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Abstract—A simple process has been developed which com-signal processing applications. Often the output of microme-
bines thick single-crystal Si micromechanical devices with a chanical devices is a very small electrical signal. The difficulty

bipolar complimentary metal—oxide-semiconductor (BICMOS) i yeading out a small output signal can limit the sensitivity
integrated circuit process. This merged process allows the in-

tegration of Si mechanical resonators as thick as 1um with  ©F signal to noise .rf"‘t'o In many FJeVIceS. This signal is usually
any integrated circuit process with the addition of only a single buffered or amplified so that it can then be processed by
masking step. The process does not require the use of Si onthe rest of the electronic system. When the signal processing
insulator wafers or any type of wafer bonding. The Si resonators js done on a separate chip from the micromechanics, the

were etched in an inductively coupled plasma source which _; ;
allowed deep trenches to be fabricated with high aspect ratios and signal must travel through bond pads, bond wires, and external

smooth sidewall surfaces. Clamped-clamped beam Si resonatorsPackaging structures which have large parasitic capacitances
that were 500 pm long, 5 pm wide, and 11 pm thick have associated with them. This further limits the signal which can
been fabricated and tested. A typical resonator had a resonance be read out. However, if the signal processing circuitry can be
frequency of 28.9 kHz and a maximum amplitude of vibration jncluded on the same chip as the micromechanical structure,

at resonance of 4.:m in air. The average measured resonance : e .
frequency across a A-in-diameter Si wafer was within 0.5% smaller signals can be amplified and conditioned, and even

of that predicted by theory. Working NMOS transistors were converted to digital signals so that when they are passed off

fabricated and tested on the same chip as the resonator with chip, they are not degraded significantly by off chip parasitics.

measured threshold voltages of 0.6 V and an output conductance A number of technologies have been developed which
—5 (y—1

of 2.0x107" Q" for a gate voltage of 4 V. [420] integrate micromechanics and electrical circuitry. Many use

Index Terms—CMOS, deep etching, etch-diffusion, frontside- surface micromachined polycrystalline Si micromechanical

release, MEMS, silicon resonator. elements due to this material's availability, often used as
transistor gates, in electrical circuitry [2]-[5]. The use of
I. INTRODUCTION thin polycrystalline Si layers provides flexibility in geometry,

) ] ) transducer axis selection, anchoring, and number of structural
HE advantages of using single-crystal Si as a mecham?gy'ers, However, the use of polycrystalline Si brings with it
material have long been recognized [1]. Its strengiy e |imitations in design. Polycrystalline Si is typically de-
and high intrinsic quality factor make it attractive for mi gjteq at relatively high temperatures. As such, when it cools
cromechanical resonant devices. It is readily available as @wn to room temperature, stress gradients developed in the
integrated circuit (IC) substratg and can t_)e prpces;ed USHI% due to mismatches in thermal expansion coefficient can
methods developed by the IC. industry. Thick Si dewcc_es "’_‘Iﬁguse a released micromechanical device to bend. Therefore,
can have ad\_/gntages over thlr_mer ones fo_r many appl'cat'oﬁ'éposition conditions must be carefully selected and monitored
When_capacmve t_ransduc_:t|on IS used to (_j_nve or sense Moty rder to produce a polycrystalline film with low stress. Also,
in a micromechanical device, large capacitive plates with smmn thicknesses are typically limited to a few micrometers
gaps between them are desired fo increase capacitance Socmgtto the long deposition times. However, recent work has

high sensitivity can be achieved. For laterally resonant dewc%%monstrated that thick polycrystalline Si films can be grown

this translates into a thick structure. Thick structures can alﬁ]Oacceptable times with useful properties [6].

be advantageous for inertial sensing applications where lar . ; .
MASSes aregre uired to respond to gmzlrl)inertial forces 9% here are various processes used to fabricate single-crystal
d P ‘ %i micromechanical devices but most are difficult to integrate

O e o g it proceses, or expensive 51 on nsuior (S0
) e . : ) vy €9 sFartmg wafers are required [7]-[12]. There have been a
electrical circuitry with the micromechanics using a simple ; . :
o . A : . number of successful efforts to integrate single-crystal Si
fabrication process. Integration of circuitry with micromechan- . : L
m(;&romechanlcal structures with circuitry and all have several

ics can provide a number of advantages for many sensing %n Jantages and drawbacks [13]-[15]. In this work, a merged

