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ABSTRACT

This paper presents the first ultra-low power,
tully electronic methodology for real-time monitor-
ing of the dynamic behavior of RE MEMS switches.
The measurement is based on a capacitive readout
circuit composed of 67 transistors with a 105 pm
x 103 jum footprint consuming as little as 60 W,
This 13 achieved by accurately sensing the capac-
itance change around the contact region at sam-
pling rates from 10 kHz to 5 MHz. Experimen-
tal and simulation results show that timing of not
only the first contact event but also all subsequent
contact bounces can be accurately measured with
thig technigue without interfering with the switch
performance. This demonstrates the potential of
extending this technique to real-time on-chip dy-
namic monitoring of packaged RE MEMS switches
through their entire lifetimme and after their inte-
gration in the final system.

INTRODUCTION

Failure mechanisms related to the contact be-
havior of ochmic RE MEMS switches is still an ac-
tive research topic. Contact degradation is typ-
ically obsgerved as a change of switch contact re-
gistance versus time that may lead to a perma-
nently clogsed or permanently open state and rep-
resents a critical factor in their long term reliabil-
ity [1]. Although contact resistance degradation
is strongly coupled (among other factors} to con-
tact force and bouncing events, no guantitative re-
lationship exigsts today among them. Quantifying
thig coupling requires simultaneous real-time mon-
itoring of the electrical and mechanical behavior.
Recently Sumali et al. reported an attempt to do
this by measuring a Sandia switch dynamic behayv-
ior through an optical interferometer [2]. While
such optical techniques can provide very accurate
real-time height and velocity information, they are
inherently limited to unpackaged devices.

This paper presents, for the first time, a fully
electronic methodology that enables the real-time
monitoring of the dynamic behavior of packaged
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RE MEMS switches.
on a capacitive readout interface circuit composed
only of 67 transistors with a 103 jan x 105 jan
footprint that consumes as little as 60 W [3].
This is achieved by accurately sensing the capac-

The measurement is basged

itance change around the contact region at over
sampling rates ranging from 10 kHz to 5 MHz or
more. Sensing capacitance change, rather than ab-
golute capacitance eliminates the adverse effects
of parasitic capacitances and environmental fac-
torg. Timing and duration of all contact events can
be accurately measured with this technique with-
out interfering with the switch performance. Such
electronic monitoring in real-timne can provide im-
portant information on the contact force, adhesion
force, and tip velocity that are critical for the un-
derstanding of the long-term failure mechanisms of
packaged MEMS switches. The proposed method
will eventually enable the integration of a small
ultra-low power electronic circuit with the MEMS
device which can monitor its performance even af-
ter the device is packaged and integrated into its
final system.

RF MEMS SWITCH

A modified version of a previously reported
[4] single-crystal-silicon (SCS} cantilever MEMS
gwitch with gold-to-gold contacts is employed as
a vehicle to demonstrate the methodology. SCS
offers an ideal mechanical material for MEMS de-
vices ag it is nearly free of material defects and
regidual stress that may negatively affect the relia-
bility and yield of typical MEMS switches based on
thin-filin metals. The critical modification here ig
the addition of a second sacrificial layer to the area
of the bias structure in order to raige it higher than
the contacts. This change carries several henefits.
Chief among these, it increases the linear range of
of wotion such that the device is nearly in contact
before the pull-in instability occurs. As a result,
the heam i more capable to directly follow the in-
put voltage waveform. Tt also increases the voltage
overhead of the device before its silicon beam col-
lapses so that the contact force can be increased



substamtially. A represemtative switch is shown in
Figure 1. For scale. Figure 2 shows an image of
the capacitive senging circuit in appropriate rela-
tive gize to the MEMS switch.

50 um

Figure 1: SEM image of representative single crys-
tal silicon MEMS switch.

Capacitive Sensing Circuit

Figure 2: Tmage of the capacitive sensing circuit
scaled to match the switch scale overlayed on an
SEM of a representative switch.

CAPACITIVE READOUT CIRCUIT

The semi-digital readout circuit acts as capac-
itance to pulse-width-modulated gignal (PWM)
block [3]. The pulse width varies as a function
of the RC time constant. The registance is a fixed
and known value, and the capacitance increases ag
the switch closes. As a result. the circuit is in-
herently linear. Due to the digital nature of the
circuit, the output can be directly connected to a
microprocessor to collect data in real-time.
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Low power self-tuning comparators are used to
compare the input voltage with the supply voltage,
/2. As long as the voltage across the capac-
tance ig less than this value, the output of the
sensor interface circuit is high. The voltage across
the capacitor (V) can be determined as shown in
Equation 1 [3].

V. = Vppe HH4C (1)
The time T required for ¥ to reach Vi /2, [3]
can be found from Equation 2 [3].
‘bo I
Vo= —=Vppe 2
c 5 DD (2)
From Equation 2, 7" can be readily solved and is
shown in Equation 3 [3].

T = RCIn(2) (3)

It can e seen that timing differences ag meagsured
by the circuit are linearly dependent on the mea-
suredl capacitance changes. As such, the circuit’s
readout is independent of parasitic or reference ca-
pacitances. In order to eliminate any DC offset due
to charge buildup over time, the transistor con-
nected in parallel with the sensed capacitance is
used to reset the voltage across the capacitor [3].

The maximum capacitance that can be read ig
litnited by the clock high time (Ty oy ) and clock
low time (Tiow ) [3]. Mathematically, this is rep-
reserted in Equations 4 and 5 [3].

