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MICROMECHANCAL STRUCTURES 
HAVING ACAPACTIVE TRANSDUCER GAP 

FILLED WITH A DELECTRIC AND 
METHOD OF MAKING SAME 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This application claims the benefit of U.S. provisional 
application Ser. No. 60/712,298, filed Aug. 29, 2005. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH ORDEVELOPMENT 

The invention was made with Government support under 
Contract No. F30602-01-1-0573 from USAF/AFRL. The 
Government has certain rights to the invention. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates to micromechanical structures hav 

ing a capacitive transducer gap filled with a dielectric and 
method of making same. 

2. Background Art 
The following non-patent references are referenced herein: 
1 J. Wang et al., “1.51-GHz Nanocrystalline Diamond 
Micromechanical Disk Resonator With Material-Mis 
matched Isolating Support' TECHNICAL DIGEST., 
IEEE INT. MICRO ELECTRO MECHANICAL SYS 
TEMS, CONF., Maastricht, The Netherlands, Jan. 2004, 
pp. 641-644. 

2S.-S. Li et al., “Micromechanical Hollow-Disk Ring 
Resonators. TECHNICAL DIGEST, IEEE INT. MICROELECTRO 
MECHANICAL SYSTEMS CONF., Maastricht, The Nether 
lands, January 2004, pp. 821-824. 

3 J. Wang et al., “1.156-GHZ Self-Aligned Vibrating 
Micromechanical Disk Resonator.” IEEE TRANSACTIONS 
ONULTRASONICS, FERROELECTRICS, AND FREQUENCYCONTROL, 
Vol. 51, No. 12, pp. 1607-1628, December 2004. 

4C. T.-C. Nguyen, “Vibrating RF MEMS for Next Gen 
eration Wireless Applications.” PROCEEDINGS, IEEE CUS 
TOM INTEGRATED CIRCUITS CONF., Orlando, Fla., October 
2004, pp. 257-264. 

5 V. Kaajakari et al., “Stability of Wafer Level Vacuum 
Encapsulated Single-Crystal Silicon Resonators.” 
DIGEST OF TECHNICAL PAPERS, INT. CONF. ON SOLD-STATE 
SENSORS, ACTUATORS, AND MICROSYSTEMS (TRANSDUCERS 
'05), Seoul, Korea, June 2005, pp. 916-919. 

I6 B. Kim et al., “Frequency Stability of Wafer-Scale 
Encapsulated MEMS Resonators. DIGEST OF TECHNICAL 
PAPERS, INT. CONF.ONSOLID-STATE SENSORS, ACTUATORS AND 
MICROSYSTEMS (TRANSDUCERS 05), Seoul, Korea, June 
2005, pp. 1965-1968. 

7W.-T. Hsu et al., “Stiffness-Compensated Temperature 
Insensitive Micromechanical Resonators. TECHNICAL 
DIGEST, IEEE INT. MICROELECTRO MECHANICAL SYSTEMS 
CONF. Las Vegas, Nev., January 2002, pp. 731-734. 

8Y.-W. Linet al., “Series-Resonant VHF Micromechani 
cal Resonator Reference Oscillators, IEEE JOURNAL OF 
SOLID-STATE CIRCUITs, Vol. 39, No. 12, pp. 2477-2491, 
December 2004. 

9 G. Piazza et al., “Low Motional Resistance Ring 
Shaped Contour-Mode Aluminum Nitride Piezoelectric 
Micromechanical Resonators for UHF Applications.” 
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2 
TECHNICAL DIGEST, IEEE INT. MICROELECTRO MECHANICAL 
SYSTEMS CONF., Miami Beach, Fla., January 2005, pp. 
20-23 

10 S.-S. Li et al., “Self-Switching Vibrating Microme 
chanical Filter Bank. PROCEEDINGS, IEEE JOINT INT. FRE 
QUENCY CONTROL/PRECISION TIME & TIME INTERVAL SYMPO 
SIUM, Vancouver, Canada, August 2005. 

11 A-C. Wong et al., “Micromechanical Mixer-Filters 
(“Mixlers'). JoURNAL OF MICROELECTROMECHANICAL SYS 
TEMS, Vol. 13, No. 1, pp. 100-112, February 2004. 

12 B. Bircumshaw et al., “The Radial Bulk Annular 
Resonator: 

Towards a 500S2 RF MEMS Filter. DIGEST OF TECHNICAL 
PAPERS, INT. CONF. ON SOLD-STATE SENSORS, ACTUATORS AND 
MICROSYSTEMS (TRANSDUCERS 03), Boston, Mass., June 2003, 
pp. 875-878. 

