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ABSTRACT

A capacitive-gap transduced flexural-mode square-
plate resonator constructed in rapid-thermal-annealed
(RTA’ed) ruthenium metal posts quality factors (Q’s) ex-
ceeding 5000 and an impressive transducer strength C./C,
(equivalent to &) of up to 71% intrinsic and 36% with 55fF
of bond capacitance loading, which in turn permits more
than 46% voltage-controlled resonance frequency tuning
(from 18.005 to 9.713MHz) with a voltage excursion from
0.5 to 2.8V. The 36% C./C, is 75 times larger than the
0.48% of published AIN piezoelectric material in this HF
frequency range [1]. With processing temperatures poten-
tially below 350°C (with localized annealing), this metal
resonator is amenable to integration directly over even ad-
vanced node CMOS [2], making this technology attractive
for single-chip widely tunable filter and oscillator applica-
tions, e.g., for wireless communications [3].

INTRODUCTION

Low metal material deposition temperatures have long
enticed researchers seeking to integrate MEMS directly
over CMOS. However, metal resonators have historically
suffered from low Q relative to polysilicon or diamond
counterparts [4], with metal Q’s for flexural modes gener-
ally in the range of 180 [5]. Recent demonstration of a lo-
calized anneal-based method to boost the Q's of Ru metal
clamped-clamped beam resonators [5] and reduce aging
rates [6] are now making metal attractive once again, espe-
cially for timing and communications applications. How-
ever, for applications like the super-regenerative trans-
ceiver of [7], for which resonance frequency sets the re-
ceivable channel range, such resonators would be even
more useful if their frequencies were voltage-tunable over
larger ranges than the 80 kHz previously shown in [7]. This
work achieves a more than 100 times increase in tuning
range via use of a nano-scale square-plate resonator design
with 20-nm electrode-to-resonator gaps.

DEVICE STRUCTURE AND MODEL

Fig. 1 presents the perspective view of the square-plate
resonator with dimensions and in a typical bias and excita-
tion circuit configuration. The device is similar in structure
to that of [8], but differs in its use of Ru metal structural
material and interconnects (as opposed to polysilicon), as
well as much smaller dimensions. Here, the 3.4-pm side
length, 75-nm thickness, and 20-nm electrode-to-resonator
gap are much smaller than the 16-pm, 2.2-pm, and 90-nm
of [8]. The inset in Fig. 1 presents the trampoline mode
shape that permits larger pull-in voltages than other de-
signs. Tensioning via annealing [5] further strengthens it
against pull-in, allowing it to stay suspended even with
2.8V across its 20-nm electrode-to-resonator gap. This then
enables intrinsic and loaded C./C,’s of 71.2% and 36.1%,
respectively, that permit the described wide tuning range.

To elaborate on this, the Rayleigh-Ritz method offers
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a convenient approach to generate an expression for the
trampoline mode shape employed here [9]. This method be-
gins with a guess for the mode shape function Z,,,. that
satisfies the fixed boundary conditions at the four corners.
For a square plate of edge size L centered at the origin, one
good guess takes the form

22 232 2y 2 s2y 2
zmm(xlﬂ”l{z‘(ﬂ -(7) }“‘2{“(?) (%) } M
where x and y are independent coordinate variables. «; and
a> are adjustable parameters that minimize the difference
between the total strain energy and work done by a point
load of F applied at the center of the plate when taking val-
ues
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where v is Poisson’s ratio and D is flexural rigidity:
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where £ is Young's modulus and # is the square plate
thickness. Use of (1)-(4) yields the equivalent mechanical
stiffness &, at the center of the square plate
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The dynamic mass referenced to the highest velocity point,
i.e., the square plate center, takes the form [10]
_ PH[[ Z5 40 dxdy
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where K, is mass modification factor given as 0.559 for ru-
thenium with v = 0.3. Substituting (5) and (6) in the well-
known resonance frequency expression leads to
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where p is density. For the device studied in this work with
H=175nm, L =3.4um, E = 402.5GPa, p = 13420kg/m?, and
v = 0.3, (7) predicts a trampoline mode resonance fre-
quency of 14.138MHz.