Thicu
Y = 4
Charax Rin(2) v
Trow 3
Crax = === |
MAX T Slron | 1) ”

Where ron s the transistor’s on resistance. The
factor 3 in Equation 5 is a result of requiring 3
time constants for the capacitor to be assumed to
be completely discharged. The minimum of thege
two factors set the bottleneck for the maximum
capacitance that can be measured. The minimum
detectable capacitance ig determined primarily by
the jitter at the output [3]. The measured capac-
itances in thig experiment are mwuch greater than
the circuit’s threshold for minimum detectable ca-
pacitance.

Power consumption in the circuit was measured
to be 60 W with a reference resistance of 2.7 MQ
and a reference capacitance of 1 pF at an operating
frequency of 32.768 kHz [3]. Power consumption
wag simulated in SPICE as shown in Figure 3 with
a reference resistor of 100 kQ to match the value
used in the measurement of the MEMS bouncing.
The operating frequency is determined by a clock
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Figure 3: Cadence simulation of power consump-
tion of the sensing circuit vs. frequency.

mput. A crystal oscillator is commonly used to
reduce jitter, though for experimental purposes a
function generator was used in this work. While
the power consumption of the clock source is non-
negligible, in a system implementation it is often
amortized across the entire systemn.

MODELING

To determine the post release dimensions needed
for accurate modeling, a LEXT OLS-3100 confocal
microscope [6] wag used. The motion of the switch
was modeled using Equation 6 [7]

2., .

m(:;T; + b((]]—; + ke =F.+ F, (6)
where 1 is the mass of the beam. b is the gas damp-
ing coefficient, and k is the spring constant of the
heam, and F, and F. are the electrostatic force
and contact forces respectively. The damping coef-
ficient was estimated by using a mechanical quality
factor of 18, The electrostatic force (F.} is given
by Equation 7 [7]

€n 1‘7(15)2

1
Fo=- 0t
I

(7)
where e is the free space permittivity, V (¢} is the
applied voltage wavelorm, gq is the gap between
the beam and the biasing bridge and x ig the dis-
tance travelled by the tip of the beam. The contact
force (F.) is given by Equation 8 [7].
A oA
Fo= : 5 : 10 (¥)
e —w)® (ge — )
Here go is the gap between the beam tip and the
contact pad. 1 and ) are constants dependent
on the adhesgion and repulgive forces at the coutact
regpectively and are chosen for simmulation conver-
gence [7].
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EXPERIMENTS AND RESULTS

To obtain the electronic measurements, the de-
vice i connected to the circuit as shown in Fig-
ure 4. Figure 5 shows the raw output of the cir-
cuit and a biaging waveform synchronized in time.
While the bias is at zero potential, the gap is at its
maximmum value and thus the capacitance at the
contact in the off state is at ity minimum value
of approximately 1 fF'. The resulting output pulse
width is approximately 50% duty cycle. Upon ac-
tuation, as the bheam moves toward the contact and
the capacitance increages, resulting in an increase
in the duty cycle until contact. This transgition be-
tween low and high duty cyeles occurs several times
during a switching event as the beam bounces up
repeatedly. When the bheam settles in the closed
gtate and remainsg in contact the duty cycle is con-
stant at 80%. This value is a product of the crystal
oscillator ag the output duty cyele cannot exceed
the clock duty cycle. The approximately 0% min-
imum duty cycle is due to the reading of parasitics
of the circuit and setup.

MEMS
Switch
Capacitive PW Scope
Sensor Interface Qutput LH?
T ~

Sensed 7]
Capacditance ACSE

Figure 4: Experimental setup for measuring capac-
itance change of device in motion.
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Figure 5: Oscilloscope capture of raw pulse-width
modulated data and biasing for switch bouncing
event with a gynchronized time scale.

The switch landings predicted by the previously
described simple 1-D model are overlayed with the
measured contacts from the experiment in Figure
6. The bars represent the periods during which
contact i3 made at the tip of the beam. Tt is worth
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Figure 6: Simulated and measured switch bouncing
at {a} 150 V and (b} 160 V biasing.

noting that even though the 1-D model emploved
accounts for an infinitesimally short contact du-
ration, the measurement shows landings of finite
duration in the ps range. All landings, however,
correspond well with those predicted by the model
even as the hias voltage is varied. This indicates
that despite its limitations, the model is physically
meaningful.

DISCUSSION AND CONCLUSION

There are certainly some weaknesses of the 1-D
contact model used here. Foremost 13 the disagree-
ment between the measured and simulated dura-
tion of contact events. The understanding of con-
tact physics during dynamic events such as those
examined here 1 an open question in literature and
not fully captured in the model used. Additionally,
employing optical techniques and refinement of this
meagurement technique to obtain height informa-
tion will result in a greater ingight into the dynamic
behavior of this device and MEMS devices in gen-
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eral. Purthermore, the gas dynamics here are more
complicated than can readily be employed in AN-
SYS by expecting constant and uniform damping
during the duration of the event. Refinement of
this technigue to obtain dynamic height informa-
tion, resistive information about the contact dur-
ing these events, and refinement of the modeling
techniques are areas of ongoing investigation.

This technicue offers exciting possibilities for the
real-time characterization of failure mechanisms of
MEMS devices. Such a method could be used to
develop an integrated failure prediction system and
an adaptive cloged-loop soft landing waveform for
packaged MEMS switches. The sive and power
consumption of the circuit as well ag its simple
output makes it an ideal candidate for integration
with packaged MEMS devices for in situ health
monitoring,.
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