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Abstract

Lack of reliability of radio-frequency microelectromechanical systems (RF MEMS) switches
has inhibited their commercial success. Dielectric stiction/breakdown and mechanical shock
due to high actuation voltage are common impediments in capacitive MEMS switches.

In this work, we report low-actuation voltage RF MEMS switch and its reliability test.
Experimental characterization of fabricated devices demonstrate that proposed MEMS switch
topology needs very low voltage (4.8 V) for actuation. The mechanical resonant frequency, fj,
quality factor, Q, and switching time are measured to be 8.35kHz, 1.2, and 33 microsecond,
respectively. These MEMS switches have high reliability in terms of switching cycles.
Measurements are performed using pulse waveform of magnitude of 6V under hot-switching

condition. Temperature measurement results confirm that the reported switch topology has
good thermal stability. The robustness in terms of the measured pull-in voltage shows a
variation of 0.08V °C~!. Lifetime measurement results after 10 million switching cycles
demonstrate insignificant change in the RF performance without any failure. Experimental
results show that low voltage improves the lifetime. Low insertion loss (less than 0.6 dB) and
improved isolation (above 40 dB) in the frequency range up to 60 GHz have been reported.
Measured RF characteristics in the frequency range from 10 MHz to 60 GHz support that
these MEMS switches are favorable choice for mm-wave 5G applications.

Keywords: pull-in voltage, low loss, MEMS switch, capacitive switch, RE MEMS,

S-parameters

(Some figures may appear in colour only in the online journal)

1. Introduction

Recent developments in mobile and telecommunication sys-
tems have shown that MEMS-based devices are promising
alternatives to become a part of present as well as upcoming
fifth generation (5G) communication systems. It is predicted
that MEMS-based RF switches could play an important role
in 5G mobile communications [1-3]. However, poor reliability
has hindered MEMS switches to meet the commercial standard
[4-8]. Among several failure mechanisms in MEMS switches,
electrical (ESD, dielectric breakdown, etc) and mechanical
(impact force, fatigue, creep, etc) failures are dominant [9—12].
Operational environmental conditions such as temperature,
humidity also affect reliability [9, 13, 14]. However, the effect
of humidity can be mitigated using hermetic sealing.

1361-6439/18/075012+8%$33.00 1

RF MEMS switches have been explored extensively over
the past two decades due to their exceptional RF character-
istics such as low insertion loss, high isolation and almost
zero-power consumption [15, 16]. Despite promising features,
any switch topology might not be able to overcome the afore-
mentioned failure mechanisms. Therefore, we see that there
is a strong need for developing a switch geometry for MEMS
switches that results in high reliability, without compromising
on their electromechanical and RF performance, to ensure
their use in future and present wireless communication sys-
tems as well as successfully meeting the commercial standard.

MEMS switches are realized in two different configurations:
metal-contact and capacitive-shunt type. A capacitive MEMS
switch uses a thin-layer (of almost 100nm) of dielectric. The
dielectric layer avoids the direct contact between the top and

© 2018 IOP Publishing Ltd  Printed in the UK
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Figure 1. Schematics of L-support beams capacitive RF MEMS
switch.

the bottom electrodes of the switch. In addition, the presence
of dielectric layer increases the capacitance ratio and hence
the figure-of-merit (FoM) of MEMS switches. The dielectric
strongly depends on the actuation voltage used to achieve ON
and OFF of the RF signal passing through the transmission
line. The reliability of capacitive MEMS switches in largely
affected by dielectric charging and dielectric breakdown at
high actuation voltage. However, the charge-trapping mech-
anism during charging/discharging process is not yet fully
understood [17]. The erratic behavior of dielectric due to high
actuation voltage is considered to be one of the reasons behind
the failure of capacitive MEMS switches. To avoid the failure
due high actuation voltage and mechanical shock, various
strategies have been reported [18-21]. By reducing actua-
tion voltage, the lifetime expectancy of these switches can be
extended.

