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Abstract - Polysilicon free-free beam micromechanical resonators
based on MEM S technology operating in second and third-mode
flexural vibrations have been demonstrated at frequencies as high
as 102 MHz with Q's on the order of 11,500. Via strategic place-
ment of electrodes, and careful deter mination of the exact support
beam attachment locations that minimize anchor loss, these new
resonator s actually exhibit higher Q in the second mode than in
the fundamental at the same frequency. Experiments to gauge the
effect of variationsin support beam dimensions and attachment
locations on free-free beam microresonator performance show
that an offset of only 0.6 um in the support beam attachment loca-
tion resultsin a 7X degradation in the Q. In addition, measured
temperature coefficients for second-mode free-free beam presona-
torsare on theorder of ~13.1 ppm/°C, which ison par with that for
fundamental mode resonance.

Keywords - anchor loss, free-free beam, higher-mode, microme-
chanical resonator, motional resistance, quality factor, RF MEMS

|. INTRODUCTION

Vibrating micromechanical resonators are emerging as attrac-
tive candidates for on-chip versions of the high-Q mechanical
passive components (e.g, quartz crystals, SAW resonators) used
in transceivers for wireless communications [1]. Acute interest
in these devices arises from their tiny sizes, their zero DC power
consumption, and their use of | C-compatible fabrication technol-
ogiesto enable on-chip integration of high-Q frequency selective
components with transistor electronics [2]-[4]. To date, flexural-
mode free-free beam micromechanical resonators with frequen-
cies up to 92 MHz and Q's exceeding 7,000 have been demon-
strated with performance suitable for IF filter applications [5].
However the need for further size reduction to attain even higher
frequencies can conjure up scaling-induced problems [6], such
as higher motional impedance and greater susceptibility to con-
taminants. To avoid these limitations, a method for raising fre-
quency without the need for excessive scaling is desired.

Pursuant to reducing the amount of size reduction needed for
increasing frequency, this work investigates higher-mode opera
tion of vertical free-free beam micromechanical resonators. With
larger dimensions than previous fundamental-mode counterparts
at the same frequency, and with slightly higher Q's (as will be
seen), these higher-mode free-free beam resonators provide sev-
eral key advantages over the former, including (1) lower series
motional resistance Ry; (2) higher dynamic range and power
handling; and (3) multiple ports that permit the 0° input-to-out-
put phase-shift often preferred for high impedance microme-
chanical oscillators and invertible bandpass mixer-filters
targeted for wireless applications. This paper first develops a
complete modd for design and simulation of higher-mode free-
free beam micromechanical resonatorsin Sections|l and 111,
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Fig. 2: Perspective-view schematic of a second-mode free-free beam
Uresonator in atypical bias and excitation configuration.

then verifies the model experimentally in Section V. In addition
to plots verifying performance, Section IV also includes mea-
surements to gauge the effects of dimensional fabrication toler-
ances on the performance of this precise design, as well as
frequency versus temperature data to evaluate thermal stability
of this device.

Il. RESONATOR STRUCTURE AND OPERATION

Figure 1 presents the scanning electron micrograph (SEM) of
the 101 MHz, second-mode, free-free beam device of this work.
Figure 2 presents the perspective view schematic of the devicein
atypical electrical bias and excitation configuration. As seen in
the figure, the device is comprised of a 2 um thick, free-free
beam suspended 1000 A above capacitive transducer elec-



DISFLATEMENT MRY 29 2003
_-.‘]"L‘F 1 17:03:16
FED:- 1[ 3EHM FLET 1 .
IO =1.066 Node
. Points
Fixed

End

Torsional

Free-Free Support

Beam

Fig. 3: The flexura vibration mode shape of a second-mode free-
free beam presonator as smulated viaANSY S.

