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Surface-Micromachined Capacitive RF Switches
With Low Actuation Voltage and Steady Contact

Sudhanshu Shekhar, K. J. Vinoy, Member, IEEE, and G. K. Ananthasuresh

Abstract— In this paper, we report fabrication and dynamic
characterization of low-actuation-voltage capacitive radio
frequency microelectromechanical systems (RF MEMS) switches
with improved electromechanical performance. Electromechani-
cal and electromagnetic modeling is used to modify the previously
known geometries of switches and the number and size of holes
in them to improve their overall dynamic characteristics. The
switches are fabricated on a Pyrex glass substrate using a low-
complexity four-mask surface micromachining process. These
designs of MEMS switches require only 4.8–6.2 V as pull-in
voltage. The dynamic behavior of these MEMS switches is inves-
tigated experimentally. Measured mechanical resonant frequency
and quality factor are found to be in the range of 7.56–10.7 kHz
and 1.1 to 1.2, respectively. Measured switching times for all the
designs are 33–37 µs at their respective pull-in voltages. These
switches show bounce-free switching during contact and fast
settling after release. Two of the switch designs have insertion loss
of less than 0.25 and 0.7 dB at 20 and 40 GHz, and isolation better
than 30 dB. Close agreement between experimentally measured
and simulation results demonstrates successful realization of fast-
switching capacitive RF MEMS switches at low voltage.
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Index Terms— Capacitive switch, microelectromechanical
systems (MEMS) switch, radio frequency MEMS (RF MEMS),
release time, switching time, switching dynamics.

I. INTRODUCTION

ADVANCES in microfabrication processes along with
the design and modeling in the past three decades

have shown that radio frequency microelectromechanical sys-
tems (RF MEMS) switches emerge as an attractive alternative
for the existing semiconductor switches. RF MEMS switches
are promising basic building blocks of the present and future
communication systems including mobile phones, satellite
communications, and defense as well as in high-end appli-
cations such as automated measurement and test equipment.
RF MEMS switches can be metal-to-metal contact or capac-
itive in series or shunt configurations. Capacitive MEMS
switches are preferred over the DC-contact switches as these
provide very low insertion loss and high isolation at very high
frequencies exceeding 10 GHz [1].
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Despite their promising features, RF MEMS switches are
yet to compete in the market due to their poor reliability.
High actuation voltage generates high electric field between
the switch electrodes that results in tunneling of charges
into the dielectric causing stiction. The erratic behavior of
dielectric due to high actuation voltage limits the lifetime and
hence the reliability of MEMS switches [2]–[7]. In addition,
high actuation voltage imparts large kinetic energy to the
movable beam leading to the mechanical failure due to high
impact force during the contact. Another drawback of high
actuation-voltage is seen in the form of rebounds that happen
due to high impact during the contact with the actuation
electrode. Efforts have been made in the past to realize soft-
landing, i.e., to reduce the impact force during the contact
using tailored actuation pulse to achieve high reliability for
MEMS switches [8]–[16]. Therefore, reduced bouncing during
switching and fast settling upon release are other aspects
of designing RF MEMS switches. Several applications (e.g.,
phased array antennas, adjustable LTE antennas, grating light
valves (GLVs)) require bounce-free switching and fast-settling
switches at low electrostatic actuation voltage [17]–[19]. Low-
voltage MEMS switches are reported in the past [20]–[24].
However, low actuation voltage results in slow switching speed
necessitating high actuation voltage [25]–[32].

The principal objective of this work is to realize MEMS
switches with low actuation voltage without compromising on
their RF and dynamic performance. In this work, we present
three designs to realize capacitive MEMS switches. These
switches are implemented in shunt configuration. A capacitive
shunt switch results in low insertion loss in up-state (or
un-actuated position) and high isolation in down-state (or
actuated position). The switch topologies considered appear
similar to some of the conventional designs [1]. However, their
geometrical parameters including size and number of holes are
modified to improve the pull-in voltage, switching dynamics,
and RF performance. In the present work, detailed discussion
on the mechanical aspects such as switching time, release time,
smooth landing during the contact, and reduced oscillation
after release are presented. The dynamic behavior along with
RF performance such as insertion loss and isolation of all three
designs are demonstrated experimentally. A comparative result
based on dynamic performance is also highlighted to show that
reported MEMS switches exhibit superior timing performance
at low voltage as compared to MEMS switches reported in
the past.