13 Y. Xie et al., “UHF Micromechanical Extensional 
Wine-Glass Mode Ring Resonators.” TECHNICAL DIGEST., 
IEEE INTERNATIONAL ELECTRON DEVICES MEETING, Wash 
ington D.C., WA, December 2003, pp. 953-956. 

14 M.U. Demirci et al., “Mechanically Corner-Coupled 
Square Microresonator Array for Reduced Series 
Motional Resistance. DIGEST OF TECHNICAL PAPERS, INT. 
CONF. ON SOLD-STATE SENSORS, ACTUATORS AND MICROSYS 
TEMS (TRANSDUCERS 03) Boston, Mass., June 2003, pp. 
955-958. 

15 S. A. Bhave et al., “Silicon Nitride-on-Silicon Bar 
Resonator Using Internal Electrostatic Transduction.” 
DIGEST OF TECHNICAL PAPERS, INT. CONF. ON SOLD-STATE 
SENSORS, ACTUATORS AND MICROSYSTEMS (TRANSDUCERS 
'05), Seoul, Korea, June 2005, pp. 2139-2142. 

16 M. Onoe, “Contour Vibrations of Isotropic Circular 
Plates. J. ACOUSTICAL SOCIETY OF AMERICA, Vol. 28, No. 6, 
pp. 1158-1162, November 1956. 

Capacitively transduced vibrating micromechanical reso 
nators have recently been demonstrated with resonant fre 
quencies in the GHz range with Q's larger than 11,000 12 
3, making them very attractive as on-chip frequency control 
elements for oscillators and filters in wireless communica 
tions. Although solutions now exist to many of the issues that 
once hindered deployment of these devices in RF front ends 
4, including aging 56 and temperature stability 7, the 
need for high bias Voltages to reduce impedances, especially 
in the VHF and UHF ranges, still remains a troublesome 
drawback of this technology. For example, in reference oscil 
lator applications, where the impedance of the microme 
chanical resonator must be low enough to allow oscillation 
startup, dc-bias Voltages on the order of 12V, much larger 
than normally permitted in Standard integrated circuit (IC) 
technologies, have been required to attain GSM-compliant 
phase noise specifications 8. For off-chip filter applications, 
impedance needs in the 50-377S2 range (e.g., for antenna 
matching) are even more challenging, so require even high 
Voltages. Needless to say, a method for attaining low imped 
ance with IC-amenable voltages would be highly desirable. 

For this matter, micromechanical resonators using piezo 
electric transducers already achieve low impedance, and 
without the need for bias Voltages. Although many Such 
piezoelectric designs suffer the drawback of having frequen 
cies governed primarily by thickness, hence, not CAD defin 
able; new piezoelectric micromechanical resonators that har 
ness the d coefficient to allow lateral operation now 
circumvent this problem 9, making piezoelectric transduc 
tion much more attractive. Still, the (so far) higher Qs of 
capacitively transduced resonators, their allowance for more 
flexible geometries with CAD-definable frequencies, plus 
their self-switching capability 10, voltage-controlled recon 
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figurability 11, better thermal stability 7, and material 
compatibility with integrated transistor circuits, make them 
sufficiently more attractive to justify intense research into 
methods for lowering their impedance while keeping Voltages 
low. Among these, assuming that electrode-to-resonator gap 
spacings have already been minimized, methods that increase 
electrode-to-resonator overlap area by either direct geometri 
cal modification 21213 or mechanically-coupled array 
ing 14 have been most Successful, albeit at the expense of 
die area. 
The following U.S. patent references are related to the 

present invention: U.S. Pat. Nos. 6,846,691; 6,985,051: 
6,856,217; 2006/001 7523; and U.S. Pat. No. 6,628, 177. 

SUMMARY OF THE INVENTION 

An object of the present invention is to provide microme 
chanical structures having at least one capacitive transducer 
gap filled with a dielectric and method of making same 
wherein impedance is lowered while avoiding the need to 
increase the area of a capacitively transduced micromechani 
cal resonator by raising the permittivity of the dielectric in its 
capacitive gap, thereby raising the efficiency of its transducer. 