Z Support Beam

y
Electrode
X

Flexural-mode
- Node Point

Anchor

Fig. 4: Perspective-view schematic of athird-mode free-free beam
uresonator.in a preferred bias and excitation configuration.

trodes by three support beams designed with dimensions corre-
sponding to a torsional quarter wavelength of the resonator
center frequency and attached at precise nodal locations. Two
separate electrodes are placed under the device at locations
specifically chosen to excite its second flexural vibration
mode, shown in Fig. 3. To operate this device, a DC bias Vp is
applied to the beam and an AC drive voltage v; is applied to
one of the electrodes. These voltages then collectively create a
time-varying electrostatic excitation force between the elec-
trode and the beam, in the vertical direction, and at the fre-
quency of the AC drive voltage if Vp > v;. When the AC drive
frequency matches the beam resonance frequency, the force
causes the beam to vibrate, which then resultsin a DC biased
time-varying capacitance at the output electrode, which in turn
produces an output current i, It is also possible to excite the
fundamental vibration mode of this device using the same elec-
trical configuration, but applying an AC drive voltage at the
frequency of the fundamental mode.

Figure 4 presents the perspective view schematic of athird-
mode free-free beam presonator, also realized in thiswork. This
deviceis similar to the second mode one except it is larger in
beam length for the same frequency and is supported by four tor-
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Fig. 5: Theflexurd vibration mode shape of athird-mode free-free
beam presonator as smulated via ANSY'S.

sional-mode quarter wavelength support beams at points inter-
secting its four nodal lines. The ANSY S simulated mode shape
of the device is shown in Fig. 5. The device has three electrodes
underneath that can be phased accordingly in order to preferen-
tially excite the third vibration mode.

I11. HIGHER-MODE FREE-FREE BEAM RESONATOR DESIGN

The procedure for designing the higher-mode devices of this
work involves: (1) selection of resonator beam dimensions for a
desired center frequency; (2) determination of the support beam
dimensions and free-free beam attachment locations that mini-
mize anchor loss-induced Q degradation; and (3) proper elec-
trode placement to excite higher modes and to achieve the
desired input-to-output phase difference. Each step of this proce-
dure is now discussed below.

A. Resonator Beam Design

Aswith al micromechanical resonators, the center frequency
of this free-free beam device is determined by its structural
material properties and by its dimensions: width W, thickness h,
and thelength L, all of which areindicated in Fig. 2. For practi-
cal designs, the beam thickness h is set by fabrication process
limitations, and W, has only a second-order influence on fre-
quency, leaving beam length L, as the key design parameter to
set the resonance frequency. For the case of large L,-to-W, and
L,-to-h ratios, the frequency of the nt" vibration mode of afree
free beam can be determined using the Euler-Bernoulli equation,

given by [7]

(Bn r)2 - (1)
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where E and p are the Young's modulus and density of the struc-
tural material, respectively, h and L, are asindicated in Fig. 2,
and 3, is the mode coefficient given by the n'™ root of the equar

tion [7]
cos(B,L,)cosh(B,L,) = 1. 2

For thefirst three modes 34L, BoL, and BsL, are 4.73, 7.853, and
10.996, respectively.

Again, the above closed-form Euler-Bernoulli equation is
accurate only for lower frequency resonators with large L,-to-W,



and L,-to-h ratios. For upper VHF frequency designs, for which
L, begins to approach h, Euler-Bernoulli theory loses its accu-
racy, since it ignores the effects of shearing displacements and
rotary inertia. When these effects are important, more complex
frequency equations based on Timoshenko theory provide much
better accuracy [5]. Thus, the dimensions required to achieve a
resonance frequency f,om, for a free-free beam with uniform
Cross-section operating in a symmetric mode (i.e., odd numbered
mode, such as the fundamental or the third mode) are best
obtained by solving the Timoshenko-derived equation [9]

tang E(Bz—gz tan h— =0 3
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where G and v are the shear modulus of elasticity and Poisson’'s
ratio, respectively, of the structural material, |, is the bending
moment of inertia, and k isthe shear-deflection coefficient. For a
rectangular cross-section, K is 2/3. For antimetric modes (i.e.,
even numbered mode, such as the second or the fourth mode) the
frequency equation is[9]

tang B(S-Z:-g— tanha =0 (7

The variable f,,o,, represents the mechanical resonance fre-
quency for the case of zero DC bias (i.e., Vp=0) applied to the
resonator body. As described in the past literature [10], the reso-
nance frequency of a capacitively-transduced beam is a function
of the DC-bias voltage Vp applied to the resonator body, which
effectively introduces an electrical spring stiffnessthat subtracts
from the mechanical stiffness of the beam. The resonance fre-
quency f, of afree-free beam device including the effect of DC-
bias-derived electrica stiffnessisgiven by

