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Abstract: This manuscript describes the findings of a stawdinvestigate the performance
of SIC MEMS resonators with respect to resonamuescy and quality factor under a
variety of testing conditions, including various laent pressures, AC drive voltages, bias
potentials and temperatures. The sample set indlbd#h single-crystal and polycrystalline
3C-SiC lateral resonators. The experimental ressitew that operation at reduced
pressures increases the resonant frequency as riardpe to the gas-rarefaction effect
becomes significant. Both DC bias and AC drive agdts result in nonlinearities, but the
AC drive voltage is more sensitive to noise. The ¥dltage has a voltage coefficient of
1~4ppm/V at a DC bias of 40V. The coefficient of &as is about -11ppm/V to -
21ppm/V for poly-SiC, which is more than a factbitwo better than a similarly designed
polysilicon resonator (-54 ppm/V). The effectivaffaess of the resonator decreases
(softens) as the bias potential is increased,meases (hardens) as drive voltage increase
when scan is from low to high frequency. The resotffilequency decreases slightly with
increasing temperature, exhibiting a temperatuedfioient of -22 ppnfIC, between 2
and 60C. The thermal expansion mismatch between the 8iGced and the Si substrate
could be a reason that thermal coefficient for ¢h®&C resonators is about twofold higher
than similar polysilicon resonators. However, the &ppear to exhibit no temperature
dependence in this range.
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1. Introduction

MEMS-based resonators have attracted the atteafitme integrated circuits (IC) industry because
of their high quality factors (Qs) and their capyabor integration with silicon-based integratedcaits
[1, 2]. Silicon-based MEMS resonators are usediragg references in applications that require a
device technology that can range from very low ftoathigh frequencies. Silicon carbide (SiC) is a
promising material for RF MEMS because it has dhigung’s modulus-to-density ratio, resulting in
an acoustic velocity that is significantly abovattf Si [3, 4]. Furthermore, SiC is more resistant
mechanical wear, more electrically stable at higtenperatures, and significantly more inert to
environmental conditions than Si, making it a pa&gnsubstitute for Si in harsh environment
applications [5]. Among more than 100 known polgypcubic 3C-SiC is the only polytype that can
be grown on single crystal Si substrates, enhanttiagoossibility of integrating micromachined SiC
resonators with silicon microelectronics.

Many of the essential characteristics of Si-bas&M$@ resonators, such as operating frequency and
Q, are sensitive to environmental conditions, saglgas damping, ambient humidity and temperature.
Gas damping causes a shift in the resonant fregqumwause it changes the overall frequency response
of the oscillation system [6]. For Si-based devjcesposure to air can cause a drift in resonant
frequency over time due to surface oxidation [Art&nately, gas damping can be made negligible
when the operating pressure is reduced to beneailical point pressure [8-11]. Packaging under an
inert atmospheric or vacuum can improve or elimen@nvironmentally-induced performance
variations. However, these solutions cannot preuentperature-related instabilities due to heat
transferred to the resonator from on-chip circuitnycontrast to quartz crystal resonators thasstn
of two-port piezoelectric devices commonly usecdelactronic circuits, Si-based MEMS resonators
usually operate using an electrostatic method toaée the shuttle and sense its motional curremt. T
extract such small signals, Si-based MEMS resosatequire an extra port to bias the device and
amplify the motional signal [1]. However, extrenmading can cause nonlinearities at large amplitudes
and cause the nominal Q and resonant frequendyiftola view of these effects in Si-based devices,
this work aims to characterize the performance GfS3C MEMS lateral resonators in terms of
resonant frequency and Q as they relate to predsun@erature and applied voltages.

A number of techniques have been used to actudtsearse the motion of microscale resonators for
the purpose of evaluating the Q and resonant freqyuéptical detection techniques using laser-based
photodetectors to detect the oscillation amplithaee been used to acquire the resonant frequerncy an
Q of MEMS-based resonators [12-14]. Others haveroheted the Q by analyzing the decay of a
vibrating cantilever driven by electrostatic fofd®]. A common approach to study Si resonators uses
electronic amplifiers in conjunction with electrast actuation [16]. The research presented in this
paper follows such an approach because it endidesvialuation of SiC resonator performance under a
range of environmental testing conditions.
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Unlike Si-based devices, much less has been peblieh the topic of SiC resonator performance.
Several papers have reported the Q values andamistrequencies of polycrystalline 3C-SiC (poly-
SIiC) lateral resonators, but the effects of biakage and ambient temperature on performance were
not presented [17, 18]. The measurement of Q awhemt frequency as a function of temperature has
been reported for poly-SiC lateral resonators thetcharacterization technique utilized SEM imaging
therefore the reported values of Q are, at begterupound estimates because frequency spectra were
not obtained [19]. The Q of clamped-clamped polg-&iicrobridges has been reported; however, the
Q values for these devices was so low (128) thatymaportant operational parameters were not
reported [20]. The research reported in this paeeks to increase the understanding of SiC lateral
resonators by characterizing the performance o$ethédevices under a variety of environmental
conditions using an electronics-based charactevizaechnique capable of accurately determining
resonant frequency and Q.

