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ABSTRACT

A new fabrication methodology that allows self-alignment
of amicromechanical structure to its anchor(s) has been uti-
lized to achieve vibrating radial -contour mode micromechani-
cal disk resonators with record resonance frequencies up to
1.14 GHz and measured Q's at this frequency >1,500 in both
vacuum and air. In addition, 733-MHz versions have been
demonstrated with Qs of 7,330 and 6,100 in vacuum and air,
respectively. For these resonators, self-alignment of the stem
to exactly the center of the disk it supports alows balancing of
the resonator far superior to that achieved by previous ver-
sions (where separate masks were used to define the disk and
stem), allowing the present devices to retain high Q while
achieving frequenciesin the GHz range for the first time.

[.INTRODUCTION

With Q’s often exceeding 10,000, vibrating micromechani-
cal (“umechanica™) resonators are emerging as viable candi-
dates for on-chip versions of the high-Q resonators used in
wireless communication systems for frequency generation and
filtering [2]. However, the acceptance of such devices in
present-day communication transceiversis so far till hindered
by several remaining issues, including: (1) afrequency range
that so far has not reached 1 GHz; (2) the need for vacuum to
attain high Q; and (3) impedance values higher than nor-
mally exhibited by macroscopic high-Q resonators.

Thiswork now alleviates the first two of the above issues.
In particular, micromechanical radial contour-mode vibrating
disk resonators featuring new self-aligned stems have been
demonstrated with record resonance frequencies up to
1.14 GHz and measured Q's at this frequency >1,500 in both
vacuum and air. In addition, 733-MHz versions have been
demonstrated with Qs of 7,330 and 6,100 in vacuum and air,
respectively. For these resonators, self-alignment of the stem
to exactly the center of the disk it supports alows balancing
of the resonator far superior to that achieved by previous ver-
sions (where separate masks were used to define the disk and
stem[1]), allowing the present devicesto retain high Q while
achieving frequencies in the GHz range for the first time. In
addition, the use of more rugged polysilicon electrodes (as
opposed to the malleable metal used in previous disks [1])
greatly improves the yield of these devices, and the introduc-
tion of a substrate ground plane greatly facilitates the mea-
surement of their UHF frequency characteristics.

II.DEVICE STRUCTURE, OPERATION & MODELING

Figure 1 presents the perspective-view schematic of a self-
aligned disk resonator in atypical two-port bias, excitation,
and measurement scheme, with the tops of its electrodes ren-
dered transparent to enable viewing of underlying structure.
Asillustrated, this device consists of a 2um-thick polysilicon
disk suspended by a 2um-diameter stem self-aligned to its
center and enclosed by two polysilicon electrodes spaced less
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Fig. 1: Perspective-view schematic of a sdf-aligned disk resonator
identifying key features and atwo port measurement scheme.
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than 1000A from the disk perimeter. To excite this device in
its two-port configuration, a dc-bias voltage Vp is applied to
the disk, and an ac signa v; to its input electrode, generating
an electrostatic force acting radially on the disk at the fre-
quency of the ac input. When the frequency of v; matches the
radial contour-mode resonance frequency of the disk, the
resulting force drives the disk into a vibration mode shape
where it expands and contracts radially around its perimeter,
in afashion reminiscent of “breathing”. This motion creates a
dc-biased (by Vp) time-varying capacitance between the disk
and output electrode that then sources an output current i, pro-
portional to the amplitude of vibration.

The dimensions needed to attain a specified resonance fre-
quency f, for aradial contour-mode disk resonator can be
obtained by solving the mode frequency equation [3]:
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and where Ris the disk radius; w,=2Ttf, isits angular reso-
nance frequency; J,(y) is the Bessel function of the first kind
of order n; and p, g, and E are the density, Poisson ratio, and
Young's modulus, respectively, of the disk structural material.
Note that the above formulas serve as a correction to the fre-
guency equations presented by [1], which werein error.