In carrying out the above object and other objects of the 
present invention, a micromechanical device is provided. The 
device includes a micromechanical electrode and a microme 
chanical resonator fabricated on a Substrate and having a 
motional resistance. The resonator and the electrode define a 
capacitive transducer gap. A dielectric having a permittivity 
value that is higher than the permittivity value of air is dis 
posed in the gap to decrease the motional resistance of the 
reSOnatOr. 
The dielectric may be selected from a group comprising 

titanium dioxide, hafnium dioxide, silicon nitride, and BST. 
The resonator may be operable in a wine-glass mode. 
Further in carrying out the above object and other objects 

of the present invention, a method of forming an electrostatic 
transducer is provided. The method includes the steps of 
forming a micromechanical electrode structure and forming a 
micromechanical resonator structure on a Substrate. The elec 
trode structure is separated from the resonator structure by a 
capacitive transducer gap. The method further includes filling 
the gap with a dielectric having a permittivity value that is 
higher than the permittivity value of air. 

The dielectric may be selected from a group comprising 
titanium dioxide, hafnium dioxide, silicon nitride, and BST. 

The thickness or length of dielectric across the gap may 
correspond to a quarter-wavelength of the resonance fre 
quency of the composite resonator-electrode structure. 
The resonator structure may be operable in a wine-glass 

mode. 
The above object and other objects, features, and advan 

tages of the present invention are readily apparent from the 
following detailed description of the best mode for carrying 
out the invention when taken in connection with the accom 
panying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a perspective schematic view of a solid-gap 
micromechanical wine-glass disk resonator in two-port bias, 
drive, and sense configuration constructed inaccordance with 
one embodiment of the present invention: 

FIG.2a is ANSYS mode-shape simulation of a wine-glass 
disk resonator, 

FIG.2b is an electrical equivalent circuit for the wine-glass 
disk resonator of FIG. 2a: 
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4 
FIG. 3a is a side sectional schematic view of an air gap 

between a resonator and an electrode: 
FIG. 3b is a side sectional schematic view of a solid gap 

between the micromechanical structures of FIG.3a illustrat 
ing how a solid gap can better avoid issues with moisture, 
particles, and undesired etch by-products; 

FIGS. 4a-4d provide a plurality of interrelated, cross-sec 
tional views briefly describing the fabrication processes used 
for air-gap wine-glass disk resonators and FIGS. 4a and 4e-4g 
provide a plurality of interrelated, cross-sectional views 
briefly describing the fabrication processes for Solid-gap 
wine-glass disk resonators; 

FIGS. 5a, 5b, and 5c are SEMs of a fabricated 60 MHz 
wine-glass disk resonator with a solid nitride gap; FIGS. 5b 
and 5c are enlarged to show 20 nm solid gaps; 

FIGS. 6a, 6b and 6c are graphs which show measured 
frequency characteristic for a fabricated 60 MHz wine-glass 
disk resonator with FIG. 6a showing a 80 nm air gap tested in 
vacuum: FIG. 6b showing a 20 nm nitride gap tested in 
vacuum; and FIG. 6c showing a 20 nm nitride gap tested in 
atmosphere; 

FIGS. 7a and 7b are graphs; FIG. 7a shows measured and 
predicted motional resistance and FIG. 7b shows edge-to 
edge nitride gap displacement versus dc-bias Voltage, respec 
tively, for a 60 MHz wine-glass disk resonator with a 20 nm 
nitride gap: 

FIGS. 8a and 8b are graphs which show measured fre 
quency characteristic for a fabricated 160 MHz wine-glass 
disk resonator; FIG. 8a is for a 80 nm air gap tested in 
vacuum; and FIG. 8b is for a 20 nm nitride gap tested in 
vacuum; and 

FIG. 9 shows graphs illustrating predicted values of 
motional resistance versus dc-bias voltage for different 
dielectric materials as well as air. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

In one embodiment of the present invention, as described 
herein, VHF and UHF MEMS-based vibrating microme 
chanical wine-glass mode disks 8 equipped with new solid 
dielectric-filled capacitive transducer gaps to replace previ 
ously used air gaps have been demonstrated at 160 MHz, with 
Q’s-20.200 on par with those of air-gap resonators, and 
motional resistances (R's) more than 8x. Smaller at similar 
frequencies and bias conditions. (However, it is to be under 
stood that the gaps may be filled with a dielectric fluid such as 
a dielectric liquid or gas without departing from the present 
invention.) This degree of motional resistance reduction 
comes about via not only the higher dielectric constant pro 
vided by a solid-filled electrode-to-resonator gap, but also by 
the ability to achieve Smaller Solid gaps than air gaps. These 
advantages with the right dielectric material may now allow 
capacitively-transduced resonators to match to the 50-377.2 
impedances expected by off-chip components (e.g., anten 
nas) in many wireless applications without the need for high 
voltages. In addition, as described herein, the use of filled 
dielectric transducer gaps actually enhances the yield and 
reliability of capacitively transduced devices, since it 
removes problems generated by air gaps. 
Air- vs. Solid-Gap Wine-Glass Disk Resonators 