2. Experimental Setup
2.1 Device Fabrication and Measurement Technique

The single-crystal (110) and polycrystalline (113iC films in this study were deposited by
atmospheric pressure chemical vapor deposition §AP&nd low pressure chemical vapor deposition
(LPCVD), respectively. The single-crystal 3C-Si@Glded-beam, lateral resonators, dencigge K
were fabricated from SiC-on-Insulator substrateswvimch the buried Si@film was used for the
sacrificial layer and substrate electrical isolatid’he polycrystalline 3C-SiC, folded-beam lateral
resonators were made from undoped LPCVD films dgmben SiQ sacrificial layers and are denoted
asType D in this work. Figure 1 is a SEM micrograph@éviceDs1 and Figure 2 is a schematic cross-
section of the 3C-SiC lateral resonator used is $tuidy. The micrograph in Figure 1 was taken after
experimentation was complete and the resonator wlaip debonded from the test circuitry. The
fabrication processes for these devices have betaret elsewhere [11].

The principal technique used in this work to acguesonant frequency and Q is based on a custom-
built, PCB-based transimpedance amplifier circAitschematic diagram of the setup is shown in
Figure 3. The resonators were electrostaticallyated and the resulting motional current was detect
and amplified by a transimpedance amplifier posgb next to the MEMS chip. When in oscillation,
the MEMS resonator generates a motional current ihaconverted to a voltage signal by the
transimpedance amplifier. The Philips SA5211 tnaupgdance amplifier was chosen because it uses a
BJT differential amplifier that is capable of prding a low noise output signal, and the bandwidth o
this amplifier reaches 180 MHz which meets the r@esmeasurement range. The circuit was used to
measure the total Q. The transimpedance amplifipraach enables frequency spectra to be acquired
electronically using conventional actuation and soe@ment techniques.

Ambient damping was characterized by operatingdéeces in a customized vacuum chamber
capable of operating at pressures both above dod like critical point. The gain of the PCB-based
testing circuit is measured by an Agilent 4395Awwk/spectrum analyzer. The network analyzer
mode provides both magnitude and phase plots tekt identify the resonant frequencies of the
MEMS device. Figure 4 shows a photograph of théotusouilt vacuum testing chamber used in this
study. The chamber is equipped with a transparemaw to enable observation of the resonator using
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a long working distance microscope as well as tadigheating of the device through the window
using an external lamp. The chamber is outfittetth fiwve ports for various external connections. oTw
of the ports are for electrical connectors: oneléov noise connectors to the network analyzer, the
other for power connections via multiple electrieates. A third port is a high current feedthrough.
The other two ports are used for the pressure gaudethe fore-line of the pumping system. The
pressure gauges include a capacitance manometeararidn gauge for low and high vacuum
measurements, respectively. The vacuum systemstsidia mechanical pump and a diffusion pump.
The base pressure of the system with the PCB-belgetionic testing circuitry mounted inside is
roughly 30uTorr when both pumps are operating and unthrottled.

Figure 1. Plan-view SEM micrograph of a polycrystalline 3€GSflexural mode lateral
resonatoDevice BLl.
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Figure 2. Schematic cross-section of the 3C-SiC lateralmass used in this study.
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Figure 3. Schematic diagram of the electrical measuremeuapse
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Figure 4. Photograph of the custom-built vacuum testing diermThe chamber is
equipped with a transparent window to enable ragiaheating from outside the
chamber, thus reducing electrical noise.

2.2 Setup for Temperature Testing

An incandescent light bulb positioned outside thewum chamber and above the vacuum chamber
window as shown in Figure 5(a) was used to heas#imeple. Radiative heating was selected as the
heating method because the radiative heat soutdd be positioned outside the vacuum chamber thus
eliminating a source of electrical noise that coaftiéct the measurement results. Lamp-based heating
also allows for selective shadowing of the testiirguitry thereby heating only the resonator chip.
Since radiative heating of the sample was emplayedmaximum achievable temperature was limited
by the radiation efficiency of the light bulb arttetoptical absorption of the substrate. The maximum
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practical testing temperature was limited by theximam stable operating temperature of the
transimpedance amplifier, which was°85 A direct temperature measurement of an indilidua
resonator itself is technically challenging, sahrs work temperature was measured at a conveyientl
accessible nearby location on the chip. Each cbigained approximately 90 individual resonators.
Figure 5(b) is a photograph taken from the tophef ¢hamber showing the technique used to detect
temperature of the chip. A thermocouple makes ovntéh the surface of the chip and is linked to a
thermometer outside the chamber through a multifeedthrough connector.

