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ABSTRACT

A micromechanical CC-beam resonant switch, a.k.a.
resoswitch, based on a 0.35-um 2-poly-4-metal (2P4M)
CMOS-MEMS process platform has been demonstrated. In
particular, a 2.1-MHz resoswitch that employs (a) the
mode-shape derived displacement difference along its CC-
beam structure and (b) generic V14 layers available in the
CMOS process to achieve displacement gain and metal
tungsten-to-tungsten contact yields an average power gain
of 23.46 dB when embedded in a simple switched-mode
amplifier. Differing from previously reported resoswitches
([1]-[4]), this work demonstrates for the first time
resoswitches developed on a standard CMOS process
followed by a maskless release step identical to that in [5].
The widely available, low-cost CMOS processes would
help expedite the development of resoswitches, which
present as enabling components towards zero quiescent
power mechanical receivers [2] [3].

INTRODUCTION

The recent advances in resoswitches, including AIN
folded cantilevers [1], Al displacement amplifying slotted-
disk [2], and comb-driven electroplated Au resoswitch for
LF receivers [3], all of which have been demonstrated
consuming zero quiescent power, have stimulated great
interest in employing these devices in sensor RF modules
to replace the transistor-based receiver front-ends for
extended battery life. Of course, many efforts have also
been made to reduce the standby power of transistor-based
receivers using innovative architectures and circuit
techniques [6] [7]. Nevertheless, it is fundamentally
inevitable to operate the front-end transistors with a finite
standby current. By utilizing the zero-quiescent power
resoswitch, it could become possible to drastically reduce
the standby power consumption of the RF module, which,
in fact, the most critical portion among the entire sensor
components in determining the sensor battery life.

These successfully demonstrated resoswitches of [1]-
[4] are all based on low-temperature CMOS-compatible
fabrication processes that allow monolithically integration
with baseband circuits. However, the processes carried out
in the university cleanroom environment involve
complicated steps or special tweaks [4] that posts a barrier
for wider recognition as it would require numerous
evolution cycles, that is, lots of money, towards mass
production.

On the other hand, standard CMOS processes have
been proven as fabrication platforms for vibrating MEMS
devices [5][8][9]. In contrast to university cleanroom
processes, foundry based CMOS-MEMS process platforms
share most of the advantages of mature CMOS
technology—Ilow cost, fast prototyping, and a high degree
of fidelity on process variation and device performance.

This work exploits a standard CMOS derived process
flow used in [5] for manufacturing MEMS resonators to
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Fig. 1: Schematic of a CMOS-MEMS CC-beam reS(;switch,
along with the operation scheme.

achieve a metal CC-beam resoswitch for zero quiescent
power receiver applications. In particular, the resoswitch
deploys the location-dependent displacement along the
beam to realize displacement gain—the output has a large
displacement magnitude than the input—needed for
preventing the input electrodes from impacting, which
would otherwise corrupt the driving signal and even cause
electrical shorting failure as the dc bias voltage is being
applied on the input electrodes. In addition, the fabrication
process results extruded VIA layers that form hard
refractory metal W contact, which is preferred for
enhanced resistance to heat and microwelding [10]. Under
a dc bias of 67 V and a driving voltage of 2.09 Vanp, the
CC-beam resoswitch reaches the switching threshold and
yields an average power gain of 23.46 dB at 2.1 MHz when
embedded in a simple switched-mode amplifier.