This paper is an extension of our previous work [22, 23]. In
this work, we investigate the reliability and report the DC, RF,
lifetime and thermal measurement of capacitive RF MEMS
switches. These MEMS switches are successfully tested in the
frequency range up to 60 GHz with excellent RF features at
low-power (i.e. below 1 mW) under hot switching conditions.
Thermal measurements are performed up to 100 °C.

2. Switch design and fabrication

Figure 1 presents the top and the cross-section view along
with the dimensions of the MEMS switch. The topology of
switch-beam is crucial to enhance the overall performance in
terms electromechanical and RF performance. We considered
the switch topology, as shown in the figure 1, due its salient
features in terms of low-stiffness which results in low pull-in
voltage; low-Q factor which results in reduced settling time
after the release; and reasonable switching time at low-voltage.
The switch topology uses four L-shaped beams attached to
the central part to achieve low pull-in voltage. This topology
results in low-stiffness, k, of 1.34N m~!. Finite element (FE)
simulation results indicate that the proposed topology needs

less than 5V for actuation. In addition, our design with fewer
holes of adequate dimension helps achieve low quality factor,
0O, and improved switching dynamics during pull-in and
release (when the actuation voltage, Vs, is removed and the
switch membrane returns to its un-deformed state) [23].

The switch is implemented in shunt-configuration sus-
pended at a height of 2 ym above a 50 {2 CPW transmission
line. CPW transmission lines are fabricated using 0.5 pm
sputtered gold (Au). A thin layer (150nm) of Si3Nj is used as
dielectric layer underneath the central part of the switch-beam
to avoid the direct contact. The fabricated MEMS switches
are released using CO; critical-point-dyer to avoid stiction
due to surface tension. Pyrex glass is used as a substrate and
four-mask surface-micromachining process is used for fabri-
cation. The fabrication process was developed at the Centre
for Nano Science and Engineering (CeNSE) at Indian Institute
of Science (IISc). Figures 2 and 3 show the process flow and
SEM image of the fabricated MEMS switch. More details on
the design, modeling, and fabrication are discussed in our ear-
lier work [22, 23].

3. Experiments

The fabricated MEMS switches were diced and released using
wet-release process for further characterization. Preliminary
mechanical and electrical measurement reported in this
section were conducted to investigate electrical and RF per-
formance of the fabricated devices. All the measurements
were conducted under standard temperature (25 °C) and
normal pressure (101 kPa) conditions. Experimental results
and details of measurements are presented next.

3.1. DC and mechanical characterization

Figure 4 presents the capacitance versus voltage (C-V) mea-
surement result. DC-sweep method was used to measure
pull-in and pull-up voltages. A Semiconductor Parametric
Analyzer (Agilent 4248) was used. The actuation voltage is
swept from 0 V-to-10 V-to-0V in steps of 100 mV. Measured
pull-in and pull-up voltage voltages were found to be 4.8V
and 2.8V, respectively. The capacitance values in up and
down-states were measured to be 0.08 pF and 0.7 pF.

PolyTech MSA-500 (Micro System Analyzer), Laser
Doppler Vibrometer (LDV) was used for the experimental
evaluation of mechanical properties such as resonant fre-
quency, fy, O-factor, and switching dynamics. An LDV uses
Doppler shift to measure the displacement as well as velocity.
He—Ne laser having wavelength of 633nm and a laser-beam
of spot size of 1 um was used to scan the region of interest of
the device under test (DUT). Figure 5 presents the frequency
response of the MEMS switches measured using a 0.6V AC
superposed with 2V DC signal. The insets in the figures show
the optical micrographs and the LDV-constructed motion
images of the switch.