The organization of the paper is as follows: Section II
presents design strategy and finite element analysis (FEA) of
three switch topologies. In Section III, surface micromachining
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Fig. 1. Schematics of three designs of capacitive RF MEMS switches. (a) Design 1: T-support, (b) Design 2: parallel-support, and (c) Design 3: L-support
beams.

approach used for the fabrication is described. In order to
quantify the RF performance of fabricated MEMS switches,
RF measurements are noted in Section IV. Mechanical char-
acterization is performed to investigate the dynamic perfor-
mance. The dynamic measurement results of the fabricated
devices are discussed in Section V. Finally, in Section VI,
discussion and conclusions drawn from the present work are
included.

II. DESIGN AND ELECTROMECHANICAL

MODELING OF SWITCHES

The switching action in a capacitive shunt RF MEMS
switch is achieved by altering the capacitance between the
switch beam and the signal line. The required electric potential
needed for actuation is applied between the movable part and
the signal line to vary the capacitance. A dielectric layer is
included above the bottom electrode to avoid short circuit.

The geometry of the switch beam is pivotal to improve
electromechanical performance in terms of its switching
dynamics and RF performance. In order to realize an RF
MEMS switch with low actuation voltage, the movable beam
should have low spring constant, k, and the air-gap between
the beam and the signal beneath it should be small. Low
spring constant requires the switch beam to be thin. However,
it should be thick as well as stiff enough to generate adequate
restoring force in order to retain its original (un-deflected state)
position once the external electrostatic force is removed. Vari-
ous combinations of support-beams are attached to the central
part of the switch membrane to investigate their mechanical
flexibility.

A. Design

The three simple geometrical configurations considered in
this work are shown in Fig. 1. The analytical expressions for
the spring constants, k, for switch geometries described above
are given by [1]:

For design 1:

keff = 2Ew

(
t

Lb

)3

(1)

For design 2:

keff = 4Ew

(
t

Lb

)3

(2)

For design 3:

keff = 4Ew(t/Lb)
3

1 + (Lb/Lc)[(Lb/Lc)2 + 12 (1+υ)
(1+(w/t)2)

] (3)

where E is the Young’s modulus, υ the Poisson’s ratio, w the
beam width, t the beam thickness, and Lb and Lc are lengths
of beam segments. To investigate electromechanical properties
such as stiffness, pull-in voltages, and RF characteristics, FEM
simulations on these proposed switch designs are performed.
Simulation results are presented in Section II D.

B. Effect of Beam Thickness on Switch Dynamics

One dimensional (1-D) model, although not very accurate,
can be used for understanding the dynamic behavior of MEMS
switches. A 1-D model treats the MEMS switch as a lumped
mass and spring system [33]. The switching and the release
times can be obtained from the dynamic equation of motion
with and without actuation:

m
d2x

dt2 + b
dx

dt
+ kx = Fe = 1

2

ε0 AVs
2

(g0 − x)2 (4)

m
d2x

dt2 + b
dx

dt
+ kx = 0 (5)

where Fe is the electrostatic force, m is the effective-mass,
b is the damping coefficient, k is the stiffness of the beam,
Vs is the actuation voltage, and g0 is the initial gap (when
Vs = 0).