f, = fnom[1—< :—sﬂw 8)

where <kJk> is a parameter representing the effective electri-
cal-to-mechanical stiffness ratio integrated over the el ectrodes,
given by

|2V o r
<”> z j d;’km(y)(dy) (9)

where g, isthe permi tthlty in vacuum; d, isthe electrode-to-res-
onator gap spacing; Ky(y) isthe mechanical stiffness as a func-
tion of location y on the presonator beam [8], given by

kn(Y) = [27f ) My (Y) (10)

where m.(y) is the equivalent mass at a location y, to be given
Iater LI 1 and L, are the start and end locations, respectively, of
thei™ electrode of the device asillustrated in Fig. 6 for asecond-
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Fig. 6: Cross-section of a second-mode free-free beam resonator, illus-
trating electrode placement, mode-shape, and node locations.
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Fig. 7: Simulated plots of frequency versus beam length for free-free
beams operating in the fundamental, second, and third modes.

mode resonator (i.e, n=2); N, is the total number of electrodes;
where the dependence of electrode-to-resonator gap spacing ony
(due to the DC-bias force) has been neglected [8]; and where it
has been assumed that all electrodes, whether or not they hold
AC signals, are a DC ground.

The n'" vibration mode shape of a free-free beam resonator
can be described by [7]

Zmode(y) = Cog’]Bny + COSBny_ E[S'nthy + Sany] (11)
where
coshB, L, -
sinhB, L, —

cosB, L,

sinB,L,

g = (12)
and where Z,,,,4e(y) is the z-directed displacement at location y.
(SeeFig. 2 for axis definitions.)

Figure 7 presents simulated plots, using the above formula-
tions, of frequency versus beam length for free-free beam reso-
nators operating in the fundamental, second, and third modes. As
shown, at 100 MHz, operation in the third-mode allows the use
of a2.33X larger beam length than would be required for abeam
operating in the fundamental-mode, underscoring the advantages
of higher-mode operation.

B. Support Sructure Design
In order to maximize the Q of a given resonator design, the
couplings of resonator vibrations through its supports to its



anchors, and finally, to substrate, must be minimized. To alevi-
ate anchor losses due to translational motion of the resonator
beam, the higher-mode free-free beams of this work are sup-
ported by torsional-mode beams attached at node points of the
mode shape, where ideally no translational motion occurs. These
node locations, shown in Fig. 6 for a second-mode free-free
beam resonator, are specified via evaluation of (11).

Although the attachment of support beams at nodal locations
greatly reduces anchor losses due to trangational motion of the
resonator beam itself, attachment alone cannot eliminate further
losses emanating from torsional motion of the support beams.
Losses from torsional motion are strategically prevented by
using support beam lengths corresponding to a quarter wave-
length of the operating frequency [5]. In principle, the use of
quarter-wavelength support dimensions effectively transforms
the infinite acoustic impedance seen at the anchors to zero
impedance at the resonator attachment locations. In effect, the
resonator beam effectively “sees’ no supports, and operates as if
virtually levitated, with ideally no losses through its supports.
The quarter-wavelength condition is met by choosing the dimen-
sions of the torsional support beam to satisfy [12][13]

_ 1 [oy
s~ 4f0 p‘]s (13)

where Jg is the polar moment of inertia, given by

3 = (h?2+W32)

s 12 (14)

and y isthe torsion constant. For arectangular cross-section with
hWg=1.75, yisgiven by [13]

y = 0.214hW3. (15)

In practice, the utility of the above anchor-isolating design
strategies is subject to the finite precision to which support
beams can be located and dimensioned. Section IV will present
measurements to quantify the degree to which finite processtol-
erances compromise the effectiveness of the above strategies.