Figure 5. The temperature testing setup: (a) Schematic efheémting source and (b)
optical photograph showing the position of the PthBt contains the test chip and
associated electronics with respect to the chanvlyetow.

3. Result and Discussions
3.1 Gas rarefaction effect

Figures 6(a) and (b) are magnitude plots for glsinrystalline 3C-SiC devideeviceK1 that were
measured at atmospheric pressure and aiT0r, respectively. Table 1 illustrates the relasbip
between measured resonant frequency and ambiesgupeeforthis device. These data show that the
resonant frequency drops by 185Hz as the operatiegsure is increased from gUorr to 760 Torr.
Note that the frequency scale in Figure 6(a) is B@lyrid and the amplitude scale is 0.075 dB/grid
because the Q is small at atmospheric pressure.

Table 1. Resonant frequency shift fBrevice Klunder different pressures.

Pressure (Torr) 760 1 0.3 0.003 0.00003
Resonator frequency (Hz) 27977 28148 28155 28158 1628
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Figure 6. Magnitude plots for a device tested at: (a) atrhesp pressure and (b) 30
uTorr. Note that the amplitude scale in (a) is serdtan (b) and larger than (b) for the
frequency scale because the Q in (a) is much snaleEEmospheric pressure.
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It is well known that for lateral resonators opetatt pressures in the milliTorr to Torr range,
ambient damping comprises a significant portiorthef total dissipated power (i.e., 1/Q). A previous
report showed that this loss is negligible for &s&d devices when the pressure is reduced below a
critical point [11]. This effect can be understdndexamining the velocity profiles at the surfatéhe
resonator. At low pressure, there exists a velqmitfile on the surface of a laterally moving MEMS
resonator [6]. The damped spring-based oscillaymtem is described by:

mx" + o' +kx = f (1) (1)

wheremis the effective mass of resonatois the damping coefficient that accounts for batibeent
damping and internal damping within the structunashterial, k is stiffness coefficient and is
displacement. The resonators used in this study@aven to oscillate laterally in the plane of thei
substrates. For a normal viscous damping, the g@gity is zero at the gas-surface interface (i-sl
condition) but at low pressure or very narrow gdpse, gas rarefaction effect must be considered and
the velocity is non-zero (known as the slip comdhji at the interface. A compact damping can be
described by Navier-Stokes equations. The resdnamaency can shift due to compressibility of the
gas as it changes damping coefficient of an osiclasystem [6].

3.2 Nonlinearity due to bias potential

To operate the resonators using the aforementi@redit, an adjustable DC power supply is
connected to the shuttle of a resonator and is tesedtablish a high motional current. However,-non
linearity in resonating structures can result froigh DC bias voltages, resulting in large oscidati
amplitudes. The mechanical nonlinearity causedchbymodification of effective spring constant of a
oscillation system [21]. The electrical nonlinearitsually occurs between plates or beams that
experience large deflections. Accordingly, the wtestatic force is modeled as the expression of
Taylor expansion [22]. The mechanically dominantlm@arity results in a rightward bending of the
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resonant peak. In these cases, the amplitude vBespgeency plots exhibit a hysteresis, which i®als
called the Duffing effect [23]. The Duffing effet a nonlinear dynamic behavior that, in a single
degree-of-freedom (DOF) system (such as a latesalmator) can be modeled by:

mx" + ox' + Kk x+ kx> = F(t) (2)
where
k, = may 3)
and
W
c=m— (4)
Q

Equation 2 is similar to Eg. (1), but differs byethktiffness coefficients. In this case,andks are
stiffness coefficients representing linear and cusiiffness coefficients, respectively. The square
coefficient is negligible due to the symmetric stunre of the device. In Egs. (2) and (8),is the
resonant frequency amdis the effective mass of the MEMS resonator thahainly comprised of the
proof mass. The drive forcE, is a function of the distance between interdigdlacomb fingers of the

proof mass and drive pad, that is,

F©) =5V +v sinat)” =2 (5)
X

By ignoring the infringing capacitance, the capauie of electrode-to-proof mass per displacement is

