
 

J. N. Nilchi, R. Liu, and C. T.-C. Nguyen, “High Cx/Co 13nm-capacitive-gap transduced disk resonator,” Tech. Digest, 2017 IEEE Int. Micro 

Electro Mechanical Systems Conference, Las Vegas, Nevada, Jan. 22-26, 2017, pp. 924-927, DOI: 10.1109/MEMSYS.2017.7863560. 

https://doi.org/10.1109/MEMSYS.2017.7863560


achieved on a 59.5-MHz capacitive-gap transduced disk res-
onator that yield a measured electromechanical coupling 
strength (Cx/Co) greater than 1.62% at a bias voltage of only 
5.5V, which together with an unloaded Q of 29,640 achieves 
a kt

2Q product of 480 that far exceeds that of competitors, as 
shown in Table 1. This combination of high (Cx/Co) and Q 
not only cuts a path towards power reduction for low-noise 
oscillators [5] and higher sensitivity for zero-quiescent all-
mechanical receivers [16], but also expands the range of fil-
ters accessible to capacitive-gap transduced resonators to 
more mainstream wireless communication applications. 
 

ELECTROMECHANICAL COUPLING 
COEFFICIENT (Cx/CO) 

The electromechanical coupling factor (Cx/Co) gauges 
the efficiency of energy transfer between electrical and me-
chanical domains. It sets the upper bound on the percent 
bandwidth of a micromechanical filter [8], the tuning range 
of a capacitive-gap transduced resonator’s center frequency 
[17], the sensitivity of capacitive microphones, and the effi-
ciency of CMUT devices [18]. The electromechanical cou-
pling factor for the capacitive-gap transduced wine-glass res-
onator shown in Fig. 1, defined as the mechanical energy rel-
ative to the total energy, takes the form 
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where εo, VP, do, ωo, R, ρ, θe, Rm(r) are vacuum permittivity, 
bias voltage, gap spacing, the disk radian resonance fre-
quency, radius, density, electrode angle (cf. Fig. 1), and reso-
nance mode shape function [19], respectively. 

This expression makes very clear the importance of 
achieving a small electrode-to-resonator gap do for maximum 
(Cx/Co), where a third power dependence makes gap spacing 

the strongest control knob by far. Note that (1) correctly pre-
dicts that capacitive-gap transducers with gaps of 100nm al-
ready exhibit coupling strengths that outperform AlN piezo-
electrics at HF (up to 30MHz) [8]. To outperform AlN above 
VHF, smaller gaps are needed. For example, at GHz frequen-
cies gaps below 20nm are desirable, cf. Table 2. 
 

NANOSCALE GAP SPACING 
Inevitably, benefits afforded by scaling generally come 

with consequences. In particular, a shrinking electrode-to-
resonator gap invites numerous possible issues, including 

1) Asperities in the gap sharp enough to concentrate electric 
fields to the point of breakdown (cf. Fig. 3). 

2) Asperities that reduce the effective gap distance, disturb-
ing the force balance on opposite sides of the disk, and 
thereby lowering the pull-in voltage. 

3) Compressive film stress caused by slower shrinkage of 
the disk with decreasing temperature relative to the sub-
strate that effectively stretches the disk edges into contact 
with the surrounding electrode, as shown in Fig. 4. 

4) Popular issues of folklore, such as Casimir forces, elec-
tric field limits before breakdown, e.g., 1V/nm, etc. 

5) Obstructions in the gap, e.g., from condensation. 

Each of the above, of course, are inter-related. In particular, 
compressive stress issues amplify if there are asperities, 
which arguably puts surface roughness among the most dis-
ruptive issues. Recognizing this, the fabrication process to 

 
Fig. 2: Simulated plots of (a) electromechanical coupling strength 
(Cx/Co) and (b) motional resistance Rx versus electrode-to-resona-
tor gap spacing d0 and bias voltage VP for a 2µm-thick 60-MHz 
wineglass disk resonator with Q=70,000. 

 
Fig. 3: Practical considerations indicated at top right demand pol-
ySi sidewall smoothness on the same order or smaller than the side-
wall sacrificial film thickness. The LAM TCP 9400SE etcher recipe 
summarized in the table achieves a very smooth surface, shown in 
the SEM above. Here, step #1 breaks through any native oxide, then 
successive cycles of processing/cooling of step #2 etch the polySi. 

 
Fig. 4: Illustration depicting how residual stress can cause shorts 
between disk and electrode when the gap becomes very small. 
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achieve sub-20nm gaps puts particular importance on attain-
ing as smooth and straight sidewalls as possible. 

Fig. 5 summarizes the fabrication process yielding the 
Fig. 1 disk resonator. The process begins with blanket 
LPCVD depositions of oxide and nitride to form an isolation 
layer, followed by LPCVD oxide deposition and patterning 
to form a mold into which doped polysilicon is deposited then 
CMP’ed down to yield thick, low-resistance interconnect, as 
shown in (a). The resultant flat surface after CMP’ing facili-
tates subsequent blanket LPCVD of bottom sacrificial oxide, 
structural polysilicon, and top oxide hard mask, the last two 
of which are patterned and etched to delineate the disk. To 
suppress issue 3 above, this work employs polySi deposited 
at 590oC and annealed at 1000oC for 30min to achieve very 
low residual stress (5MPa) and near-zero stress gradient, both 
much smaller than the critical values of 60MPa and 
50MPa/µm, respectively, that could otherwise cause shorts. 

It is here where the carefully designed etch recipe sum-
marized in Fig. 3 makes all the difference in the ability to 
achieve sub-20nm gaps. Specifically, the HBr-based polySi 
etch is anisotropic and yields a smoother sidewall than a Cl2-
based etch, since the etch rate depends less on the silicon 
crystalline orientation and polySi grain boundaries. 