Despite its mechanical nature, the disk resonator of Fig. 1
still behaves like an electrical device when looking into its
ports, and so can be modeled by any one of the electrical LCR
equivalent circuits shown in Fig. 2. The element valuesin
these circuits are governed by the total integrated kinetic
energy in the resonator, its mode shape, and parameters asso-
ciated with its transducer ports[4]. Using the procedure of [5],
the expressions for equivalent inductance L,, capacitance C,,
and resistance Ry, for the purely electrical version of the
equivaent circuit (i..e, Fig. 2(b)) can be written as
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Fig. 2: Equivalent circuit modelsfor a two_-porf disk resonator. (@)
Physicaly consistent model using actual values of mass and
stiffness for elements. (b) Purely electrical model.
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and where my and k;, are the effective equivalent mass and
stiffness, respectively, of the disk in its radial-contour mode,
and t isthickness. These expressions also correct errorsin [1].
One important difference between the stiff, high frequency
resonators of this work and previous lower frequency onesis
the difference in total energy per cycle. In particular, the peak
kinetic energy per cycle can be computed via the expression
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where X and k, are the peak displacement and effective stiff-
ness, respectively, at the disk location across from the center
of an electrode. Given that the ke ~73.5 MN/m for a 1.14-
GHz disk resonator is more than 49,000X the 1,500 N/m of a
10-MHz clamped-clamped beam, the former is expected to
store 49,000X more energy per cycle for the same displace-
ment amplitude. With energies per cycle many times larger
than those lost to viscous gas damping, the resonators of this
work, and virtually any high stiffness, high frequency pme-
chanical resonator device, are expected to exhibit high Q even
under air damped conditions.

I11. STEM SIZE AND PLACEMENT

As mentioned, the key feature of this work that allows
radial contour-mode disk resonators to achieve frequencies
>1 GHz with exceptional Q isself-alignment (i.e., exact place-
ment) of the stem at the very center of the disk. To illustrate
the importance of perfect alignment, Fig. 3 presents ANSY S
modal analyses on a 20pum-diameter radial-contour mode disk
with a 2um-diameter stem for the cases of (a) a perfectly cen-
tered stem; and (b) a stem offset from the center by only 1 um.
Here, a perfectly centered stem leads to a symmetric and
purely radial 2nd contour mode shape. Conversely, even just
1 um of misalignment leads to dramatic mode shape distor-
tions and consequent acoustic energy losses to the substrate
that lower the Q, making resonance detection difficult.

In addition to misalignment, the finite diameter of the stem
also significantly impacts the achievable Q. In particular, since
the node at the disk center exists only at a single infinitesi-
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Fig. 3: ANSY Smoda displacement smulation for a 20pm-diameter,
2um-gtem, radial-contour mode disk for the cases of (8) perfectly
centered stem; and (b) astem offset from the center by only 1um.
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Fig. 4: Comparison between (8) aprevious disk process, and (b) the new

sdf-aligned disk process, each with the same amount of misaignment.
Here, misdignment in (a) leads to slem misalignment, but only stem
top misdignment in (b), which does not lower Q. In addition, use of a
contacted subgtrate ground plane in (b) prevents feedthrough current ip
from reaching the output electrode, making resonance detection esser.

mally small point, and motion still occurs at locations immedi-
ately outside that point, the presence of a finite-width stem
atempting to restrict that motion results in further energy dis-
sipation. The higher the mode, the closer the high velocity
points to the stem edges, and the greater the likelihood that
even disks with perfectly centered stems still suffer Q degra
dation. As aresult, high Q at high frequency is best achieved
with thinner stems.