We used LDV for the estimation of switching and release
times. The dynamic behavior of the switches were monitored
by providing a train of square-pulse voltage along with offset
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Figure 2. Fabrication process flow.
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Figure 3. Scanning electron microscope image of a fabricated

MEMS switch.
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Figure 4. The capacitance versus voltage plot showing the pull-in
characteristic of the switch.
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Figure 5. Mechanical resonant frequency response captured using
LDV.

voltage level. Measurements were performed under normal
atmospheric conditions. A square wave signal of cyclic fre-
quency 1kHz with 50% duty cycle was used for the actuation.
Since, these switches need low-actuation voltage (less than
5V). The amplitude of the square wave was varied from 4.0V
to 5.0V in steps of 200 mV to observe the switching and
release characteristics. The switching dynamics of switches
were studied for three different conditions of the actuation
Voltage ie. (1) Vg < Vpy, (i1) Vs = Vpp, and (iii) Vg > Vpy.
Figure 6 presents the measured switching dynamics for dif-
ferent actuation voltages. We observed that switches show
low-settling (less than 1% of the initial gap, g) after the release
(i.e. when Vg =0 V) and reduced bouncing of the switch
membrane during the contact (see figure 6). These features
can be attributed to the low Q-factor which is 1.24. Release
times were also measured and found to be less than 20 us.
Tables 1 and 2 summarizes the FE simulation and measured
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Figure 6. Switching and release time response under LDV.

Table 1. Comparison between FEM-simulated and measured
results.

Parameters FEM Measured
Vpr (V) 4.5 4.8

Veu (V) 1.5 2.8

Cyp (pF) 0.01 0.08

Can (pF) 1.1 0.69

fo (kHz) 8.29 8.35

0 — 1.24

Table 2. Switching and release times at different actuation voltage.

Actuation vol. (V) Pull-in time (us) Pull-up time (us)

V= Vpy 33 <20
VS =1.2 VPI 31 <20
Vi=1.4Vp 18 <20

results. In table 2, switching and release times are represented
as pull-in and pull-up times, respectively. Since, pull-up or
release, which is completely a mechanical phenomenon i.e.
the switch regains its original/un-deflected shape due to the
stored mechanical energy, the release time measured same for
all the three cases.

3.2. RF characterization

Agilent E8361A Vector Network Analyzer (VNA) and cas-
cade probe station with 200 pm pitch coplanar (GSG) probes
were used to measure S-parameters of the fabricated MEMS
switches. On-wafer measurements were performed using
Short-Open-Load-Thru (SOLT) calibration technique under
normal atmospheric conditions.

Figures 7 and 8 present the measured and simulated
S-parameter results in up- and down-states. Measured inser-
tion loss (in up-state i.e. un-actuated position) is found to be
less than 0.15 dB, 0.4 dB and 0.6 dB at 20 GHz, 40 GHz and
60 GHz, respectively. The measured return loss (up-state) is
better than 12 dB across the frequency range up to 60 GHz. In
the down-state i.e. actuated position, the isolation is measured

O T T T T 0.0
g 02 §
ho) N—
TI)’ ] 0.4 8
8 " -
c T :
= L-06 =
2 A S
¢ " 2
=i —— Simulated 08 =

—— Measured
-60 1 L 1 N 1 N 1 L 1 =40

10 20 30 40 50 60
Frequency (GHz)

Figure 7. Simulated and measured S-parameters in up-state
position.
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Figure 8. Simulated and measured S-parameters in down-state
position.

better than at 40 dB at 40 GHz as shown in figure 8. Measured
RF characteristics of these MEMS switches, in the frequency
range of above 20 GHz, suggests that these switches can
readily be used in mm-wave 5G applications.

3.8. Thermal measurement

Thermal stability is another criterion which defines the reli-
ability of MEMS switches. The purpose of this experiment
was to evaluate the thermal stability of the fabricated MEMS
switches. The robustness of fabricated MEMS switches was
tested at elevated temperature in the range of 25 °C to 100 °C.
We conducted thermal analysis using DC-sweep method
using Parametric Analyzer to study the effect of temperature
on the pull-in voltage. A temperature controller is attached to
the chuck of the probe station and varied the temperature from
25 °C to 100 °C and corresponding capacitance-voltage (C-V)
characteristics were measured.