The smooth sidewalls devoid of asperities larger than 
10nm high now facilitate deposition of the gap-setting side-
wall sacrificial oxide down to 10 nm via LPCVD at 930oC. 
Patterning and etching of electrode anchors follows to yield 
the cross-section of (b). Subsequent polySi deposition and 
doping, followed by CMP and electrode patterning and etch-
ing then yield the planarized cross-section of (c). Finally, 
wet-etching in 49% HF yields the released resonator of (d). 

Fig. 6 presents the SEM micrograph of a released wine-

glass disk resonator with zoom-in on the electrode-to-resona-
tor overlap. Here, the smooth-sidewall structure achieved by 
the Fig. 3 etch recipe contrasts sharply with the much rougher 
electrode etch done via a conventional SF6-based chemistry 
aimed more at higher polysilicon-to-oxide selectivity. 

 

EXPERIMENTAL RESULTS 
Fig. 7 presents the vacuum-measured frequency re-

sponse of the fabricated wineglass disk of Fig. 1 for various 
bias voltages VP. The unloaded Q of this resonator is 29,640, 
measurable at 10µTorr and with small VP. As VP increases, Rx 
shrinks to only 54Ω at VP=5.5V, which is considerably 
smaller than the 750Ω interconnect resistance (cf. Fig. 8), al-
lowing the latter to load the overall Q down to 2,500. Thus, 
preservation of the unloaded resonator Q of 29,640 in future 
devices calls for much lower interconnect resistance, perhaps 
provided by metals. 

Replotting the data of Fig. 7 as frequency versus VP 
yields Fig. 9(a), from which curve-fitting [17] accurately ex-
tracts a remarkable 13.2nm electrode-to-resonator gap spac-
ing. As evident from this figure, the 59.5MHz-wineglass res-
onator has more than 1MHz of tuning range for only 5.5V of 
biasing voltage, all consistent with the expected increase in 
electrical stiffness with decreasing gap spacing. The electri-
cal stiffness at 5.5V is 23.4kN/m, which is 3.05% of the 
disk’s 766.5kN/m mechanical stiffness. 

The electromechanical coupling factor (Cx/Co) was ex-
tracted from measured frequency response curves using an 

 
Fig. 5: Fabrication process yielding tiny-gap resonators.  

 
Fig. 6: SEM of a released wineglass disk resonator with zoom-in to 
highlight the smooth structure etch compared to the standard high-
selectivity electrode etch. 

 
Fig. 7: Measured frequency response of the WG disk resonator for 
various VP’s. With 3.0V bias, the unloaded Q is 29,640 with a mo-
tional resistance of 200Ω. The Q decreases at higher voltages when 
the motional resistance of the device becomes significantly smaller 
than that of the polySi interconnect, suggesting that metal intercon-
nect be used in future devices to prevent this Q reduction. 

 
Fig. 8: Trace resistance on the input/output path as well as the bias 
path can load the resonator and degrade its quality factor Q. 
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expression derived from the electrical circuit of Fig. 1: 

 
𝐶𝐶𝑥𝑥
𝐶𝐶𝑜𝑜

=
𝑓𝑓𝑝𝑝2 − 𝑓𝑓𝑠𝑠2

𝑓𝑓𝑠𝑠2
×100 (2) 

where fs and fp are the series and parallel resonance frequen-
cies, respectively, of the transmission measurement. Fig. 9 
(b) plots (Cx/Co) versus bias voltage, showing an impressive 
(Cx/Co) of 1.6% at 5.5V bias, which matches the prediction 
of (1) using the measured gap spacing. 

To address concerns about the linearity of a capacitive-
gap transducer with such a tiny gap, the two-tone nonlinearity 
measurement summarized in Fig. 10 reveals third-order in-
tercept points (IIP3’s) of +23dBm and +29dBm for tone spac-
ings of 580kHz and 3MHz, respectively, both already ade-
quate for today’s cellular handsets, and if even needed, with 
room for improvement via mechanical coupled arraying [20]. 
 

CONCLUSION 
By demonstrating the first true sub-20nm capacitive-gap 

VHF micromechanical disk resonator to meet the simultane-
ous high Q (29,640), low motional resistance Rx (54Ω), and 
high electromechanical coupling Cx/Co (1.62%), this work 
fixes a common misconception among RF MEMS research-
ers that capacitive-gap transducers are weaker than piezoe-
lectric counterparts. The achieved and projected perfor-
mances summarized in Table 1 and Table 2, respectively, fur-
ther shows that the resonator demonstrated herein outper-
forms competitors in all respects, especially in the popular 
kt

2Q product metric. This combination of high (Cx/Co) and Q, 
which has long been a primary driver for RF MEMS research, 
stands to not only cut VHF low noise oscillator power con-
sumption to sub-µW levels, but now creates opportunities to 
apply MEMS resonator technology to the highly profitable 
and lucrative RF filter market for smartphones, where gaps 
of 10nm with higher bias voltage should allow the 6% Cx/Co’s 
at GHz frequencies needed for such filters, cf. Table 2. 
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Fig. 9: 10µTorr-vacuum-measured (a) resonance frequency and (b) 
electromechanical coupling (Cx/Co) for a 13.2nm-gap WG disk de-
termined using series fs and parallel fp resonance frequencies, both 
plotted against bias voltage VP. 

 
Fig. 10: Two-tone nonlinearity measurement of the 13.2nm-gap WG 
disk and plot of IIP3 versus tone offset from the center frequency. 
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