To complete the device equivalent circuit, the electro-
mechanical coupling factor n. referenced to the square-
plate center takes the form [11]

V. C,
7 ®

where Vpis the de-bias voltage, C, is the total electrode-to-
resonator overlap capacitance, d, is the electrode-to-reso-
nator gap, and y is a parameter that modifies the electrome-
chanical coupling of an ideal parallel-plate capacitive-gap
transducer to account for a non-constant resonance dis-
placement (or velocity) profile over the electrode area [11]
given by
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The dependence of the electromechanical coupling factor
on the second power of the electrode-to-resonator gap spac-
ing makes clear that smaller gaps can greatly increase the
electromechanical coupling, as well as the electromechani-
cal coupling strength, which takes the form
Cy 22 (1=v)(101 — 75v) 3¢, L*
P 6 — 5v 128EH3d3

c (10)

Equation (9) together with (5)-(8) now allow specification
of the device equivalent circuit in Fig. 2.

STRUCTURE-ASSISTED TUNING RANGE

Voltage-controlled resonance frequency tuning for the
square-plate resonator comes about via the well-known
electrical stiffness associated with any parallel-plate capac-
itive-gap transducer. Electrical stiffness not only renders
the resonance frequency f; a strong function of dc-bias volt-
age Vp, it also often sets the maximum value of Vp before
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Fig. 2: Equivalent circuit for a square plate resonator op-
erated as a one-port. Numerical values are for the device
alone, i.e., with no parasitic line resistance.
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the onset of device pull-in. The expression for the electrical
stiffness k. acting on the Vp-biased Fig. 1 square-plate res-
onator with all electrodes grounded is [11]
_ 7’5 _ 2.2 SOLZ
== VY an
when taking as a reference point the maximum displace-
ment location indicated in the trampoline mode shape in
Fig. 1 inset, y is 0.722.

This electrical stiffness acts against the resonator's me-
chanical stiffness to lower the resonance frequency accord-

ke

ing to
f k ’ C
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where
772
e = L2 (13)
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permits the rightmost form. (12) shows that k./k, is the
same as the intrinsic, i.e., no parasitics, C/C, of the reso-
nator. Thus, the higher the C\/C,, the larger the frequency
tuning range. From (10) and (12), the 20-nm initial elec-
trode-to-resonator gap of this work contributes to a large
C,/C, and correspondingly large frequency tuning range.

The smaller stiffness of this nano-scale square-plate
device enhances the frequency tuning range not only by in-
creasing the k./k, term in (12), but also by allowing the in-
creasing dc-bias voltage to pull the device closer to its un-
derlying electrode. In particular, unlike much stiffer de-
vices with small gaps, e.g., the 13-nm-gap wine-glass disk
of [12], this trampoline-mode square-plate device under
2.8V dc-bias bends significantly under the attractive force,
reducing the original 20-nm gap by 33% at the plate center
and increasing C/C, accordingly (to 71%)!

Fortunately, as described in [5], the rapid-thermal an-
neal treatment given to this device not only raises its O, but
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F1g 3: a) Cross-sections through AA’ after (i) intercon-
nect layer etch (ii) structural layer etch (iii) HF release. b)
SEM of a fabricated ruthenium metal square plate.

also generates tensile stress that tightens its stiffness some-
what, allowing it to stay suspended even at the 2.8V dc-bias
voltage of maximum frequency tuning. At higher voltages,
the device pulls in.

FABRICATION

The metal surface micromachining fabrication process
for ruthenium square-plate resonators was similar to that
for previous clamped-clamped beams [5], except for use of
a much smaller SiO; sacrificial spacer layer to achieve 20-
nm initial electrode-to-resonator gaps. Fig. 3(a) presents
cross-sections summarizing this process, showing the use
of ruthenium for both the structure and its electrodes and
silicon dioxide as the sacrificial layer and as a hard mask
for precise lithography and etching. Fig. 3(b) presents the
SEM of a freshly fabricated square plate resonator, indicat-
ing important structural and design details.