Again, this work uses disk resonator geometries operating 
in the compound (2,1)-mode (i.e., the “wine-glass disk’ 
mode) to compare the performance of Solid-gap versus air 
gap capacitive transducers. Accordingly, some discussion of 
disk resonator fundamentals is in order, starting with that of 
previous air-gap versions. 
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Air Gap Wine-Glass Disk Resonator 
FIG. 1 shows a solid-gap capacitive transducer constructed 

in accordance with one embodiment of the present invention 
and the electrical hookup required for two-port operation (in 
this case, using a Solid-gap disk to be described later). As 
shown, the 60-MHz “wine-glass” device used here comprises 
a 32 um-radius, 3 Lum-thick disk Supported by two beams that 
attach to the disk at its quasi-nodal points 8, where radial 
displacements are negligible compared to other parts of the 
disk structure when the disk vibrates in its wine-glass mode 
shape, shown in FIG. 2(a). In this mode shape, the disk 
expands along one axis and contracts in the orthogonal axis. 
Electrodes surround the disk with lateral electrode-to-disk 
air-gap spacings on the order of only 80 nm. To operate this 
device, a dc-bias V is applied to the disk structure, and anac 
voltage V, is applied to the input electrodes. (Note that there is 
no current flowing once the conductive structure is charged to 
V. So there is no dc power consumption). This V-V, Voltage 
combination generates a time-varying force proportional to 
the product V, V, that drives the disk into the wine-glass mode 
shape when the frequency of V, matches the wine-glass reso 
nance frequency f. obtainable by Solution of 16 

(1,1)-n-al-(1,4)-n-al= (na-n (1) 

where 

(2) Viln-1 (v) p(2+2O) 
P(x) = Jr. (x) , = 27tfo R E 

2 . = . . . q = 3, 5, n = 2 

and where J(x) is a Bessel function of the first kind of order 
n; the I(x) are modified quotients of J(x); R is the disk 
radius; and p, O, and E are the density, Poisson ratio, and 
Young's modulus, respectively, of the disk structural mate 
rial. Although hidden in the precision of (1)'s formulation, the 
resonance frequency f of this wine-glass disk is to first order 
inversely proportional to its radius R. 
Once vibrating, the dc-biased (by V) time-varying output 

electrode-to-resonator capacitors generate output currents io 
equal to 

(3) 

where A, and d are the electrode-to-resonator overlap area 
and static gap spacing, respectively; e is the permittivity in 
vacuum; e, is the permittivity in the gap (in this case, of air, 
e, 1); ÖC/or is the change in resonator-to-electrode capaci 
tance per unit radial displacement; X is the amplitude of disk 
vibration; and co, 27tf is the radian resonance frequency. 
Here, 6C/or is approximated for simplicity, but a more com 
plete formulation can be found in 8. 
Series Motional Resistance, R. 

FIG. 2(b) presents the electrical equivalent circuit of the 
wine-glass disk resonator operated as a two-port (c.f., FIG.1), 
where R, L, and C are its motional resistance, inductance, 
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6 
and capacitance, respectively; and C is the static electrode 
to-disk capacitance. At resonance, Land C cancel, at which 
point the series motional resistance R of the resonator gov 
erns the relationship between V, and i (i.e., governs the 
impedance), and is determined approximately by the expres 
S1O. 

vi kr 
R(Air Gap) = s 

d 1 (4) 
Q Air Gap) 

where k is the effective stiffness of the resonator 8, ande, 1 
for air gap resonators. 
From (4), R can be lowered by (a) raising the dc-bias 

Voltage V, (b) scaling down the electrode-to-resonator gap 
d; (c) increasing the electrode-to-resonator overlap area A: 
and (d) increasing the permittivity e, of the electrode-to 
resonator gap material. Of these approaches, lowering the gap 
spacing is by far the most effective, with a fourth power 
dependence. For air-gap resonators, however, the degree to 
which gap spacing can be lowered is limited by fabrication 
and linearity considerations, where too small a gap can com 
promise linearity and degrade the pull-in Voltage to an unac 
ceptably small value. The next most effective R-lowering 
parameters are the dc-bias Voltage V, electrode-to-resonator 
overlap area A, and permittivity e, all of which, when 
increased, reduce R by square law functions. The degree to 
which dc-bias Voltage can be increased for an air-gap reso 
nator is limited by either the pull-in voltage or by the maxi 
mum system supply voltage. The degree to which area can be 
increased is limited by the maximum acceptable die footprint 
for the resonator, which in turn is governed by cost. Before 
this work, permittivity was normally relegated to that of air or 
vacuum for lateral resonators, like the disk of this work. The 
next section now addresses the degree to which permittivity 
can be increased. 