Manuscript received February 19, 1999; revised June 1, 1999. This wdfkocess has been deve|0p6d throuqh which Smgle'cryStal Si

was supported by the Defense Advanced Research Project Agency. Sudigterally resonant devices have been integrated with BICMOS

Editor, R. T. Howe. , o circuitry with the addition of only a single masking step. This
The authors are with the Department of Electrical Engineering and Com- h d h includi

puter Science, University of Michigan, Ann Arbor, Ml 48109-2122 USA. process has many advantages over other processes including

Publisher Item Identifier S 1057-7157(99)07354-0. the use of standard (100) Si starting wafers as opposed to

1057-7157/99$10.001 1999 IEEE



222 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 8, NO. 3, SEPTEMBER 1999

n-Si n-Si n-Si

-GROW AND PATTERN OXIDE -DEEP B DIFFUSION -STANDARD CIRCUIT PROCESS
@ (b) ©

n-Si n-Si n-Si

-LTO PROTECTIVE LAYER - PATTERN AND PLATE Ni MASK -DEEP Si ETCH
(d) (€) ®

HIGH TEMPERATURE SiOp
pt* Si
] SOURCE/DRAIN DIFFUSION
POLYCRYSTALLINE Si

] LOW TEMPERATURE SiO,
N\ ELECTROPLATED Ni

-EDP RELEASE ETCH
()

Fig. 1. Schematic of the merged process used to fabricate the thick single-crystal Si resonators and BiCMOS circuitry.

expensive SOI starting wafers. Also, this process requires fumctional, only MOS devices were utilized in the fabricated
wafer bonding, no backside processing or backside alignmerdnsimpedance amplifier. Following the circuit fabrication, a
of the micromechanical structure, and no electrochemical ettl2m-thick low-temperature oxide (LTO) layer is deposited
stop for the release etch in ethylenediamine pyrocatechs top of the circuit for passivation as well as to protect it
(EDP). from the subsequent EDP release etch [Fig. 1(d)]. This layer
is patterned and dry etched half way through the LTO layer to
Il. EXPERIMENT partially open the contact pads. These pads will be completely

Fig. 1 shows a schematic of the process flow used to f ened using a blanket dry etch at the end of the process.

ricate the resonators integrated with circuitry. First a thermaPIIOWIng the LTO 'aye'." a 25/5 nm TI/N'. plating basg IS
o ; evaporated over the entire wafer. A 2.8-thick photoresist
oxide is grown on am-Si wafer to be used as a mask for . . .
. . .. . .is then patterned on top of the plating base which will serve as
the subsequent long diffusion [Fig. 1(a)]. The B diffusion is lati Id. Next £ Ni is electroplated th h th
~11 pm deep and will form the micromechanical structyr8 P'ating moid. vex 2um of Nils electroplate rough the
old and the mold is then removed. The plated Ni serves as a

and serve as an etch stop for the EDP release [Fig. 1(b)]- : . .
The diffusion used in this work was the isolation diffusiorf’Y etch mask for the deep Si etch which follows [Fig. 1(e)].

from the bipolar part of the circuit process. This diffusiod "€ dry etch is done in an inductively coupled plasma (ICP)
can be used as long as the doping concentration is made HgH'Ce With 250-W source power and 70-W stage power at
enough £7 x 10 cm3) to serve as an etch stop in the'5_ mTorr with 20 sccm of C_«;I flow and a source to sample
EDP release etch but will result in an increased collector-tgistance of 6 cm [17]. This dry etch must go completely
substrate capacitanc¢€cs) [16]. If a CMOS circuit process through the B !ayer so that separate B Fioped elements are
were used or a minimization of s is important, a long formed. There is no danger of dry etch induced damage to
B diffusion would be added before the beginning of thEe circuit, because during the deep dry etch, there are many
CMOS circuit process. This diffusion defines the thicknedayers protecting the circuit, such as the Ni mask and the LTO
of the structure, which is limited to about 18n for practical layer beneath it. The Ni mask is then removed in boiling HCI
diffusion times. Next, conventional circuit processing is donl&ig. 1(f)].