The switching time or pull-in time is defined as the time
taken by the movable beam to reach the dielectric layer
whereas the time required by the beam to traverse within
10% of the original gap, g0, after the removal of actuation
voltage, is defined as the release time (or pull-up time). After
modifying Eq. 4 for the case of no-damping (i.e., b = 0),
with initial conditions i.e., x = 0 and dx

dt = 0 at t = 0,
the analytical expressions for switching and release times
are derived. It may be noted that the dynamic equation of
motion (Eq. 4) is a nonlinear second-order differential equation
and the closed-form solutions for switching and release times
are difficult without assuming zero damping. This simplified
analysis without damping, though not very accurate, helps in
understanding the dynamic behavior theoretically. The derived
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Fig. 2. Release time and stiffness as a function of thickness for different
values of beam width, wb.

expressions for switching and release time are given by [34]:

tpi =
∫ g0

0

1√
ε0 AVs

2

m(g0−x) − k
m x2 − ε0 AVs

2

mg0

dx (6)

From the derived closed-form expression of the switching
time, tpi , (Eq. 6), it is evident that the switching time is
inversely proportional to the actuation voltage. Therefore, we
see that the switching time of a MEMS switch can be made
faster by applying actuation voltage, Vs , 1.2 to 1.4 times higher
than the actual VP I . However, release happens entirely due
to its mechanical restoring force when the applied external
electrostatic force, Fe = 0 and the switch retains its un-
deflected position. The release time is expressed as [34]:

tpu = 1

4 f0
= π

2

√
m

k
(7)

where, tpu is defined as the release time or pull-up time when
the actuation voltage is turned off (i.e., when Vs = 0).

The preceding result (Eq. 7) is not surprising because the
electrode moves a quarter of its cyclical motion to reach the
un-deformed state for the first time. Consequently, the switch
response time, upon release, for a flexible structure is more
as compared to stiff structures. Therefore, switch geometry
should pose sufficient restoring force. The stiffness, k, can
be lowered by reducing the switch beam thickness as well as
increasing the beam flexibility using support beams. However,
low-k results in low mechanical restoring force as

Frestoring = k(g0 − g) = kx (8)

where, g0 and g are the heights of the switch beam in un-
deformed and deformed states.

Fig. 2 presents the dynamic response along with parameters
such as stiffness and beam thickness. The release response
time for a 0.3 μm thick switch is found to be almost 60%
more compared to the release response time for a 0.5 μm
thick switch. Fig. 3 shows pull-in voltage and release time as a
function of the beam thickness of different switch topologies.
The optimum thickness (0.5 μm) and the beam width, wb,

Fig. 3. Release time and pull-in voltage as a function of thickness of switch
beams.

Fig. 4. Simulated switching and release time response for different values
of Q-factor at different actuation voltages.

(40 μm for design 1 and 20 μm for designs 2 and 3,
respectively) for the device is decided based on the dynamic
response. The dynamic simulation results ensure that
reasonably fast release (< 20 μs) for a MEMS switch of
thickness 0.5 μm can be achieved at low actuation voltage
(< 6 V). The electromechanical and dynamic behavior
of MEMS switches are studied using FEA-based MEMS
simulator (CoventorWare).

C. Incorporation of Holes in the Switch

To estimate the switching dynamics as mentioned in the
previous section, certain assumptions such as b = 0 are
needed. However, the air damping influences micro-structures
(cantilever, fixed-fixed beams) used to realize MEMS switches.
The switch dynamics can be improved by introducing holes
in the structural layer by reducing the squeeze-film damping.

Fig. 4 illustrates switching and release response times as
a function of damping coefficient, b and the corresponding
Q-factor. We note that for low-damping (i.e., b � 1 × 10−6),
the switch exhibits under-damped oscillation whereas
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without damping (i.e., b = 0), the switch continues
oscillating. The influence of high value of damping coefficient
(i.e., b � 1 × 10−4) on the switching as well as release times
are also investigated. High actuation voltage (Vs > VP I ) is
required in such cases. From the simulated results shown in
Fig. 4, it is evident that the effect of damping is very much
prevalent on the release time as compared to the switching
time [1], [13], [16], [21].

We note that, it takes more than 200 μs for the switch to
settle for Q = 2.0, whereas switch is stabilized within 100 μs
and 50 μs for Q = 1.0 and Q = 0.5, respectively. We note that
low Q results in fast settling due to suppressed oscillation and
slow release time when the actuation voltage, Vs = VP I . As
noted earlier, the oscillations after release i.e., when Vs = 0,
is undesirable in many applications as these oscillations can
modulate the RF signal flowing through the transmission line.
To eliminate bouncing during contact and the oscillations after
release, strategies such as command wave shaping techniques
have been proposed [10], [35]–[37].