C. Electrode Design and Equivalent Circuit

In order to excite the correct mode of a higher-mode free-free
beam device, electrodes are situated underneath the resonator
and centered between each adjacent node pair, asillustrated for a
vibrating second-mode device in Fig. 6. During second mode
resonance, shown in Fig. 8(a), the two underlying electrodes
couple electrostatically to resonator beam locations that move
in opposite directions, alowing the input and output signals of
the device to bein phase at resonance (i.e., the output current i,
isequa to the input current i;), thereby allowing the use of the
simple LCR equivalent circuit model shownin Fig. 8(b). When
the device is operated in its fundamental mode as in Fig. 9(a),
the portions of the resonator located above the two electrodes
move in the same direction causing input and output signals to
be out-of-phase (i.e., the output current i, as defined is equal to
the inverse of input current —i;) at resonance. To model this
condition an inversely coupled transformer is added to the LCR
circuit, as shown in Fig. 9(b).

The values of the circuit elements can be determined by
appropriate impedance analyses. For the case of identical, purely
symmetrical electrodes, each centered between nodal points of
the free-free beam, such an analysisyields[8]
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Fig. 8: (a) Cross-sectiona view of a free-free beam presonator
vibrating in its second mode, indicating the directions of
motion above eectrodes, and (b) its LCR equivaent circuit.
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Fig. 9: (a) Cross-sectional view of a free-free beam presonator
vibrating in its fundamental mode, indicating the direction of
motion above eectrodes; and (b) its LCR equivaent circuit.
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where ke and m,, are the equivalent stiffness and mass at the
centers of the electrodes obtained by evaluating [8]

I‘I'
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at y's corresponding the centers of the electrodes; and n is the
electromechanical coupling factor, given by

— \/I%(SOWI’)2 kre Zmode(y)
e = JI T Rz @9

m.(y) = K (y) = wZm(y)  (17)
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Fig. 10:Final cross-sections for a second-mode free-free beam
presonator aong the (&) AA' and (b) BB' lines defined in
Fig. 2.

where Ly and Loyt are the regions specifying the start and end
coordinates of the input and output electrodes along the y-axis
(similar to Fig. 6), respectively; and where the dependence of the
electrode-to-resonator gap spacing on y (due to the DC-bias
force) has been neglected [§].

The third-mode free-free beam resonator has an advantage
over the second mode in greater phase flexibility. In particular,
since it has three electrodes, a third-mode resonator can achieve
0° and 180° phase shifted outputs simultaneously. For example,
when either one of the side electrodesis chosen asthe input el ec-
trode, the output current at the middle electrode will have 0°
phase while the output current at the other side electrode will
have 180° phase relative to the input voltage. The second-mode
free-free beam has only two electrodes, so its input-to-output
phase difference is fixed at 0°, unless the input electrode is split
(which would be detrimental, since it would decrease the elec-
trode overlap area, hence, increase R)).

V. EXPERIMENTAL RESULTS

Fundamental, second-, and third-mode free-free beam pme-
chanical resonators with resonance frequencies ranging from
60 MHz to 100 MHz were designed and fabricated in POCl3
doped polysilicon using a small-gap surface-micromachining
process similar to those used for previous fundamental-mode
free-free beams [5], except that dimples were not used in this
process. Final cross sections for a second-mode free-free beam
presonator along two different lines indicated in Fig. 2 are
shown in Fig. 10 Figures 11 and 1 present SEM’s of fabricated
101 MHz third-mode and a 102 MHz second-mode free-free
beam presonators, respectively. Table | summarizes design and
layout data (as well as measured data to be discussed) for funda
mental, second-mode, and third-mode free-free beam resonators
for comparison purposes.

Since resonator design and performance comparisons will be
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Fig. 11:SEM of a fabricated 102 MHz third-mode free-free beam

presonator.
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Fig. 12:Frequency response spectrum of a 101 MHz second-mode
free-free beam presonator.

made shortly, it should be noted that the resonators of Table| are
not al from the same wafer. In particular, the 80 MHz resonators
came from one wafer, while the 100 MHz resonators came from
another. These two wafers were fabricated alongside in the same
run, so their sacrificial-oxide layer and structural polysilicon
film depositions were done simultaneously in the same LPCVD
tube. However, they were released using different etchant proce-
dures, which might explain how they ended up with different
extracted [8] electrode-to-resonator gap spacings.