[Fig. 1(c)]. Since all that has been done is a diffusion, the The samples are then etched in EDP for about 20 min
starting condition of the wafers for the circuit process is plandn order to undercut the B doped structures and release the
The circuit process used in this work is a BICMOS procegsicromechanical devices [Fig. 1(g)] [18]. The EDP solution
with a 3um gate length, two levels of polycrystalline Si, andgelectively etches the lightly doped Si and electrical contact
one metal layer. Although bipolar devices were available amal the wafer is not needed during the wet etch. Also, since
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Fig. 2. Photograph of the die containing an Athick Si resonator and a CMOS transimpedance amplifier.

the circuitry is protected from the EDP solution by the LTOmicromechanical structure here is a long high-temperature step
no special fixtures or waxes are required to hold the wafeaad therefore must be done before Al interconnects are formed
during etching. Although an EDP release etch was useddn the wafer. Also, if the transistor junctions are already
these experiments, any Si etchant which is selective to hedgymed, this diffusion would diffuse them much further, which
B doping can be used [19]. Release of the structure canweuld ruin the transistors. Therefore, it is advantageous to
achieved by etching of Si with alkali hydroxide etchants sugherform the long B diffusion before any circuit processing has
as KOH. KOH is easier to handle than EDP but contains alk&een done. Another concern when integrating micromechanics
ions which can be detrimental to MOS transistors. Quaternaigd circuitry is topography. Micromechanical structures often
ammonium compounds which are free of alkali ions have alpave large steps compared to circuit features and these steps
be used to etch Si with good etch characteristics. A B et¢an be hard to conformally protect with thin films. In the
stop has been reported in a tetramethyl ammonium hydroxigecess presented here, the deep dry etch forms deep trenches
(TMAH) solution and an etch ratio of 1:40 has been achievéd the Si wafer. It is difficult to obtain uniform photoresist coat-
between heavily and lightly B doped Si [20]. Using the abov@gs in deep trenches and even if adequate films are obtained,
process, clamped-clamped beam resonators were fabricajeghplete removal of the photoresist from the high aspect ratio
with on chip transimpedance amplifiers. The devices wefigenches is difficult. Unless the trenches are somehow filled or
resonated and their resonance characteristics were measefgshpsulated and planarized, the circuit processing would be
both optically and electrically. difficult with these large steps. Therefore, the dry etch is done
after the circuit processing. The two limitations of the high-
temperature B diffusion and the deep trenches determine that
the circuit processing should be done after the diffusion and
) before the deep dry etch to keep the merged process simple.
A. Process Integration The resonator on the left side of the die shown in Fig. 2 was
Fig. 2 shows a die photo of the resonator integrated with thetated at a 45 angle relative to the manhattanized circuit
transimpedance amplifier. There are two important points lyout. The reason for this rotation is to shorten the EDP
note about the order of steps in this merged fabrication procetgease etch. If the resonator was not rotated, the etch rate
Thermal concerns are often a limiting factor when micromef Si in EDP would slow down at the (111) planes and then
chanics are to be integrated with circuitry. In other processpgoceed to undercut the resonant elements at a very slow rate.
with polycrystalline Si micromechanical structures, depositidResonators can still be released without rotation, at the expense
and annealing temperatures of polycrystalline Si are typi a longer release etch time. However, if the resonators are
cally higher than conventional Al metallization can withstandotated 45, the EDP can undercut the resonant elements
Therefore, processing of mechanical polycrystalline Si layeas a faster rate since the slow etching planes do not run
must be done before the Al metallization steps. In the procgsarallel to the resonators. This way, large resonant elements
developed in this work, the B diffusion used to form thean be undercut in short periods of time. These resonators