DEVICE STRUCTURE AND OPERATION

Fig. 1 plots the schematic of the CC-beam resoswitch.
To operate, the input electrodes are biased with a dc bias
Vp and an ac control/driving signal v; via a bias-T circuit,
and a supply voltage Vpp is applied on the beam structure.
This set-up generates a modulated electrostatic force at the
frequency of the driving signal v, When the driving
frequency matches the resonance frequency of the CC-
beam, the CC-beam starts to vibrate transversely—in this
case, laterally along the y-axis of Fig. 1. The mechanical
resonance frequency takes the form

E, Wy
from = 1.0279 /ﬁ?z (1)

Y piA;
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where E;, I;, p; and A; are the Young’s modulus, second

where

Y E;l;
Bepp =75, and pesy =
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Fig. 2: Schematic of a resoswitch that shows the electrode
coordinates and the input and output displacements.
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Fig. 3. Displacement gain and normalized output
displacement as a function of the coordinate of the inner
edge of the input electrode (normalized to the beam length).

moment of area, density, and cross-section area of each
structural material. Given that the structural layers include
the CMOS layers of METALI through METAL3, the
effective Young’s modulus E.; and pey of the structural
composite equal 170.3 GPa and 4632 kg/m?, respectively.

While the edges of the V14 layers are drawn to be flush
with the METAL layers, the oxide opening is actually
overetched, resulting in the VIA layers wider than the
drawing and therefore extruded W along the structure
sidewall. This virtually non-ideal overetching effects a
preferred hard refractory metal W-to-W contact that has
been discovered exhibiting better resistance to
microwelding and wear compared to soft metal, e.g., Al
[10].

Displacement Gain vs. Displacement Magnitude

As discussed in [2] and [4], resoswitch devices require
displacement amplification to prevent input impacting.
Here, the CC-beam resoswitch achieves displacement gain
by directly deriving the transverse vibration mode shape.
As shown in Fig. 2, via retrieving the input electrodes from
the center of the beam, one can achieve an effective
displacement gain defined as the displacement magnitude
at the center of the beam versus the maximum displacement
along the input electrodes. Assuming the two input
electrodes are symmetrical to the center of the beam, the
coordinates of the inner edges of the input electrodes (cf:
Fig. 2) determine the displacement gain, taking the form

3

The CC-beam resoswitch achieves displacement gain
at the expense of driving force. The higher the
displacement gain, the smaller the input electrode and
therefore the driving force. Fig. 3 plots the displacement
gain, together with the normalized output displacement
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Fig. 4: SEM of a fabricated CMOS-MEMS CC-beam
resoswitch and a close-up of the output electrode, showing
the metal Al and extruded W layers.

magnitude, to the left and right y-axes, respectively, versus
the normalized coordinate (to the beam length) of the input
electrode inner edge. As discussed, the CC-beam
resoswitch trades the overall displacement magnitude for
the displacement gain. Here, the designed normalized
coordinate x.;»/L,0f 0.31 gives a displacement gain of 1.35.

EXPERIMENTAL RESULTS

The fabrication process follows that in [5]. The release
step of the standard CMOS fabricated chip utilizes a
commercially available Al-compatible HF (Silox Vapox
III, Transene Company, Inc.). Fig. 4 presents the SEM
photos of a released CC-beam resoswitch, including a
zoom-in to the output electrode revealing the structural
layers. Note that the CC-beam structure is composed of
layers from METALI to METAL3 while the electrodes are
through the entire stack from METALI to METAL4. As
shown in Fig. 4, the VIA layers of metal W extrude for
about 100-200 nm along the sidewall.

Frequency Responses

Fig. 5 presents the frequency responses for varying
input driving amplitudes, showing the device responses
from the linear into the nonlinear regions where the
bandwidth widens as the input voltage increases. The
resoswitch exhibits an extracted Q of 762 when operating
in the linear region, i.e., as a regular resonator.

Fig. 6 plots the frequency responses of the resoswitch
when the driving signal reaches the switching threshold,
where the resoswitch performs a channel-selection type
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Fig. 5: Measured frequency responses versus varying
input signal levels.
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Fig. 6. Measured channel-selection-like filter frequency
responses of the resoswitch.

filter response with a sharp roll-off. Note that the device
indeed delivers power gain. The measured passband is less
than 0 dB because the power delivered by the network
analyzer is based upon 50 Q. The actual input impedance
of 1.53 MQ is much higher than 50 Q and therefore, the
actual delivered input power to the device is substantially
lower—by 44.86 dB (i.e., 10log(1.53%x10%/50))—than that
shown on the network analyzer. Thus, the resoswitch-based
filter also functions as a power amplifier with a power gain
around 25 dB in the passband, which matches with that
calculated from the time domain waveforms.

