responses for 20-pm-thick clamped-clamped
SiBARs operating in their higher bulk modes with frequencies in excess of
1 GHz.

Impedance of as low as 23.7 k) was measured for this reso-
nance mode, which is close to one order of magnitude lower
than the typical reported motional resistance values for air gap
capacitive resonators at such high frequencies [2], [7]. For the
fifth resonance mode, as shown in Fig. 3 in Part I, the dimen-
sions are in the range where severe mode shape distortion oc-
curs. For such dimensions, the resonant frequency dependence
on the resonator thickness becomes very sharp, and the reso-
nance frequency can easily change by 10%—-20% due to slight
changes in the resonator thickness (Fig. 2 in Part I). Therefore,
the comparatively large deviation between the measured and
simulated frequencies for the fifth mode is due to sharp thick-
ness dependence of the resonance frequency in this mode and
uncertainties in the assumed resonator dimensions for modal
analysis.

Fig. 8 shows the resonance peaks in the gigahertz frequency
range that are measured for higher resonance modes of thick
SiBARs. The plots are taken from 40- and 20-pm-wide SiBARs
with expected first-mode resonance frequency of about 100 and
200 MHz, respectively. In Fig. 8(b), due to the comparatively
large resistance of the resonator for such a high frequency,
the resonant peak does not reach more than 3 dB above the
feedthrough level; therefore, instead of the 3-dB Q, its 1-dB
quality factor has been measured. Theoretically, for a second-
order (LCR) resonator, the 1-dB bandwidth is half the 3-dB
bandwidth, so Q3qp is expected to be half the measured Q14p.
The effect of the large feedthrough has been taken into account
in motional resistance calculations.
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Fig.9. Temperature dependence of frequency for a 540-pm-long 50-pm-wide
20-pm-thick (86 MHz) SiBAR showing a TCF of —27.8 ppm/°C.

Frequency-wise, the resonance peaks should correspond to
the 11th and 7th width extensional modes of the structures;
however, since the resonator thickness and length are much
larger than the effective width for such modes, the mode shapes
for such resonance modes are expected to be extremely wavy
and distorted. Therefore, referring to them as higher width
extensional modes does not seem to be appropriate. Finite-
element analysis to find such mode shapes requires a large
number of elements and results in a very large number of
modes, which makes running the simulation and recognition of
the right modes quite complicated and out of the scope of this
paper.

Although hard to predict and analyze, such higher resonance
modes are a promising approach to realize HF capacitive res-
onators (in the gigahertz range) with reasonable impedances.
For instance, after experimental determination of some of the
most suitable dimensions for maximized electromechanical
coupling, one can scale the resonator dimensions up or down
(while keeping the ratios the same), to generate a wide variety
of different frequencies.

For the 40-um-wide device, a very strong first resonance
mode was detected at 102 MHz. However, for the 20-pum-
wide resonator, since the resonator width and thickness are
equal, a very weak (high impedance) first mode was detected at
170 MHz. This results from the inefficient coupling and ex-
cessive cancellation for this mode shape, which is completely
expected (Fig. 2 of Part I). This can be very helpful when
the resonator is desired to operate in its 1.55-GHz mode.
The impedances that are measured for the HF modes are
much smaller (~10x) than that of the other reported values
for air-gap capacitive resonators operating in the gigahertz
range [2], [7].

III. TEMPERATURE CHARACTERISTICS
AND COMPENSATION

The other major bottleneck that limits the performance of
capacitive SiBARs as frequency references for some of the
high-precision applications is their much larger temperature
coefficient of frequency (TCF) compared to quartz resonators.
Fig. 9 shows the measured temperature dependence of resonant
frequency for an 86-MHz SiBAR over the temperature range
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Fig. 10. Measured electrostatic tuning characteristic of a 108-MHz SiBAR
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of —40°C to 120°C. The temperature sensitivity that is shown
in Fig. 9 has a linear behavior with a TCF of —27.8 ppm/°C,
which is very close to that of single-crystal silicon disk res-
onators [4] and piezoelectric film bulk acoustic resonators [8],
but more than ten times larger than typical quartz crystals. As
shown in [4], the temperature sensitivity of silicon resonators is
mainly due to the large temperature coefficient of the Young’s
modulus of silicon.