IV. SELF-ALIGNED STEM FABRICATION PROCESS

Given the importance of stem alignment described above,
the fabrication process of thiswork is designed to eliminate
the possibility of disk-to-stem misalignment, by removing the
need for alignment. In particular, instead of using an anchor
mask to first define the stem, then another mask aligned to the
first to define the disk around the stem, aswas done in a previ-
ous metal-electrode disk resonator process [6], the present
process defines both the stem position and disk edges al in
one mask, effectively eiminating the possibility of misalign-
ment. An additional difference between this process and the
previous is the inclusion of a contactable substrate ground
plane, which proves instrumental in suppressing feedthrough
currents to allow clean measurement of GHz vibrating disk
frequency characteristics. Figure 4 summarizesthe differences
between the present self-aligned process and its predecessor.

Figure 5 presents cross-sections and associated scanning
electron micrographs (SEM’s) summarizing the process flow
that achieves self-aligned-stem disk resonators. Right at the
outset, the process differs from [6], in that it starts with a
heavy phosphorous diffusion to serve as the substrate ground
plane mentioned above. Thisis followed by polysilicon sur-
face micromachining steps similar to those used in the process
of [6] up to the point of defining the disk structure. Specifi-
cally, a2um-thick LPCVD high-temperature oxide (HTO)
film is first deposited at 920°C using a SiCl,H,4/N,O-based
recipe over the n*-doped substrate, followed by a 3500A-thick
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Fig. 5: Fabrication process flow for stem sdlf-aligned radia-contour-mode disk resonators, featuring a substrate ground plane to suppress parasitic

feedthrough. (a)-(d) Cross-sectiona diagramsfor this process. (@)-(d") SEM’s at different stages of the process.

film of LPCVD Si3Ng4, and these two layers together serveto
isolate devices and interconnects from the conductive silicon
substrate. Next, 100umx100um substrate contact trenches
are dug by a combination of dry and wet etches through the
oxide/nitride isolation layers. Interconnect polysilicon is
then deposited via LPCVD to a thickness of 3500A and
POCI3-doped. After patterning this polysilicon layer to form
ground planes, interconnects, and substrate contact pads,
8000A of LPCVD HTO is deposited to act as a sacrificial
layer to temporarily support a subsequent structural polysili-
con layer during its own deposition and patterning. The struc-
tural polysilicon film is deposited 2um-thick via LPCVD at
588°C, at which temperature a low-stress, fine-grained mate-
rial isachieved. Thisfilm is POCIl5-doped, then capped with a
1um-thick film of HTO that serves as both a hard mask during
etching of the structural polysilicon film, and later as a spacer
layer to separate the disk from overhanging electrode portions.

Before etching, the structural polysilicon is annealed in N,
at 1050°C for 1 hour to activate dopants and relieve residual
stress—an important step that insures a high Q structural
material. Then, in another substantial deviation from [6], the
composite oxide mask/polysilicon layer is patterned in a sin-
gle mask to define not only the disk structure, but also a 2um-
diameter opening at its center that defines the eventual loca-
tion of the stem. Here, the oxide hard mask is patterned and
plasma etched to the desired device geometries, and these pat-
terns are then transferred to the underlying structura polysili-
con layer viaahigh density plasma |CP process, using a SF¢/
C4Fg chemistry to insure vertical sidewalls. A 1000A-thick
LPCVD sidewall sacrificial HTO film is then conformally
deposited to define the eventual electrode-to-resonator capaci-

tive gap spacing, yielding the cross-section of Fig. 5(a)(a).
Pursuant to eventual refilling of the stem opening, a 6.6um-
thick AZ9260 photoresist (PR) is spun and patterned to expose
the stem and the electrode vias, after which the sidewall sacri-
ficial spacer oxide is removed in the stem opening and the
underlying bottom sacrificial oxide etched down to the sub-
strate via a combination of wet and dry etches (c.f.,
Fig. 5(b)(b')). With exposed stem holes and el ectrode anchor
vias, a subsequent (third) 2um LPCVD low-stress polysilicon
deposition then not only provides the materia for electrodes,
but also refills the anchor viasto create very rigid, self-aligned
stems (c.f., Fig. 5(c)(c’)). Thisthird polysilicon layer is then
POCI;-doped and annealed in N, at 1050°C for 1 hour.