Furthermore, the influence of squeeze-film damping on the
switching time cannot be neglected. However, the effect can be
mitigated by applying voltage higher than the pull-in voltage
(Vs > VP I ). Therefore, the dynamic response of MEMS
switches are studied under two different conditions: (i) Vs =
VP I and (ii) Vs = 1.4 VP I . We note that the effect of high
actuation voltage, Vs , on the release response is insignificant as
compared to the switching time (see Fig. 4). Release response
for Vs = VP I and Vs = 1.4 VP I overlap except for the case
when b = 0, while switching time reduces to almost half
when the actuation voltage, Vs = 1.4 VP I . From the results
presented in Fig. 4, we conclude that the switching dynamics
is governed by the quality factor, Q, which is further related to
the air damping. A high quality factor indicates low loss due
to damping. It is generally understood that a MEMS switch
with Q < 1.0 results in low switching time while Q > 2.0
results in long settling time [21], where the settling time is
defined as the time taken by the switch to settle within 5% of
original gap. The results presented in Fig. 4, also confirms that
low-Q switches have suppressed oscillation after the release.

Therefore, the design strategy followed in our work is to
introduce holes in the switch membrane. The presence of holes
reduces the squeeze-film damping and also helps in achieving
the required Q for suppressed oscillation after the release. The
quality factor, Q, is estimated using Q = k/(ω0b), where b is
the damping coefficient given by [1]:

b = 12

Nπ

μA2

g3
0

(
p

2
− p2

8
− 1n(p)

4
− 3

8

)
(9)

where N is the number of holes, μ is the coefficient of
viscosity, and p is the total area covered by the holes. These
holes reduce squeeze-film damping by allowing the underneath
air to escape and thus improve the switching dynamics. It also
helps in facilitating under etching of the sacrificial layer
underneath. Therefore, we see that the number and size of
holes in the switch beam is crucial. Table I summarizes
the change in Q value for different number of holes in the
structural layer. The numbers in bold letters correspond to
the number of holes used in the switch topologies considered

TABLE I

EFFECT OF HOLES ON QUALITY FACTOR

Fig. 5. Simulated pull-in voltage of various switch geometries.

in the present work. The other aspect of holes in switch
membrane can be seen on the RF performance. The reduction
in the number of holes ensures a large effective capacitive
area that improves the isolation of capacitive MEMS switches
in the down-state or actuated position. However, the effect of
holes is insignificant on the up-state capacitance [1]. There-
fore, considering aforementioned facts, all the switch topolo-
gies are incorporated with fewer holes with adequate size
(10 × 10 μm2) that covers less than 10% of the actuation
electrode area, A. This approach also helps in achieving low
Q (∼ 1) for all the switch topologies.

D. FEA Modeling

The FEA-based electromechanical simulation results are
shown in Fig. 5. The simulated pull-in voltages for these
designs are 5.5 V (design 1), 6.3 V (design 2), and 4.5 V
(design 3), respectively. These switch designs result in k =
1.56 N/m for design 1 and 2, and k = 1.34 N/m for design 3.
The FEA analysis results show contact force of > 50 μN and
> 100 μN at VP I and 1.5 VP I respectively for all the designs
whereas restoring forces of 34.1 μN, 37.3 μN, and 27.4 μN,
is estimated for design 1, 2 and 3, respectively.

To quantify the effect of geometrical parameters, dielectric
material and its thickness on the RF performance, all the
proposed switch topologies were modeled using Ansoft HFSS
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Fig. 6. Simulated S-parameters of various switch topologies in up-state
(insertion loss) and down-state (isolation) positions.

(High Frequency Structure Simulator) which is a FEA-based
full-wave electromagnetic software. The switch is suspended
over a 80 μm/120 μm/80 μm coplanar wave guide (CPW)
transmission line. A 50 � transmission line, for a physical
length and thickness of 800 μm and 0.5 μm, is realized using
the slot-width and the signal-width of 80 μm and 120 μm,
respectively. The simulation results show the characteristic
impedance, Z0, of the CPW transmission line from 50.4 �
to 51.2 � in the frequency range up to 60 GHz.