Figure 9 presents the measured capacitance versus voltage
(C-V) plot showing the shift in pull-in voltage with temper-
ature. Measured pull-in voltages at 25 °C and 100 °C show
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Figure 9. Measured C-V plot showing shift in pull-in voltage over
temperature.

a shift of almost 6V with a nominal variation of 0.08V °C~!
over the temperature up to 100 °C. The change in up-state
capacitance, C,p,, was found to be insignificant (less than 1%).
However, a slight variation in the down-state capacitance, Cyj,,
was apparent. The measurement results show a positive shift
in the pull-in voltage with rise in the operational temperature.
Such effect, in case of fixed-fixed geometry based RF MEMS
switches, is previously reported [24, 25]. The biaxial stress
is induced post fabrication in the switch beam depends on
the operational temperature. Therefore, the observed shift in
the pull-in voltage can be attribute to the thermally tensile-
stress induced in the thin-film at high temperature as shown
in figure 9.

Furthermore, we performed similar measurement on on
various devices to see the study the effect of temperature.
Measured results of a set of five devices on the same wafer are
shown in figure 10. Between two consecutive measurements
(at different temperatures) overnight recovery time was given.
Tests were performed on multiple devices at various locations
on a 4 inch wafer. Measured results showed a similar trend.
We did not perform negative thermal measurement as these
were un-packaged devices.

4. Reliability measurements

The reliability of a MEMS switch is defined in terms of the
number of switching cycles it performs without failure under
various testing conditions. For a capacitive RF MEMS switch,
it should be close to or above 1 billion cycles. Though, reli-
ability of MEMS switches is still an open issue, one of the
potential failure mechanisms is the dielectric charging due
to high actuation voltage. Therefore, reduce the actuation
voltage and hence increase the longevity of capacitive MEMS
switches, we design the switch that needs very low voltage for
actuation.

The lifetime measurements on fabricated MEMS switches
were performed using in-house developed measurement setup
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Figure 10. Measured pull-in voltage as a function of temperature
for five switches.

based on LabView for efficient automated measurement.
The complete measurement setup is shown in figure 11. The
devices were tested under ‘hot switching’ condition. In hot-
switching test, the input RF signal is continuously ‘ON’ along
with the actuation voltage. Because of the instrument’s limita-
tion, these devices were tested below 1 mW in the frequency
range up to 60 GHz.

Agilent E8361A Vector Network Analyzer (VNA) used
to provide RF signal up to 60 GHz and to measure the
S-parameters in the actuated and un-actuated states. Agilent
811501 A Pulse Function Arbitrary Signal Generator was used
to provide unipolar square pulse to actuate the devices under
test. The output of the function generator is a train of square
pulse voltages which is fed to the DC-port of the VNA. These
trains of pulse voltages provide adequate actuation voltage
that actuates the switch (DUT) in order to measure the RF
response in actuated and un-actuated states. The magnitude of
the actuation pulse was kept at 1.1-1.2 Vp; to ensure pull-in
happens within finite time.

Figures 12 and 13 present measured S-parameters in up-
and down-state conditions after 10 million switching cycles
performed on the fabricated devices. The S-parameters were
measured after 10!, 102, 103, 10%, 10°, 10°, and 10’ cycles.
Since, the VNA response time is slower (of the order of few
milliseconds) than the switching response time of MEMS
devices. Therefore, the actuation pulse was kept high for about
1 min in the hold-down position after every specified switching
cycle to extract the measured S-parameters. Measured RF per-
formance even after 10 million cycles were stable without
much variation. All these instruments were connected through
GP-IB cables and controlled using LabView-based program to
measure the S-parameters after a specific number of switching
cycles.

We also performed measurement to observe any significant
change or shift in the pull-in voltage after number of switching
cycles. Figure 14 presents the comparison of measured C-V
response before and after 10 million cycles. Insignificant shift
in the pull-in and pull-out voltage confirms that low actuation
voltage does add much to the dielectric charging as well as
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charge trapping. This results suggest that how the lifetime of a
capacitive MEMS switch can be improved significantly.