Electrostatic and heat-induced frequency tuning for temper-
ature compensation of capacitive silicon resonators are briefly
discussed here. Electrostatic tuning of parallel-plate capacitive
resonators, which is well known and has been used for temper-
ature compensation of lower frequency resonators [5], [6], is
considered to be one of the most convenient and power-efficient
temperature compensation techniques. However, for high fre-
quency resonators with operating frequencies of hundreds of
megahertz and higher, extremely large resonator stiffness (and
consequently, its resonant frequency) can hardly be tuned by
the V,-induced electrical stiffness. Fig. 10 shows the measured
electrostatic tuning characteristic for a 108-MHz SiBAR with
135-nm capacitive gaps. A frequency tuning of 70 kHz is
demonstrated for this resonator by changing the polarization
voltage from 10 to 70 V. The tuning slope for a capacitive
SiBAR assuming a nondistorted mode shape is given by

of _2fo€Ae

g @)

where f is the resonance frequency of the resonator, A, is
the electrode area (area of one electrode only), and K is the
effective stiffness, as defined in (1) in Part 1.

A tuning range of about 300 kHz is required to compensate a
108-MHz resonator over a 100 °C temperature range. Accord-
ing to (2), such tuning range can be achieved by reduction of
the capacitive gap sizes to 70 nm and changing the polarization
voltage over a range of 5-40 V, which seems to be possible
although challenging. However, as the frequency increases,
the required electrical stiffness for temperature compensation
increases proportionally, making it even more challenging. In
addition, changing the polarization voltage of the resonator
changes its equivalent electrical impedance significantly, which
is not desirable from the circuit-design point of view. The solu-
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by passing current through the body of the resonator.

tion to this problem would be to split the electrodes around the
resonator into two electrically isolated sections: 1) one for elec-
trostatic transduction (sense and drive) and 2) one for fre-
quency tuning. In this case, a smaller electrode area for each
mechanism will result in higher resonator impedance and lower
electrostatic tuning (four times higher impedance and two times
lower tuning in case of equally divided electrodes). Therefore,
further pushing of the gap sizes to smaller values will be
required.

The more effective but power-consuming approach that is ex-
amined here is tuning the resonance frequency of the resonator
by passing an electrical current through its structure and con-
sequently changing its temperature. Temperature compensation
based on resonator Joule heating has been demonstrated in [9]
and [10]. Since the SiBARs are supported by two support beams
on the two sides, two polarization-voltage bonding pads are
available on the two ends of the resonator. By applying slightly
different dc voltages to the two pads on the two ends of the
resonator, the dc current will pass through the SiBAR structure
and elevate its temperature. Fig. 11 shows the frequency-tuning
characteristic of the SiBAR of Fig. 9 by passing current through
it. More than 1 MHz (1.2%) of frequency tuning has been
achieved by passing up to 24 mA of dc current through the
body of the resonator. According to the measured temperature-
induced frequency drift (Fig. 9), this corresponds to an elevated
temperature of up to 450 °C for the resonator. It is worth noting
that the resonator was operating flawlessly, with no degradation
of its quality factor at such high temperature.

This tuning technique can be deployed for temperature com-
pensation of HF SiBARs [9], [10]. A temperature-dependent
current source can be used to keep the temperature of the
resonator elevated (e.g., at 125 °C), independent of the temper-
ature of the surrounding environment, and avoid temperature-
induced frequency shifts. In this case (unpackaged resonator
on a 1.2 x 1.2 cm? silicon substrate with no thermal isolation
from the test setup), 85 mW of power was required at room
temperature to keep the temperature of the resonator elevated at
125 °C. This can be reduced to a few milliwatts or even below
milliwatts for a single resonator inside a thermally isolated
package. Furthermore, due to the dependence of the resistivity
of the resonator structure to temperature, the resonator itself
can be used simultaneously as a temperature sensor in the
temperature control feedback loop.
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IV. CONCLUSION

High frequency bulk-mode resonant structures referred to
as “SiBAR” were presented as a strong and viable approach
toward implementation of high-@) low-impedance HF capac-
itive resonators. Using the potentially unlimited capacitive
transduction area that is provided through the combination of
the HARPSS fabrication process and the SiBAR structures,
impedances well in the required RF range can be achieved
for such resonators in the very-high-frequency (VHF) and
ultra-high-frequency (UHF) ranges. Preliminary measurement
results for the capacitive SiBARs in the VHF range show mo-
tional resistances in the sub-kilo-Ohm to few kilo-Ohm range
with quality factors as high as side-supported disk resonators
(20 000-100000). Resonant frequencies in the UHF range were
demonstrated for higher bulk extensional modes of the SiBARs
with much smaller motional resistances compared to the pre-
viously demonstrated air-gap capacitive resonators operating in
the UHF band.

Although with current resonator dimensions and capacitive
gap sizes, their performance in the UHF range is not as promis-
ing, it can be shown theoretically that the same specifications
can be met at higher frequencies by proportional downscaling
of all the dimensions (including the gap sizes) as well as the
polarization voltage.

The silicon structures of SiBARs have two electrical con-
nections on their two sides. This facilitates implementation of
highly stable temperature compensated oscillators by employ-
ing such device as a heater and temperature sensor as well as
frequency reference simultaneously.
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