0C(x) - Né&yh
()4 d

(6)

The dimensions of the interdigitated fingers aredrined by SEM micrographs such at that shown in
Fig. 7(a). In this micrograplhn is the thickness of the proof masisis the gap between electrode and
the interdigitated fingerd\l is the number of finger-gap; anglis permittivity in air. The cubic stiffness
coefficient is difficult to quantify. An estimatadlue for the cubic stiffness coefficient can béaated
either by software simulation or by curve fitting empirical results [24, 25]. Table 2 contains
measured dimensions fBreviceDs1. From these dimensions and the equivalent moldelptassn is
calculated to be 9.2410 kg by estimating the beam thickness to her2using the SEM micrograph
in Figure 7(b) and the SiC deposition process. Ftoese data, the linear stiffness coefficidat,is
determined to be 7.81 N/m and the damping coefftaids about 4.5x18°N/(m-s) as by Eq. 3 and
Eq. 4 as Q is 51,425 angl is 1.77x10.

Figures 8(a) to (h) are magnitude plots for theickewinder varied bias potential conditions. The
resonator stiffness softens as the bias potestialcreased. The Q of the resonator increaseshiath
potential due to amplification of its motional cemt. However, this value saturates as the resonator
enters nonlinearity, namely, the Duffing effect, aabund 40 V. The resonant frequency variation
within this linear operation, i.e., bias potentrainging from 20 V to 40 V, is about -11ppm/V
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to -21ppm/V. By comparison, it has been reportet 820 kHz, folded-beam polysilicon resonator
exhibited a voltage coefficient variation of -54pphil].

Figure 9 is the nominal Q and resonant frequencyg asction of bias potential fdbevice Dsl.
These values are read directly from the networktyaea The drive voltage was fixed at 12.6mV and
the ambient pressure was fixed at a pressure @fT8. The nominal Q in the frequency domain is
related to the sharpness of the resonant peaksagivén as the resonant frequency divided by the
bandwidth of 3dB amplitude drop, that is,

Q=— (7)

The small inverse deltas of these plots mark tkerrant frequency and the frequencies at a 3dB
bandwidth. The vertical scale is 5dB per grid. Tleeninal Q ofDeviceDsl increases with increasing
bias potential in the low bias range because thglibed signal is so small that the 3dB bandwidth
cannot be found. Because the bias is too highntmeinal Qs are distorted due to nonlinearity. The
downward peak in the spectrum is caused by thevalguit parasitic capacitance associated with this
electrical measurement technique. The parasitiagtgmce mainly comes from the capacitance of the
bonding wires.

Table 2. Dimensions of th®;1 resonator

Beam Width (m?) | Beam Length (m?) | Proof Mass Area (m?) | Truss Area (m?) | Beam Area (m?)

2.10x10° 1.00x10* 2.40x10° 6.90x10'° 1.60x10°

Figure 7. SEM micrograph obevice Bl used to determine (a) the dimensions of the
interdigitated comb fingersh is the thickness of SiC filmd is the gap between
electrode and the interdigitated fingexss displacement and (b) the thickness of SiC
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Figure 8. Magnitude plots foDevice Bl for bias voltages ranging from 10 V to 80 V.
The small inverse deltas mark the resonant frequemz frequencies at a 3 dB
bandwidth. The vertical scale is 5 dB per grid.
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Figure 9. Nominal quality factor and resonant frequency &snation of bias potential
for Device DB1.
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3.3 Nonlinearity from drive voltage

An AC drive voltage also causes nonlinearities hie performance of the SiC resonators. The
oscillation amplitude of the resonators is direatermined by an applied AC voltage. If the AC
voltage is too low, the noise level buries the $reanal generated by the motional current. This
phenomenon is seen from Figures 10(a) throughrhyhich the DC bias is fixed at 40V. Figure 10(a)
has the lowest drive voltage at 2.24 mV, but alas the highest jitter, i.e., noise, so that theaigs
somewhat difficult to recognize. The network anatyhas two different scales for input voltage, one
being power (dBm), shown under the plot and cirdleda), and the other being voltage (mV), as
described on the top of each plot. Using nomindiliced Q as the measure to evaluate nonlinearéy, th
Q remains stable before AC is about 70.7 mV. THeage coefficient due to drive voltage is about 1
to 4 ppm/V with a fixed DC bias of 40 V. Howevehig coefficient can vary with DC bias [21].
Although both high DC bias and AC drive voltage canse nonlinearity, they do have different roles.
The AC drive voltage supplies electrostatic forméhie drive pad to attract the proof mass and xS bi
is more like a current amplifier. Without biasgtC drives force is excited only at the second
harmonic from the expansion of Eg. 5. When biasaga is nonzero, the expansion of EQ.5 contains
the components with drive frequencywfand twice of drive frequencyw2 The force at the applied
frequency is proportional t¥,, sinceV, is typically much larger thaw. Both bias potentiaV/, and
drive voltagev; contribute to the electrostatic force and thus @nonb¢ of the oscillation, which
determines the mechanical nonlinearity.
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Figure 10. Magnitude plots foDevice B1 for varied driving voltages ranging.
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3.4 Temperature effect