Solid Nitride Gap Wine-Glass Disk Resonator 
FIG. 1 presents a perspective-view schematic of the solid 

gap micromechanical wine-glass disk resonator constructed 
in accordance with one embodiment of the present invention. 
As shown, this device is identical to its air-gap counterpart 
except for its electrode-to-resonator gaps, which are now 
filled with a solid dielectric material (in this case, silicon 
nitride, with e, 7.8). The presence of a dielectric in the gap 
actually provides a two-fold advantage in capacitive trans 
ducer efficiency (a) from the higher dielectric constant; and 
(b) by virtue of the fact that a smaller gap can now be 
achieved. The latter of these comes about because the gap no 
longer needs to be etched out, so is no longer limited by the 
ability of etchants to diffuse into the gap—something that has 
proved problematic in the past. In addition, the electrode and 
resonator can no longer be pulled into one another, so the 
catastrophic pull-in Voltage is no longer an issue. 
The above advantages, however, are somewhat dampened 

by the impedance of the solid dielectric material now in direct 
contact with the disk, replacing the low impedance air or 
vacuum present before. This solid material now imposes its 
own impedance into the system and can greatly reduce the 
overall displacement of the capacitive transducer electrodes, 
thereby reducing the output motional current. The expression 
for the output motional current of a solid-gap wine-glass 
mode disk resonator, of course, depends mainly on the com 
pression and expansion of the Solid-gap material, and is given 
by 
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i = W C - 
to = VP as a s 

(5) 

where Xx is the edge-to-edge displacement of the solid-gap 
material, and e, 7.8 for the case of the silicon nitride gap 
material used in this work. 
The motional resistance of a Solid-gap resonator can then 

be approximately expressed as 

V; k (6) 
R(Solid Gap) = - a 'io co, Vi &isiA3 QSolid Gap) y 

where Y is a modified quotient of stiffness between the solid 
gap and Surrounding electrode plates that at present is empiri 
cally extracted from measurement results. Dividing (6) by 
(4), the factor B by which use of a solid dielectric capacitive 
gap reduces the series motional resistance R can be 
expressed as 

Q(Solid Gap) d'Air Gap) (7) 
2Air Gap) disolid Gap 

R(Air Gap) 2 
F & Solid Gary R(Solid Gap) 

From (7), the factor by which R is reduced can be maxi 
mized by increasing the dielectric constant of the solid gap 
material, by reducing the electrode-to-resonator gap spacing 
(which, as already mentioned, is enabled by use of a solid 
gap), and by impedance matching the Solid gap material to the 
resonator-electrode system so as to maximize the edge-to 
edge displacement of the solid gap material X. The dielectric 
may be of a quarter-wavelength design to maximize displace 
ment. Essentially, dimensioning the thickness (or electrode 
to-resonator spacing of the dielectric) to correspond to a 
quarter-wavelength of the frequency of resonance will maxi 
mize the displacement. In other words, the dielectric material 
may have a thickness approximately equal to a quarter acous 
tic wavelength. 
Additional Solid Gap Advantages 

In addition to lower motional resistance, the use of solid 
dielectric-filled transducer gaps is expected to provide 
numerous other practical advantages over the air gap variety. 
In particular, the presence of a solid dielectric in the gap 1) 
better Stabilizes the resonator structure against shock and 
microphonics; 2) eliminates the possibility of particles get 
ting into an electrode-to-resonator air gap, which poses a 
potential reliability issue, as shown in FIG. 3b; 3) greatly 
improves fabrication yield, by eliminating the difficult sacri 
ficial release step needed for air gap devices; and 4) poten 
tially allows larger micromechanical circuits (e.g., bandpass 
filters comprised of interlinked resonators) by stabilizing 
constituent resonators as the circuits they comprise grow in 
complexity. 

In essence, the above advantages translate to lower overall 
manufacturing cost, since fewer devices are lost during the 
manufacturing process. This perhaps is an even more impor 
tant benefit than motional resistance reduction. 