5. Results and discussion

DC, RF, thermal, and lifetime characterization are con-
ducted to evaluate the reliability of the fabricated capacitive
RF MEMS switches. We noted that the dielectric charging
effect can be minimized and hence the longevity of capacitive
MEMS switches can be enhanced by ensuring low-actua-
tion voltage. To perform a large number of switching cycles
(>millions), for reliability analysis, the experimentation
takes days to complete. Therefore, to avoid time consuming
measurement, automated measurement setup is required. We
performed the measurement using LabView-based automated
measurement setup shown in figure 11. The frequency sweep
during S-parameters measurement using vector network ana-
lyzer (VNA), it takes 6.4ms to perform one measurement.
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To perform a set of measurements with the cyclic frequency
of 1kHz and 50% duty cycle, it takes about 28 h to complete
10 million switching cycles. The appropriate pulse duration
not only helps in preventing the charge trapping but also pro-
vides adequate time for the oscillation, which occurs after
the release, to damp out before the each transition. Trapped
charges in the dielectric layer can influence the measurement
results by shifting switching and release times between two
consecutive actuation pulses. Furthermore, increase in duty
cycle increases the actuation time which further increases the
charge-accumulation. However, the charge trapping phenom-
enon can be avoided by introducing sufficient delay between
successive measurements. Therefore, during the measure-
ment, we kept the actuation voltage at high and low-level for
equal period of time i.e. for 1 ms. Time-averaging was also
performed to improve the signal-to-noise ratio for the acc-
uracy of the measurement. Measurement results ensure a
delay of 1 ms between the high and the low pulses is sufficient
to avoid charge-trapping.

As per author’s knowledge, the highest switching time
reported so far is 914 billion switch cycles [26]. It took
approximately 18 months to complete the measurement
of aforementioned number of switching cycles. Since, no
major shift and degradation was observed, in the present
work, measurement was discontinued after 3 d due to time
constraint. Repeated measurements up to 10 million cycles
did not lead to any degradation in the RF performance. This
establishes low actuation voltage helps in enhancing the lon-
gevity of capacitive RF MEMS switches. The measurement
results of the reliability test conducted in this work confirm
that with a thin-metal membrane (0.5 pm) and low-voltage
high-reliability can be realized for MEMS switches. Future
deployments of 5G in 2018 in USA is aiming the frequency
band of 27.5-28.35 GHz and 37-40 GHz; European Union
for 24.25-27.5 GHz, and for commercial deployments from
2020; while China is targeting 24.25-27.5 GHz and 37-43.5
GHz [27]. Measured RF performance, i.e. return loss less than
12 dB; low-insertion of —0.6 dB; and isolation better than 40
dB, in the frequency range from 20-40 GHz, supports that our
MEMS switches are good candidates and can be implemented
in 5G (higher band) applications.

As noted, operational temperature, is another important
factor that decides the reliability of MEMS devices. We
investigated the effect of temperature on fabricated MEMS
switches. The purpose behind conducting variable temperature
measurements was to investigate the thermal sensitivity of
fabricated devices. Measurement results show that our MEMS
switches are not very sensitive to temperature variations. The
variation of 0.08V °C~! over the temperature range of 75 °C
was reported. Slight variation in the pull-in voltage was noted.
The noted variation in the pull-in voltage, as shown in Fig
12, can be attributed to the tensile-stress induced in thin-film
at elevated temperatures. Furthermore, the repeated measure-
ments confirm that with 0.5 pm thick-film of gold with fewer
number of etch holes in the switch membrane helps achieve
thermally stable MEMS switches over a wide range.

6. Conclusions

We presented DC, RF and thermal measurements of capaci-
tive RF MEMS switches along with reliability tests. These
switches require low voltage (less than 5V) for actuation.
Up to 10 million switching cycles do not show any degrada-
tion in the RF performance under hot switching condition.
Furthermore, variation in the pull-in voltage over the range of
up to 100 °C was found to be less than 0.08 V °C~!. The exper-
imental results presented in this work justify that the approach
to achieve low-actuation voltage considering proposed switch
topology helps in enhancing the longevity of capacitive RF
MEMS switches. The switching and release times of the
switch are 33 ps and less than 20 us; quality-factor, Q, of
1.24, which is recommended for RF MEMS switches (Q ~ 1),
and mechanical resonance frequency, fj, is 8.35, respectively.
Furthermore, RF measurement results explain the suitability
of these MEMS switches for mm-wave 5G applications.
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