In a previous study where SEM was used to imagentbBon of SiC lateral resonators, it was
observed that the resonant frequency decreasedneitasing temperature due to tensile stressGn Si
films and a decreasing Young’s modulus with incregdemperature [19]. However, because SEM
was used to determine resonator motion, the ternperdependence of the Q could not be determined.
Figures 11(a) and (b) are magnitude plots 8€C2nd 66C, for Device 05 respectively. To avoid the
nonlinear region associated with high amplitudellagions, the bias voltage was fixed at 35 V ahd t
drive voltage was held at 22.4 mV. Figure 12 plbk&s measured resonant frequency and Q versus
temperature. The Q exhibits no significant chamgenf22C to 60C. However, the data show that the
resonant frequency drops from 46,828 Hz to 46,7200tkr the entire temperature range. From the
normalized resonant frequency change versus etkvateperature plotted in Fig. 13, it is determined
that temperature coefficient for the resonant feeqy is -22 ppmMiC between 2 and 66C. This
value may be slightly overstated because the attnaberature of the resonator may be higher than
60°C due to indirect contact temperature measuremethad used in this experimental setup. By
comparison, crystalline quartz has temperature ficomit that ranges from 14 to 100 pp@/
depending on the crystalline orientation [26]. Curdings suggest that SiC exhibits a better
temperature stability than quartz. However, a mevistudy found that the temperature coefficient of
polysilicon resonators of similar design to be glinPC [1], which is a factor of two better than the
devices reported in this paper. This result dogsmply that SiC as structural material is worsarth
Si, but rather that the substrate material may playgnificant role in this case. The finite eletnen
analysis presented in Ref 19 showed that the resdrequency change with increasing temperature
relies on the interplay between the Young's moduftishe SiC resonator and induced stress in the
supporting beams caused by the thermal expansiemamch between resonator and substrate. The
polysilicon devices characterized in Ref 1 wereritatted on Si substrates, thus eliminating thermal
expansion mismatch between resonator and subslifaee findings suggests that while SiC may be a
better material for extreme temperature operapoiysilicon may be the better selection for intégda
microsystems based on Si IC’s, where operating éeatpres are maintained close to room
temperature.

Figure1l. Magnitude plots at 22 and 66C for Device 05.
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Figure 12. Plot of measured resonant frequency and Q veesagdrature foDevice 0G5.

Resonant frequency (kHz) Quality factor
46.84 14000
*
4683 1y * ¢ oo o . * * 12000
_—— . 4 10000
1 8000

: &

46.81 ® . 1 6000

46.80 @ Resonant frequency & Se4 i 4 4000
- - B . .

46.79 [ e Quality factor ® 2000

_I'(,;.TS ISR S N S S [ O [ [ [ [ [ [ e [ I S N [ S O S [ oy | D

22 26 30 34 38 42 46 50 54 58
Temperature (°C)

Figure 13. Normalized change in resonant frequency versupdesture foDevice 0G5.
The temperature coefficient for the resonant fregyeas determined from these data,
is -22 ppmiC.
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4. Conclusions

The results of this study show that SiC laterabnesors exhibit a resonant frequency shift along
with ambient pressure due to a compact dampingasfrgrefaction effect much like similar devices
made from polysilicon. The Q of kHz-frequency Seieral resonators increases with increasing DC
bias potential but then decreases when the dewidenven into nonlinearity as the resonator stgie
begins to soften as the bias potential is increatled resonant frequency variation due to DC Is8as i
about -11ppm/V to -21ppm/V, which is better thamitar devices made from polysilicon. A low AC
drive voltage leads to unacceptably high noisel$elat its voltage coefficient is much lower thaatt
for DC bias. The temperature coefficient of thessonators was determined to be -22 fnvetween



Sensorg008, 8 5773

22°C and 66C, which is comparable to quartz oscillators, bighbr than similar devices made from
polysilicon mostly due to the mismatch of the tharmoefficient of SiC structural material and
underlying Si substrate.
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