Solid-Gap Design Issue: Increased Overlap Capacitance 
In tandem with the advantages outlined above, Solid gap 

resonators introduce design considerations that were not 
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8 
present for previous air gap resonators. Perhaps the most 
important of these arises from the much higher permittivity 
and Smaller gap spacing they provide, which drive the static 
electrode-to-disk capacitance C shown in FIG. 2(b) and 
given by 

&reoAo 887th (8) 
C = 

9 do do 

to much higher values than previous air gap counterparts. In 
particular, when converting to a solid gap design, the elec 
trode-to-resonator gap spacing decreases from 80 nm to 20 
nm, and e, increases from 1 to 7.8, C, becomes 31.2x larger. 
At first, this seems to be a significant problem, since this 
larger C would increase capacitive loading, making circuit 
design at high frequency more difficult. However, R is a 
stronger function of d and ethan C, so it shrinks faster than 
C grows, actually making circuit and system design easier 
(in most cases) when using Solid-gap resonators. 
Fabrication 
The micromechanical wine-glass disk resonators mea 

sured in this work were fabricated via processes based upon 
the self-aligned, Small lateral gap, polysilicon wafer-level 
Surface-micromachining process previously used to achieve 
GHz disk resonators in 3. In this process, summarized by the 
views of FIGS. 4a-4d, lateral electrode-to-resonator air-gap 
spacings 10 are defined by the thickness of a conformally 
deposited sidewall oxide layer 12, which is later removed by 
an isotropic hydrofluoric acid (HF) wet etchant to achieve the 
desired electrode-to-resonator air gaps 10 (i.e., FIG. 4d). 

In FIGS. 4a-4d. an N layer (ground plane) 14 is formed on 
a silicon substrate 16. Isolation oxide 18 is formed on the 
layer 14. Isolation nitride 20 is formed on the oxide 18. A 
doped PolySi interconnection 22 is formed on the nitride 20. 
Sacrificial oxide 24 is formed on the PolySi 22. A doped 
PolySidisk structure 26 is formed on the PolySi24. An oxide 
hard mask 28 is formed on the PolySi 26. 

In FIG.4b, 80-nm of LPCVD oxide gap 12 is formed on the 
mask 28, the PolySi 26 and the PolySi 24. 

In FIG. 4c, doped PolySi electrodes 30 and anchors 32 are 
formed. 

For Solid-gap resonators of one embodiment of the present 
invention, the process is defined by the views of FIG. 4a and 
FIGS. 4e-4g. The views of FIGS. 4e-4g are substantially 
identical to the views of FIGS. 4b-4d, respectively, except 
silicon nitride 12", instead of silicon dioxide 12, is deposited 
via LPCVD to form a sidewall spacer 34. During the sacrifi 
cial hydrofluoric acid release step, the oxide underneath and 
above the disk-electrode structure is removed, as is any 
exposed nitride (due to the finite 10 nm/min etch rate of 
nitride in HF), but the nitride spacer 34 in the electrode-to 
resonator gap remains intact, as shown in FIG. 4g, since it is 
effectively protected from HF attack by the slow diffusion of 
the wet etchant into the tiny, solid nitride-filled, electrode-to 
resonator gap. Interestingly, the air-gap process actually 
proved to be the more difficult of the two, because it required 
removal of oxide in Small gaps, which is a difficult, diffusion 
limited process. As a consequence, the Solid-gap designs 
were able to achieve smaller gaps of 20 nm, whereas the air 
gaps were limited to about 60 nm. 
FIG.5a presents the SEM of a fabricated 60-MHz micro 

mechanical wine-glass disk resonator, together with two 
Zoom-in views of its 20-nm solid nitride gap (i.e., FIGS. 5b 
and 5c). As shown, even after a 35 minute long hydrofluoric 
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acid release etch, only a negligible amount of nitride at the top 
and bottom edges is removed, and most of the nitride is still 
left in the gap. 
Experimental Results 

Wine-glass disk resonators equipped with 80-nm air and 
20-nm nitride gaps were tested inside a custom-built chamber 
capable of reaching vacuums down to 50 Torr. The chamber 
had electrical feedthroughs that connected apc board housing 
resonator dies to external measurement instrumentation, all 
interconnected as in the two-port setup of FIG. 1. Interest 
ingly, the maximum usable dc-bias in this setup was not 
governed by the pull-in Voltage of the air-gap disks, but rather 
by the breakdown Voltage of their nitride-gap counterparts, 
which ended up being only 12 V for the 20-nm nitride gap 
devices used here. As expected, the breakdown Voltage was a 
function of nitride filler quality, and varied from 4V to 12 V. 
depending upon the quality of nitride sidewall deposition. 
The 12V value is consistent with the 6-10 MV/cm dielectric 
breakdown electric field for nitride. It should be noted that 12 
V is not that much smaller than the 15 V pull-in voltage 
typical for an 80-nm air-gap disk. Further, if a 20-nm air-gap 
could be achieved (i.e., could be cleared in a release step), 
then the pull-in voltage for the associated disk would likely be 
lower than the 12 V breakdown of a 20-nm nitride gap. In 
other words, a solid nitride gap likely allows a higher dc-bias 
Voltage than an equivalent air gap. 