I1l. RESULTS AND DISCUSSION
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were fully released with only a 10 min EDP etch. On the A number of high-density plasma systems can be used
right side of Fig. 2 is the transimpedance amplifier and do etch the thick Si resonators. An ECR source has been
the periphery of the chip are electrostatic discharge protectesed previously to etch deep trenches with high aspect ratios
bond pads for outside electrical connection to the circuit arhd vertical profiles [25]. In addition, commercially available
micromechanical structure. high-density ICP systems have been optimized to etch deep
The gap between the released Si resonator and the substiraeches in Si [26]-[28]. Most of these processes rely on
can be arbitrarily varied by changing the EDP release etchicling between etching with fluorine containing plasmas and
time. In most cases, a large gap between the resonator degositing or coating sidewalls with polymers. High selectivity
substrate is desirable. The voltage difference between toea SiG or photoresist mask was achieved. The use of
moveable resonator and the substrate can cause static péssivation of sidewalls can limit the etching of narrow
placement of the resonator which can affect device operatidgrenches. For narrow trenches, sidewall coatings can plug the
A large gap decreases the coupling of energy between thenches, preventing etching, and making the process hard to
substrate under the resonator and the resonator itself. Eontrol. Also, processes which rely on passivation of sidewalls
surface micromachined devices operated in air, the qualtgpically are performed at higher pressureslQ mTorr). This
factor of the resonator is often limited by energy dissipatiomakes microloading or aspect ratio dependant etching effects
due to Couette or Stoke’s type damping between the structwerse, due to the difficulty in transporting etch species and
and the substrate [21]—-[23]. This is due to the small gap oftpnoducts in and out of high aspect ratio trenches. On the other
created when a thin sacrificial layer is used. Since the gap daand, the metal mask used in this work adds one additional
be made much larger in this work, the quality factor in air afhasking step to the circuit process, but it allows high aspect
these devices is probably not limited by Couette or Stokeratio resonant elements to be formed with small gaps, vertical
type damping beneath the structure, but rather, may be limitebfiles, smooth sidewalls, and minimal microloading effects.
by damping in between the thick plates of the comb structuié.a photoresist or Si@ mask could be used, the merged
process can be further simplified since the circuit passivation
mask could be used to define the micromechanical structure
B. Si Etching in an Inductively Coupled £Plasma and no additional masking steps other than the circuit steps

One of the enabling steps in this process is the deep &g required.
etch used to etch through the B doped Si layer and define the
micromechanical structure. High-density plasma sources allow
high aspect ratio trenches to be etched easily and reliably [2@].
The plasma etch system used for dry etching consists of arA clamped-clamped beam micromechanical resonator was
ICP source and a radio frequency (RF) powered electrodabricated using this merged process as shown in Fig. 3(a).
Power was inductively coupled into the plasma through Ehe beam is 50Q:m long, 5 um wide, and 11um thick.
four-turn solenoid type copper coil with input power fromMotion is driven and sensed using capacitive-comb transducers
0 to 2000 W at 2 MHz. The RF powered stage coupledith 3-zm-wide fingers and 3:m-wide gaps. The resonant
energy into the plasma at 13.56 MHz with power availablelements are released from the substrate by etching in EDP
from 0 to 500 W. This stage power serves to bias the wafand the Al metal lines connecting the resonator to the circuit
and accelerate ions to the wafer surface causing anisotropém also be seen. A close-up of the resonator is shown in
etching. The RF power or the self induced dc bi#k,.|) Fig. 3(b). The high aspect ratio achievable by dry etching
on the wafer can be controlled. The ICP source to samman be seen between the comb fingers. Also, a very smooth
distance was fixed at 6 cm. Gas flows were regulated with massface is obtained on all sidewalls. The deep Si etching in a
flow controllers, and the chamber pressure was controlled 6Y plasma provides a very smooth surface and the EDP etch
a throttled 1500 I/s turbomolecular pump. All dry etching ofurther smoothes the surface of the B doped Si [29].

Si was done at room temperature and no cryogenic cooling ofThe Si resonant elements must be isolated from the sub-
the wafer was necessary. strate so that potentials can be applied between the different

An optimized etch condition was developed in order tmicromechanical elements. This is another major challenge in
etch Si trenches with minimum feature sizes ofufih and the integration of single-crystal Si structures on a conventional
depths>50 zm. A source power of 250 W, stage power ofsi substrate. In this work, p-n diode isolation is used so that
70 W, and|Vy.| of 176 V at 5 mTorr with 20 sccm Glflow  current will not flow from the resonator into the substrate
was used. Chlorine etching of Si relies on an ion assistf&D]-[32]. The diode is formed between the heavily dop&t p
reaction for etching to proceed. The chlorine etch species willicromechanical structure and the lightly doped substrate.
not spontaneously etch Si so that very little undercutting &s long as this diode is kept reverse biased, only leakage
expected. The etching only proceeds when directional ioosrrents will flow to the substrate and large voltages can
bombard a layer of adsorbed SjCspecies on the surfacebe placed across the micromechanical structure. The diode
of the Si. This bombardment provides the energy for theharacteristics are shown in Fig. 4 for the resonator integrated
etch products to desorb and for etching to proceed. Wheiith circuitry on the die shown in Fig. 2. There are a few
Si is etched in a Gl plasma at low pressure, passivation overy important parameters of this diode which affect the
polymerization of sidewalls is not needed to achieve a vertiga¢rformance of the device. The reverse breakdown voltage
etch profile. limits the magnitude of the dc voltage which can be placed