For measurement and characterization, each resonator die was
mounted on a printed circuit board and placed in a custom-built
vacuum chamber. Electrical access to the circuit board was
established via DC and coaxial feedthroughs through a metal
block that served as one of the vacuum chamber walls. A turbo-
molecular vacuum pump provided operating pressures down to
50pTorr, where viscous gas damping [14] is greatly suppressed,
allowing resonators under test to exhibit their maximum Q’s.
Devices were measured using an HP8751A Network Analyzer
and S-parameter test set.

Figure 12 presents the second mode frequency characteristics

for the device of Fig. 1, measured using the excitation configura:
tion of Fig. 2. The Q of the deviceis 11,500 at 101.3 MHz, and



Tablel: Higher-mode Free-free Beam Design And Performance Summary

Row Vibration Mode )
Parameter Source Unit
No. Fundamental| Second Second Third
1 Target Frequency design 80 80 100 100 MHz
2 Resonator Beam Length, L, layout 14.3 237 20.3 284 pm
3 Resonator Beam Width, W, layout 6 6 6 6 pm
4 Support Beam Length, Lg layout 12.3 12.3 9.3 9.3 pm
5 Support Beam Width, Wy layout 12 12 12 12 pHm
§ 6 Node Location 1, L,y layout 33 32 2.7 2.7 pm
% 7 Node Location 2, L, layout 11.0 11.9 10.1 10.0 pm
s 8 Node Location 3, L3 layout — 20.5 17.6 18.3 pm
= 9 Node Location 4, L4 layout — — — 25.7 pm
-L% 10 Polysilicon Film Thickness, h mesasured 21 21 21 21 pm
ié 1 Effective Resonator Thickness, hg adjusted 2.06 2.06 198 201 pm
7| 12 Electrode Width, W, Tayout 37 46 35 — um
SHIE) Side Electrode Width, Wy, layout — — — 33 Hm
14 Middle Electrode Width, W, layout — — — 4.3 pm
15 | Physical Resonator-to-Electrode Gap, d, | measured 1030 1030 1030 1030 A
16 Young's Modulus, E measured 150 150 150 150 GPa
17 Poisson Ratio, v [11] 0.226 0.226 0.226 0.226 —
3 18 Measured Frequency, f, measured 79.0 785 101.3 102.1 MHz
51 19 Measured Quality Factor, Q measured 13,240 15,050 11,500 4,590 —
g 20 Vp used in measurement, Vp, mesasured 16 16 40 40 \Y,
=2 Measured Series Resstance, R, meastred 45 27 7] %2 kQ
22 | Timoshenko Frequency, f, (Vp=Vpm) | EG. (3)-(8) 79.25 78.49 101.24 102.15 MHz
= | 23 Timoshenko Freguency, f, (Vp=0V) Eq. (3)-(8) 79.31 78.54 101.33 102.25 MHz
é 24 | Euler-Bernoulli Frequency, f, (Vp=Vpp) Eq. (1) 83.56 83.86 109.84 111.69 MHz
B | 25 | Euler-Bernoulli Frequency, fy (Vp=0V) Eq. (1) 83.62 83.92 109.94 111.80 MHz
<26 Calculated Series Resistance, R, Eq. (16)-(18) 39.7 32.6 2.2 925 kQ
27 Adjusted/Extrapolated Gap, d, Eq. (8)-(10) 750 750 1030 925 A
as expected,. its input-to-output phase differencg at resonance is 60 Y= rp———,
0°. The device has also been measured operating in its funda- —C‘—L =20.3pm, W,=6p1m
mental mode yielding a Q of 9,850 at 39.2 MHz as shown in h=2.1um, d,=1030A
Fig. 13. Aspredicted in Section |11 and verified in Fig. 13, when 66 | W,=3.5um, Vp=36V 5
operating in its fundamental mode this device has a 180° input- f,=39.2MHz
to-output phase difference, caused by placement of the input and - Q=9,850, mode=1
output electrodes under portions of the beam that move in phase S .79 §
during resonance. (To obtain an accurate phase response, the S 180 9
phase due to board parasitics was first measured with the resona- & =
tor’sinput shorted to its output, then subtracted from the phase E.78 | <
response measured with the device present.) g 3
Figure 14 presents the measured frequency response of the a -225
third-mode resonator of Fig. 11, showing a Q of 4,980, and hav- -84
ing an input-to-output phase difference at resonance of 180°. Transmission
The in\_/erting phase shift is obtai n_ed by driving the resonator at 90 270
one of its end electrodes, and sensing at the other end electrode,
39.20 39.22 39.24 39.25 39.27