To stay clear of solid-dielectric breakdown, measurement 
dc-bias voltages for 60-MHz disks were constrained to only 8 
V. FIG. 6(a) and FIG. 6(b) present measured frequency char 
acteristics using the setup of FIG. 1 under 50 uTorr vacuum 
for 60-MHz wine-glass disk resonators with 80-nm air-gap 
and 20-nm nitride-gap capacitive transducers, respectively. 
As shown, compared with the 60.906 MHz and Q=52,400 of 
its air-gap counterpart, the nitride-gap wine-glass disk reso 
nator not only retained a very similar resonance frequency of 
61.673 MHz, only 1.26% different; but also exhibited a Q of 
25.300, which is about half that of the air gap device, but still 
more than adequate for the most demanding communications 
applications; and all while achieving an 8.19x Smaller R. 
down to only 1.51 kS2. If a larger dc-bias bias voltage were 
permitted, perhaps by improving the quality of the gap-filling 
nitride dielectric material, even smaller values of R should be 
achievable. 

Interestingly, filling the electrode-to-resonator gap with a 
Solid does not seem to impact the Q a great deal. It does, 
however, greatly reduce the plate-to-plate displacement in the 
capacitive transducer. In particular, the measured output 
motional current of 5.5 LLA corresponds to a peak gap thick 
ness displacement of only 0.53 A for the solid-gap wine-glass 
disk, to be compared with the ~20 A of its air-gap counterpart. 
To further explore the degree of reduction in edge-to-edge gap 
displacement, FIG. 7(a) and FIG. 7(b) present measured and 
simulated motional resistance and nitride displacement ver 
sus dc-bias voltage, respectively, for a 60-MHz wine-glass 
disk resonator with a 20-nm nitride electrode-to-resonator 
gap. As shown, the measured results match well with the 
predicted results from (6), where a stiffness quotient Y of 
7.67x10" is extracted from one of the data points. Despite the 
reduction in plate-to-plate displacement, the increase in 
dielectric permittivity and smaller 20-nm gap afforded via use 
of a Solid nitride gap still insure a sizable net reduction in R. 

To compare vacuum versus air operation of Solid-gap 
micromechanical disks, FIG. 6(c) presents measured fre 
quency response spectra for the same 60-MHZ nitride gap 
wine-glass disk resonator shown in FIG. 6(b), but in atmo 
sphere rather than in vacuum. As shown, the measured Q of 
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10 
6,200 in atmosphere, while still very good, is much smaller 
than the Q of 25.300 it posts in vacuum—a result that poses 
Somewhat of a quandary, since a solid gap should not pump 
gas the way that an air-gap would, so should suffer much less 
Q degradation when Switching from vacuum to air. The fact 
that Q does degrade significantly might indicate either (a) the 
electrodes are moving in unison with the disk itself, pushing 
air around, while the nitride gap compresses ever so slightly 
(i.e., only 0.53 A); (b) the solid nitride gap is not solidly 
attached to either the disk or electrode, allowing a very small 
amount of movement across a tiny 0.53 A air gap, which 
pumps air, thereby lowering Q; or (c) the nitride material in 
the gap is porous, with air bubbles, that get pumped as the gap 
compresses and expands. 

In the meantime, measurements were taken to Verify the 
efficacy of solid-gap design at even higher frequencies. FIG. 
8(a) and FIG. 8(b) present measured frequency characteris 
tics under 50 Torr vacuum for 160-MHz wine-glass disk 
resonators with 80-nm air and 20-nm nitride gaps, respec 
tively. Again, the nitride gap resonator has a similar resonance 
frequency, a slightly smaller but still impressive Q of 20.200. 
and an 8.54x Smaller R, compared to its air gap counterpart. 
Towards Even Lower Impedance 
The 8x reduction in series motional resistance demon 

strated using Solid-nitride capacitive transducer gaps in this 
work, although already impressive, is only an inkling of what 
should be possible. Indeed, there are many other thin-film 
dielectrics with much higher dielectric constants than silicon 
nitride, including hafnium dioxide (H?O, e, 25), titanium 
dioxide (TiO, e,80), or barium strontium titanate (BST, 
BaSr TiO, e-300). With an inverse square law depen 
dence of R on permittivity, there seems to be plenty of room 
for further impedance improvement. FIG. 9 plots predicted 
values of series motional resistance R. Versus dc-bias Voltage 
V, showing that impedances on the order of 50.2 might be 
achievable with IC-compatible dc-bias voltages of only 0.91 
V. 