Resonator Characteristics
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Fig. 3. Micrographs of (a) 11-m-thick, 500¢:m-long, 5¢:m-wide clamped-clamped beam resonator with metal lines contacting the resonator to the circuitry
and (b) close-up of the electrostatic comb drive showing the high aspect ratio gaps between fingers etched in the inductively coupled plasma source.
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Fig. 4. Characteristics of the diode formed between the heavily B doped resonator and the lightly doped substrate. (a) Forward and reversgccharacteri
showing a breakdown voltage 6£99.2 V and (b) average reverse current of 5;38.

across the drive and sense ports of the resonator. Fig. 4{ghtly doped substrate is low, the depletion region should be
shows that the diode breaks down-£29.2 V, which is typical large and junction capacitance should be relatively low. The
of the diodes fabricated with this process. This allows larg@pacitance of the junction isolating a typical resonator anchor
dc biases to be placed across the drive and sense ports ofvitas calculated to be 2.82 fF. Since the junctions are exposed
resonator. on the surface of the devices, this may lead to undesirable
Another important diode parameter is the reverse leakagearacteristics such as leakage currents across the exposed
current. While the diodes are reverse biased, a dc leakggection as well as instability, low reproducibility, and added
current will flow across the junction. This is undesirable andreakdown mechanisms. These junctions can be passivated
will consume power, so low reverse currents are requireglsily by growing a thin oxide on the structure or using one
Fig. 4(b) shows that the reverse current for these diodekthe many thin films being investigated for passivation of
is 6.26 ;A at a —50-V dc bias with an associated powemicromechanical structures [31].
consumption of~300 xW. One last consideration is the Although we have used p-n junction isolation in this work,
junction capacitance inherent in a p-n junction diode. Thikis merged process is not limited to this isolation scheme. The
capacitance may limit high-frequency performance of theése of the junction isolation provides excellent anchoring of
resonators. However, since the devices are strongly revetise resonator through a continuous single-crystal Si substrate.
biased with large negative voltages and the doping in tAdat is, there is no interface between dissimilar materials other
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Fig. 5. Resonance characteristics of the resonator from Fig. 2 measufé@ 6. Proximity of measured resonance frequency to that predicted by
optically in air with a 50 V dc bias and a 10,V, ac excitation. conventional beam theory for five different samples.

than B doped Si and lightly P doped Si which may decrease
temperature sensitivity of the resonant structure. However, the
drawbacks of junction isolation as mentioned above may make
other isolation methods more desirable for certain applications,
such as high-frequency micromechanical resonators for signal
processing. In this case, a single masking step can be added to
the merged process to obtain dielectric isolation. A trench can _e
be etched in the Si at the beginning of the process and refilled
with a dielectric [33], [34]. This would isolate the resonator

from the substrate as well as provide mechanical anchoring of

the resonator to the substrate.

The resonance characteristics of the resonators have been
measured both optically and electrically. Fig. 5 shows the
resonance characteristics of the clamped-clamped beam res- v
onator measured optically in air. A dc bias of 50 V was. ) , )
placed across the comb drive and an ac excitation of g V/ 19 7 I curve fof an NMOS taneistor neesuied ater o} meromechar
was used to drive the structure into resonance. The resonangex 40.8 V.
frequency was 28.85 kHz and the maximum amplitude of
vibration at resonance was 4. The ac signal was scannedvhere & is the spring constant angh is the mass of the
from low to high frequencies for these measurements. Thesonator. A Young's modulus of 150 GPa and a Si density of
vibration amplitude drops off quickly after resonance becaug830 kg/n? was assumed. The mass of the resonator based
the resonator was overdriven. A large amplitude of vibratiosn the designed device dimensions was 4310 '° kg.
was desired in order to measure the vibration with minim&ll the measured devices had resonance frequencies close
errors. Therefore, the highest driving voltages possible witholat that predicted by the calculations. The average resonance
pull-in were used. The resonance characteristics were afsgguency across a 4-in-diameter Si wafer was within 0.5%
measured electrically using an HP4195 network analyzef.the predicted frequency. This indicates that the dimensions
Since the output signal was measured as a current, low drivioigthe resonators can be tightly controlled and are uniform
voltages could be used. A 25-V dc bias and a 1.26;V across a 4" wafer.
ac voltage were used to drive the resonator. A symmetric
resonance curve was measured when the driving voltages wierelntegrated Circuit Performance
reduced and the vibration amplitude was measured electricallyrp,o performance of the circuitry was measured after all