Switching Waveforms

Fig. 7 illustrates the measurement set-up for capturing
the switching waveform, in which the CC-beam resoswitch
is wire bonded to a PCB with an embedded buffer used to
drive the coaxial cable connected to an oscilloscope. The
testing board is placed in a custom-built vacuum chamber
that allows pressure pumped to below 107 Torr with a turbo
pump.

Fig. 8 shows the switching waveform when the
resoswitch input is biased via a bias-T circuit with a dc
voltage of 67 V and an ac signal of 2.085 Vamp. A dc voltage
Vpp of 5V is applied on the CC-beam itself. A discharge
resistor of 470 Q attaches to the resoswitch output.
Integrating the signal over the switching period yields an
average power gain of 23.46 dB.

As shown in Fig. 8, while the input is driven by a
continuous sinusoidal signal, the output switching
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Fig. 7: Schematic of the measurement set-up used to capture
the switching output of a resoswitch-embedded switched-
mode amplifier.
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Fig. 8: Captured switching waveform using the set-up of
Fig. 7, where the switching pulses seem to be gated by a

frequency around 91 kHz caused by the squegging effect.
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Fig. 9: Frequency domain of the switching waveform of Fig.
8, illustrating the fundamental tone at the resonance

frequency of 2.1 MHz and its harmonics mixed with a 93-
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kHz modulation signal.

waveform exhibits amplitude modulated envelopes at a
modulating frequency around 91 kHz. Applying FFT to the
switching data confirms the observation that the frequency
domain of the waveform contains the strong fundamental
tone of the resonance frequency mixed with a signal at a
lower frequency around 93 kHz (cf. Fig. 9). The low-
frequency modulation that yields periodic disappearing
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Fig. 10: Number of switching cycles as a function of
contact resistance back calculated from the switching
waveform of Fig. §.

pulses (very likely) results from the squegging effect
discovered in a previous work of [11]. Further investigation
is required to fully understand the phenomenon, for
example, how the squegging frequency relates to the
contact properties and ways to mitigate the squegging
issue.

Note that the switching waveform of Fig. 8 exhibits
varying pulse magnitudes, indicating that the dynamic
contact resistance is unstable. Fig. 10 plots the number of
cycles versus the back-calculated contact resistance for the
captured switching signal of Fig. 8. The contact resistance
ranges from 126 Q, much smaller than the static W-to-W
contact resistance of ~1 kQ reported in [10], up to 9.3 kQ,
giving an overall average of 1.8 kQ. The reduction of
contact resistance in the resoswitch results from the strong
impulsive contact force generated by impact. Since the
number of switching captured in Fig. 8 is nearly 2000
cycles, the increased contact resistance due to the
degrading interface after 107 cycles shown in [10] is not
observed here. While the fluctuant contact resistance could
cause issues in resoswitch-based AM receivers [12],
resoswitches still could serve well for applications such as
wake-up radio front-ends or FM systems that do not
transmit information upon the signal amplitude.

CONCLUSIONS

A CMOS-MEMS-based CC-beam resoswitch has
been successfully demonstrated that yields an average
power gain of 23.46 dB when embedded in a switched-
mode amplifier, verifying the capability of CMOS-MEMS
process platform used for resoswitch applications. While
this work uses the 0.35-um process as a prototyping
vehicle, the true benefit of the CMOS-MEMS platform can
be revealed when employing more advanced nodes that
allows smaller gap spacing, which in turn would help
reduce the input sensitivity. Additionally, although might
not being an immediate issue for some applications, the
squegging phenomena that induce fluctuation in the output
voltage need to be mitigated for reliable and predictable
resoswitches. Work towards this goal continues.
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