CONCLUSIONS 

MEMS-based vibrating micromechanical resonators 
equipped with Solid dielectric lateral capacitive transducer 
gaps have been demonstrated for the first time. Compared to 
otherwise identical air gap versions, Solid gap resonators have 
similar resonant frequencies, slightly smaller, but still very 
impressive high Q's, and much smaller motional resistance. 
Viewed from the perspective of dc-bias voltage, the same 
impedance can be achieved in a solid gap resonator as an air 
gap counterpart, but using a much smaller dc-bias Voltage—a 
very important feature that should greatly simplify future 
integration of MEMS resonators with integrated circuit tran 
sistors. 

In addition to lower motional resistance, the use of filled 
dielectric transducer gaps provides numerous other benefits 
over the air gap variety, since it (a) better stabilizes the reso 
nator structure against shock and microphonics; (b) elimi 
nates the possibility of particles getting into an electrode-to 
resonator air gap, which poses a potential reliability issue; (c) 
greatly improves fabrication yield, by eliminating the difficult 
sacrificial release step needed for air gap devices; and (d) 
potentially allows larger micromechanical circuits (e.g., 
bandpass filters comprised of interlinked resonators) by sta 
bilizing constituent resonators as the circuits they comprise 
grow in complexity. 

While embodiments of the invention have been illustrated 
and described, it is not intended that these embodiments 
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illustrate and describe all possible forms of the invention. 
Rather, the words used in the specification are words of 
description rather than limitation, and it is understood that 
various changes may be made without departing from the 
spirit and scope of the invention. For example, while a lateral 
mode of operation of the micromechanical structures is 
shown, Vertical mode of operation is possible as well, as well 
as a vertical-to-lateral mode of operation. 
What is claimed is: 
1. A micromechanical device comprising: 
a capacitively-transduced micromechanical resonator 

operable in a mode of operation, the resonator being 
fabricated on a Substrate and having a motional resis 
tance; 

a micromechanical electrode, the resonator and the elec 
trode defining a capacitive transducer gap which 
expands and contracts during the mode of operation; and 

a dielectric having a permittivity value that is higher than 
the permittivity value of air disposed in the gap to 
decrease the motional resistance of the resonator. 

2. The device of claim 1 wherein the dielectric is a fluid. 
3. The device of claim 1 wherein the dielectric is selected 

from a group comprising titanium dioxide, hafnium dioxide, 
silicon nitride, and barium strontium titanate. 

4. The device of claim 1 wherein the dielectric is a porous 
Solid material. 

5. The device of claim 1 wherein the resonator is operable 
in a wine-glass mode. 

6. The device of claim 1 wherein the dielectric is dimen 
Sioned so that its electrode-to-resonator thickness corre 
sponds to an effective quarter-wavelength of the resonance 
frequency of the resulting electrode-dielectric-resonator 
Structure. 

7. The device as claimed in claim 1, wherein the gap is a 
lateral gap. 

8. The device as claimed in claim 1, wherein the resonator 
is a lateral resonator. 
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9. The device as claimed in claim 8, wherein the lateral 

resonator is a disk resonator. 
10. The device as claimed in claim 1, wherein spacing of 

the gap is less than 60 mm. 
11. The device as claimed in claim 1, wherein the resonator 

is configured to connect to a DC bias Voltage source. 
12. The device as claimed in claim 1, wherein the electrode 

is configured to connect to an AC signal Voltage source. 
13. The device as claimed in claim 1, wherein the dielectric 

is barium strontium titanate. 
14. A method of forming an electrostatic transducer, the 

method comprising: 
forming a micromechanical electrode structure; 
forming a capacitively-transduced micromechanical reso 

nator structure having a mode of operation, the resonator 
structure being formed on a substrate, wherein the elec 
trode structure is separated from the resonator structure 
by a capacitive transducer gap which expands and con 
tracts during the mode of operation; and 

filling the gap with a dielectric having a permittivity value 
that is higher than the permittivity value of air. 

15. The method of claim 14 wherein the dielectric is 
selected from a group comprising titanium dioxide, hafnium 
dioxide, silicon nitride, and barium strontium titanate. 

16. The method of claim 14 wherein the resonator structure 
is operable in a wine-glass mode. 

17. The method of claim 14 wherein the dielectric is a fluid. 
18. The method of claim 14 wherein the dielectric is a 

porous solid material. 
19. The method of claim 14 wherein the dielectric is dimen 

sioned so that its dielectric-to-resonator thickness corre 
sponds to an effective quarter-wavelength of the resonance 
frequency of the resulting electrode-dielectric-resonator 
Structure. 