with the network analyzer. _ _processing was finished in order to determine if the processing
A number of devices were measured in order to determige the micromechanical structure had any effect on circuit
the.reproc.iumblllty of the.process. .Thej resonance frequengy¥ tormance. A current-voltagd<V’) curve measured using
of five tyP'Ca' resonajtors IS shovyn in Fig. 6 and compared HP4145 semiconductor parameter analyzer for an n-channel
a theoretical calculation. A predicted resonance frequency Qt.4_oxide—semiconductor (NMOS) transistor is shown in
30.02 kHz was calculated from the geometry of the resonali@ib_ 7. The transistor had a threshold voltage of 0.6 V, a
and material constants channel length modulation parametey) of 0.0245 V! and
I = 1 ﬁ (1) inCox Was measured to be 89;3\/)/2. The output conduc-
" 2t\Vm tance of the transistor was 2:010~° Q! for a gate voltage

T
E

V)

DS(
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of 4 V. The p-channel metal-oxide—semiconductor (PMOS)3]
devices had a threshold voltage 0.8 V and y,Cox Was
measured to be 17;9A/V 2. The threshold voltage did not shift 4
following the micromechanical structural processing. Bipolar
devices were measured to be functional as well. The processirg
of the resonator should not affect the circuitry because there ap
no high-temperature steps after circuit fabrication. In addition,
the circuit is protected from all subsequent processing by alfl
LTO layer.

The transimpedance amplifier was designed to detect the
output motional current of the resonator, where the currer}rn
is converted into an output voltage via multiplication with a
shunt-shunt feedback MOS resistor. To insure good perfoi]
mance of the detection circuitry, the main amplifier block is
comprised of the frequently used simple five-transistor opergs)
tional amplifier with a feedback resistor [35]. The robustness
and stability of the detection circuitry is enhanced by using
a biasing scheme which allows the user to manually set the
dc bias values at various nodes of the circuit [36]. In order 140
minimize power consumption, the transistors in the amplifier
block were designed to operate in the subthreshold regime)
with a bias tail current of< 250 nA. Matching problems
of transistors in the subthreshold regime are alleviated by
designing transistors with large dimensions so that uniforme]
transistor characteristics can be easily obtained. For a 0- to
5-V rail-to-rail supply and a bias current of 250 nA, the POWey 3)
dissipated by the amplifier was calculated to H#.25 p/W.

The simulated 3-dB frequency of the amplifier was 150 kHz.

[14]
IV. CONCLUSION

A simple process has been developed which integratﬁ%
single-crystal Si resonators as thick asah with BICMOS
circuitry. The processing of the micromechanical structure
adds only one additional masking step to the baseline circlfif!
process. If Si@ or photoresist is used as the etch mask for
the micromechanical structure instead of the Ni etch mask, th&]
merged process can be further simplified so that no additional
masking steps are required. Micromechanical devices have
been fabricated with a 500m-long, 5um-wide, 11lum- [18]
thick single-crystal Si clamped-clamped beam resonator and
a CMOS transimpedance amplifier on the same chip. A degg
Si etch in a C} plasma generated in an ICP source has been
optimized so that high aspect ratio comb gaps can be fabricatéd
with smooth sidewalls. A resonance frequency of 28.85 kHz
and a maximum amplitude of vibration of 4.6n at resonance [21]
was measured in air both optically and electrically using a
network analyzer. A number of devices were tested and thgip)
resonance frequencies were uniform and close to that predicted
by simple theory. Circuit characteristics of CMOS transistor[§3
were measured and the processing of the micromechanical
resonator had no deleterious effects on the devices. [24]
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