Instead of the post-fabrication localized annealing
used in [5], the square plates experienced conventional
rapid-thermal annealing (RTA) at 850°C for 180 seconds
with 30-second temperature rise and fall times. This was a
time-saving measure that (as will be seen) ended up as ef-
fective in raising device O's. Whether this would be ac-
ceptable as a post-CMOS step is yet to be seen. If not, then
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localized annealing is always an option.

EXPERIMENTAL RESULTS

A Lakeshore FWPX Vacuum Probe Station housed
and electrically accessed Ru square-plate devices during
measurement. Fig. 4 (a) and (b) present vacuum-measured
transmission spectra before and after annealing, respec-
tively, clearly showing both a frequency shift and an in-
crease in Q. In particular, fabricated Ru square-plate de-
vices posted O’s in the range of only 600 before RTA. After
RTA, their Q’s rose to over 5000 at a dc-bias of 0.5V. RTA
also permits a much wider frequency tuning range, from
18.005 to 9.713MHz over 0.5 to 2.8V—a 46% range.
Needless to say, this is an astonishing range of frequency
not often (if ever) seen in a resonator with such a high Q.
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Fig. 5: a) Measured frequency versus dc-bias voltage
with curve-fit to extract electrode-to-resonator gap. b)
Intrinsic and loaded C./C, versus dc-bias voltage.

The larger RTA’ed tuning range likely results from ten-
sioning that flattens the square plate, bringing it closer to
its electrode than an un-annealed counterpart.

A curve fit of the plot of resonance frequency versus
dc-bias in Fig. 5(a) with electrical stiffness theory [13] con-
firms an initial electrode-to-resonator gap spacing of
21.95nm at Vp=1V and a final spacing of 14.69nm at the
highest applied Vp=2.8V. The very fast change in fre-
quency with dc-bias on the left side of the plot confirms the
role of gap reduction as the square plate bends closer to the
electrodes under the large (uN-range) attractive force.

Since from (12) the intrinsic (i.e., unloaded) C,/C, es-
sentially equals k./k,,, another curve fit also yields the plot
of intrinsic (i.e., unloaded) C./C, versus dc-bias in Fig.
5(b), where 2.8V yields a whopping 71.2%!

The practical C\/C, is not this large, as it suffers some-
what from loading by parasitic capacitance. In particular,
in any real situation parasitic capacitance (in the leads,
measurement circuit, etc.) adds to the C, in Cy/C,, lowering
its actual value. The common approach to attaining C/C,
via measurement of parallel and series resonance frequen-
cies, f, and f; (indicated in Fig. 1), respectively, then using

Gy _ (L)
Co fp

in fact yields the loaded C\/C,.

Fig. 5(b) uses (14) to also plot the loaded C,/C, versus
Vp, which now sports a still-impressive value of 36.1% at
Vp=2.8V. While C,/C, rises with dc-bias, the QO drops due
to loading by parasitic interconnect resistance, which is
comparable to the motional resistance at high dc-bias, e.g.,
motional resistance R,=486(2 at 2.1V. Nevertheless, the de-
vice still achieves large intrinsic and loaded (C./C,)-Q
products of 274 and 56 at Vp=2.1V.

(14)

CONCLUSIONS

Many who work with high Q resonators, practitioners
and researchers alike, are familiar with the adage that high
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Q resonators are simply not tunable, meaning that some
other means to realize tuning, e.g., phase-locking to a
(dirty) voltage-controlled oscillator, is necessary. The res-
onator of this work challenges this assumption and could
be a potential game-changer for many applications that
benefit from frequency tuning, including tunable oscillators
and filtering for RF front-ends. The benefits of this go over
and beyond the already important benefit of CMOS-com-
patibility, which this high-Q ruthenium structural material
achieves when localized annealed [5].

Aside from tuning, note that all of the measured val-
ues—Q, C./C,, tuning range, k*-Q—are not only impres-
sive for CMOS-compatible metal material, but also better
than or competitive with other common micromachinable
resonator materials in this frequency range, including pol-
ysilicon, diamond, and AIN. Whether they can also com-
pete from a stability perspective, especially long-term sta-
bility, remains to be seen.
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