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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 
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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 fo a strong function of dc-bias volt-

age VP, it also often sets the maximum value of VP before 

the onset of device pull-in. The expression for the electrical 

stiffness ke acting on the VP-biased Fig. 1 square-plate res-

onator with all electrodes grounded is [11] 
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when taking as a reference point the maximum displace-

ment location indicated in the trampoline mode shape in 

Fig. 1 inset, γ is 0.722. 

This electrical stiffness acts against the resonator's me-

chanical stiffness to lower the resonance frequency accord-

ing to 

𝑓𝑜 = 𝑓𝑛𝑜𝑚√1 −
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where 
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permits the rightmost form. (12) shows that ke/km is the 

same as the intrinsic, i.e., no parasitics, Cx/Co of the reso-

nator. Thus, the higher the Cx/Co, 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 

Cx/Co 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 ke/km 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 Cx/Co accordingly (to 71%)! 

Fortunately, as described in [5], the rapid-thermal an-

neal treatment given to this device not only raises its Q, but 
 

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.  

 

 

 

 

 

 
Fig. 1: The square plate device described herein in a typical operating circuit with dimensions. The inset shows the fi-

nite element analysis (FEA) simulated mode shape. 
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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 SiO2 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 Q's. Whether this would be ac-

ceptable as a post-CMOS step is yet to be seen. If not, then 

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 Q’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. 

 
Fig. 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. 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4: Measured frequency spectra for a ruthenium metal 

square plate resonator as a function of dc-bias voltage (a) 

before RTA using mixing VLO = 1Vpp, fLO = 6MHz, PRF = 

-3dBm [14] (b) after RTA using direct measurement. 

 

 

 

 

 

 

 

 

 

 

 

155



     

 

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 (µN-range) attractive force. 

Since from (12) the intrinsic (i.e., unloaded) Cx/Co es-

sentially equals ke/km, another curve fit also yields the plot 

of intrinsic (i.e., unloaded) Cx/Co versus dc-bias in Fig. 

5(b), where 2.8V yields a whopping 71.2%! 

The practical Cx/Co 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 Co in Cx/Co, lowering 

its actual value. The common approach to attaining Cx/Co 

via measurement of parallel and series resonance frequen-

cies, fp and fs (indicated in Fig. 1), respectively, then using   
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in fact yields the loaded Cx/Co. 

Fig. 5(b) uses (14) to also plot the loaded Cx/Co versus 

VP, which now sports a still-impressive value of 36.1% at 

VP = 2.8V. While Cx/Co rises with dc-bias, the Q drops due 

to loading by parasitic interconnect resistance, which is 

comparable to the motional resistance at high dc-bias, e.g., 

motional resistance Rx=486 at 2.1V. Nevertheless, the de-

vice still achieves large intrinsic and loaded (Cx/Co)-Q 

products of 274 and 56 at VP = 2.1V. 

 

CONCLUSIONS 
Many who work with high Q resonators, practitioners 

and researchers alike, are familiar with the adage that high 

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, Cx/Co, tuning range, kt
2-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 AlN. Whether they can also com-

pete from a stability perspective, especially long-term sta-

bility, remains to be seen. 
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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 Cx/Co versus dc-bias voltage. 
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