which is positioned under a portion of the resonator beam that
moves in phase with that over the drive electrode, as seen in the
excitation configuration of Fig. 4. This drive configuration also
has the advantage of being able to excite all three modes of this
third-mode-designed device. In its first and second modes, this
deviceyields Q's of 10,000 at 22 MHz (first mode) and 9,790 at

Frequency [MHz]

Fig. 13:Fundamental-mode frequency response spectrum of a
101 MHz second-mode free-free beam piresonator.

53 MHz (second mode), respectively.
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beam presonator.

Table | compares the measured free-free beam resonator data
in Figs. 12 and 14 with theoretical predictions calculated using
the equations of Section |11, showing very good agreement for
motional resistances and for Timoshenko-derived frequencies.
The two 100 MHz resonators of the table are most suited for a
comparison of second and third-mode performances at the same
frequency. Comparing these devices, the third mode R, isseen to
be higher than that for the second mode, even though the
extracted gap d,, for the third-mode device is smaller. This rea-
son for this stems from (1) the lower Q of the third-mode, for
reasons to be discussed; and (2) the electrode bias and excitation
configuration used to measure the third-mode device. In particu-
lar, the middle electrode of the third-mode device was not used
to excite or sense the device, which reduced the total available
drive/sense electrode area bel ow what was possible.

The ~80 MHz devices of Tablel allow comparison of funda-
mental and second-mode resonator performance at the same fre-
quency. Here, the R, for the second-mode 80 MHz designis seen
to be 1.67X lower than that for the fundamental-mode 80 MHz
design, which verifies the prediction that the larger electrode
area afforded by the second mode device helpsto drive down the
R.. The higher Q of the second-mode device aso contributes to
itslower R,.

A. Q Versus Number of Supports

The observance of slightly higher Q in the second mode
design than the fundamental seems to be tied to the use of fewer
support beams in the former, which suggests that vibrational
energy losses to the substrate can be minimized by using fewer
supports, hence, providing fewer energy-loss paths. To verify the
dependence of Q on number of attached supports, Fig. 15 pre-
sents a plot of measured Q's for 79.9 MHz second-mode free-
free beam resonators with three, four and five supports attached
at nodal locations. Here, the Q clearly decreases with an increas-
ing number of supports, suggesting that free-free beam resona-
torswith the highest Q are best achieved with fewer supports.

B. Dependence of Q on Support Beam Attachment Location

The high Qs of the free-free beam devices of thiswork arise
largely due precise placement of support beams at nodal loca-
tions to eliminate anchor losses. To quantify the importance of
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Fig. 15:Measured Q vs. number of supports for second-mode free-
free beam microresonators with three, four, and five supports
attached at the nodal locations.

proper support beam location in setting the ultimate Q of afree-
free beam resonator, Fig. 16(a) presents a measured plot of Q
versus support beam-to-resonator attachment location L
(defined in Fig. 16(b)) for several 82 MHz fundamental-mode
free-free beam pmechanical resonators with varying Lo's. The
SEM of one of the resonators used for this measurement is
shown in Fig. 16(c). A strong dependence on the attachment
location is seen, where the Q is maximized at 14,000 when the
support beam center coincides with the theoretical nodal 1oca-
tion, and where attachment at a location just 0.6 pm away from
the theoretical node resultsin a 7X decrease in the Q. Fortu-
nately, since all structural geometries are determined in asingle
masking step for the vertical free-free beam designs of thiswork,
support beam attachments at nodal |ocations can be very pre-
cisely specified via CAD layout, greatly facilitating the ability to
achieve high Q. Not only is Q maximized when the support
beams are attached exactly at the node locations, but the mea-
sured resonance frequency of the resonator matches Timoshenko
theory only for this case, further stressing the importance of
exact support beam attachment.