To define electrodes, alayer of AZ9260 photoresist is hext
spun 6.6um-thick to completely submerge the structural poly-
silicon topography deep under the quasi-planarized photore-
sist film. After exposing and devel oping the photoresist (c.f.,
Fig. 5(c")), then patterning the top polysilicon to define stem
tops and electrodes, structures are released in 49% concen-
trated HF to yield the final cross-section of Fig. 5(d)(d’).
Figure 5(d") shows a close-up cross-sectional SEM visually
verifying that the refilled stem is solidly attached to both the
underlying substrate and the inner disk sidewalls.

V. EXPERIMENTAL RESULTS

As mentioned in the introduction, pmechanical resonators
often exhibit port-to-port impedances much larger than con-
ventional macroscopic devices. Nevertheless, despite large
impedance mismatching, a direct two-port measurement set-
up, such as shown in Fig. 1, was sufficient to obtain frequency
and Q datain most cases. For cases where impedance-mis-
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for a1.14-GHz, 3rd mode, 20pm-diameter disk resonator measured in
(8 vacuum and (b) in air, using amixing measurement setup.

matches made direct two-port measurement impossible, a
mixing-based measurement set-up was used that suppressed
parasitic feedthrough by moving motiona currents away from
them in the frequency domain [7][8], allowing unimpeded
measurement of devices. In either case, it should be noted that
losses seen in the measured spectra to follow arise from
impedance mismatching, and are not indicative of device loss.
By their sheer high Q, it should be obvious that the devices
should exhibit very little loss when used in properly matched
filters[4][5].

Figures 6 and 7 present frequency spectra measured viaa
mixing set-up for the device of Fig. 5(d") operating in its sec-
ond radial-contour mode at 733 MHz, witha Q of 7,330 in
vacuum and 6,100 in air; and in its third radial contour mode
at 1.14 GHz with Q's of 1,595 and 1,583, in vacuum and air,
respectively. (It should be noted that due to impedance mis-
matching, the peak height in the latter measurement is quite
small, so the extracted Q probably undershoots the actual
value by a good amount.) Both measurements verify the pre-
diction that the Q’s of high stiffness, high frequency devices
should remain high whether operated in vacuum or at atmo-
spheric pressure. In addition to measured spectra (dark), theo-
retical curves (light) predicted using the device models are
included in the plots, verifying the accuracy of the models.
Table| presents a comparison of predicted and measured fre-
guencies for different device sizes and modes, showing good
agreement to within 1%.

Finally, Fig. 8 presents measured plots of fractional fre-
guency change versus temperature for a 22um-diameter disk
resonator fabricated using the self-aligned process of Fig. 5
and operated in its fundamental and second modes. The
uncompensated temperature coefficients of —15.67 ppm/°C
and —-17.87 ppm/°C for the fundamental and second modes,
respectively, are fairly good relative to macroscopic counter-
parts at this frequency.

Fig. 8 Measured fractiona frequency change versus temperature
for 1st mode and 2nd mode 22um-diameter disk resonators.

I. CONCLUSIONS

By eliminating anchor-to-disk misalignment error through
sdlf-alignment, the radial-contour mode polysilicon microme-
chanical disk resonators of this work have now achieved fre-
guenciesin excess of 1 GHz with Qs till >1,500. In addition,
given that the 733-MHz disk achieved a frequency-Q product
of 5.37 x 10'2, Q's of ~5,400 at 1 GHz should also be feasible,
assuming a constant f,-Q product. Furthermore, these high
stiffness, high frequency devices attain almost the same high
Q vaues whether operated in vacuum or air. The implications
here are enormous, asthis result effectively states that vacuum
is no longer needed to attain exceptional Q in high frequency
vibrating micromechanical resonators—a fact that should sub-
stantially lower the cost of devices based on vibrating RF
MEMS technol ogy, making them strong contenders in numer-
ous wireless communication applications, provided imped-
ance matching issues can be sufficiently alleviated.
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