C. Dependence of Q on Quarter-Wavelength Support Design

Asdiscussed in Section 111, the beams supporting each of the
resonators measured thus far were not only attached to the nodal
points of their respective free-free beams, but were al so designed
with beam lengths corresponding to a quarter wavelength of the
operating frequency, with the intent of better isolating the reso-
nator from energy losses through torsional vibrations. To investi-
gate the degree to which quarter wavelength support design is
really needed, Fig. 17 presents a measured plot of Q versus sup-
port beam length (L, defined in Fig. 2) for several 60 MHz fun-
damental-mode free-free beam umechanical resonators with
varying Lg's. As expected, quarter-wavelength design does yield
the highest Q. However, devices with support beam lengths
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attachment locations (L,); and (c) SEM of one of the 82 MHz
fundamental-mode free-free beam presonators used for this
measurement.

shorter than quarter-wavel ength, such as depicted in Fig. 18, still
retain more than 87% of the maximum Q value attained with
quarter-wavelength supports. Given that devices with shorter
support beams can sustain much higher DC-bias voltages with-
out pulling in, and thus, can potentially achieve much smaller
series motional resistances R,, the fact that only a small reduc-
tion in Q is experienced when quarter-wavelength support
dimensions are not used encourages the use of short support
beamsin future free-free beam resonator designs.

D. Temperature Dependence
Figure 19 presents a plot comparing the frequency vs. temper-
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free-free beam Presonators.
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Fig. 18:SEM of a 60 MHz freefree beam with short support
beams.

ature measurements for second- and fundamental -mode free-free
beam pmechanical resonators. The temperature dependencies
for these resonators are similar, with extracted TC;'s (tempera-
ture coefficients of frequency) of —13.1 ppm/°C in the second
mode and —12.9 ppm/°C in the fundamental mode. It should be
noted that the linear dependence of frequency on temperature
observed in Fig. 19 should be easier to compensate out than the
nonlinear characteristics often seen in macroscopic resonator
counterparts, perhaps, giving the free-free beam pmechanical
resonators of this work an advantage in applications where tem-
perature-compensation of thermal dependenciesis sufficient.

E. Operation in Air

Up to this point, all of the measured curves shown in this
paper were done so under 50pTorr vacuum, with the intent of
eliminating viscous gas damping mechanism so as to accentuate
Q-limiting mechanisms associated with support beam design.
However, due their high stiffness, the VHF free-free beam reso-
nators of thiswork operate with internal energies per cycle much
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higher than the energy losses per cycle afforded by viscous gas
damping. As such, the resonators of this work actually do not
require vacuum to attain reasonably high Q’s. To illustrate,
Fig. 20 presents the frequency characteristic for a 63 MHz fun-
damental-mode free-free beam micromechanical resonator mea-
sured under atmospheric pressure, yet still showing aQ of 1,657,
which is gtill plenty for use in IF communication applications.
This removal of the requirement for vacuum by stiff micron-
scale (as opposed to nano-scale) micromechanical resonators has
enormous implications, asit allows a substantia reduction in the
manufacturing cost of such devices, as well as increases their
reliability and lifetime in commercia applications.

V. CONCLUSION

Second and third-mode free-free beam microresonators have
been demonstrated at frequencies around 100 MHz. Of the two
designs, the second-mode is perhaps the optimal for free-free
beam presonators, since its larger device size givesit better lin-
earity and lower R than a fundamental-mode design at the same
frequency, and its Q is larger and R, smaller than a third-mode
design at the same frequency. Whether second- or third-mode,
higher-mode free-free beam piresonators have a usage advantage
over fundamental-mode counterparts in that they can provide 0°
and 180° input-to-output phase flexibility, and thus, can enable
applications (e.g., oscillators, inverting filters) where phase flex-
ibility can be beneficid. In addition, with the availability of short
support beam design (which were shown in this paper to be
almost as good as quarter-wavelength designs), second-mode
free-free beam resonators should now be designable with much
lower impedances, making them attractive candidates for usein
IF, if not RF, wireless applications.
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