The support-beam width, wb, is varied from 20 μm to
40 μm to estimate the loss. We note that the insertion loss is
least affected due to the beam-width variation. However, drop
in isolation as well as slight shift in the electrical resonance
frequency is noticeable.

There is trade-off between the gap of the switch and the
RF performance: small gap between the switch membrane and
the fixed bottom electrode deteriorates the isolation character-
istics. The optimized switch topologies for a gap of 2 μm
exhibit good RF performance in terms of return loss, insertion
loss, and the isolation as shown in Fig. 6. Extensive FEA
simulations are performed on these designs before fabrication.
Proposed switch topologies result in improved electromechan-
ical and RF performances. More details on the dynamic
behavior and RF performance along with experimental results
are discussed in Section IV and V.

III. FABRICATION

The MEMS switches presented in this paper are fabricated
on a 4′′ Pyrex glass substrate using surface micromachin-
ing [38]. A 500 μm thick Pyrex glass is used as a substrate
because of its excellent electrical and RF response at high
frequencies. The CPW transmission lines are fabricated by
sputtering a thin layer of Cr/Au/Cr (10 nm/100 nm/10 nm).
A 1500 Å thick silicon nitride (Si3 N4) is used as the dielectric
material. Later, the deposited Si3 N4 is pattered to act as a pas-
sivization layer between the switch membrane and the signal
line. The measured step height of the deposited dielectric is
found to be in the range of 1520-1550 Å, which is close to the
target value of 1500 Å. The surface roughness is also measured

Fig. 7. Surface profilometer measured step height (thickness) of the
photo-resist.

Fig. 8. Optical interferometer results showing switch profile and flatness.

using an Atomic Force Microscope (AFM - Bruker Dimension
Icon) and found to be < 5 nm.

A positive photoresist (PPR) Shipley 1813 is used as
the sacrificial layer. Sacrificial layer’s thickness provides the
required air-gap between the movable and fixed signal line
of the switch. The target gap height is 2 μm. To achieve the
required thickness; PR is spin coated at the speed of 2000
rpm for 30s followed by soft baking at 90◦C for 60s. The
sacrificial layer is then patterned and hard baked at 120◦C.
Pre-bake and post-bake of sacrificial is optimized to get a
planar surface and rounded edge profile. To ensure the height
of the sacrificial layer, after the hard bake, Dektak surface
profilometer is used. The PR step height (thickness) is shown
in Fig. 7. The measurement results show the step height of
the sacrificial layer as 1.97 - 1.98 μm with surface roughness
of 10 nm. We also note that a round edge profile is achieved
with the aforementioned spin speed and post-bake process.
They are highlighted by dotted ovals in the inset picture in
Fig. 7. This rounded edge profile helped us to eliminate the
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Fig. 9. SEM images of fabricated RF MEMS switches.

extra photolithography step of creating metal post as an anchor.
Thus the whole fabrication process is restricted to four-masks
only.

A 0.5 μm thick fil of Au is then sputtered and patterned
as a structural layer. Holes of 10 × 10 μm2 are formed in the
central part of the switch to facilitate under etching during
the sacrificial release. As discussed in Section II, this design
for holes is used to ensure the required dynamic response
for the switch. Dry release using reactive ion etching (RIE)
is an alternate of sacrificial layer removal where O2
plasma is used to ash-out the PR. However, thin-metal film
cannot handle very high RF-power as the RIE done at high
RF-power develops residual stress in the thin-metal membrane.
Therefore, C O2 critical point dryer (CPD) is used to realize
stiction-free microstructures.

The released height of the switch is measured using an
optical interferometer (Taylor Hobson PRECISION with
Talysurf CCI). The gap height is measured to be 2.10 μm
and flatness measurement results show the deflection in the
range of 100 nm (Fig. 8). The final realized thickness of the
conductors is 0.6 μm. Based on the measured results, the
overall process tolerance is estimated to be within ± 0.3 μm.
All the proposed switch designs are fabricated on the same
wafer. Fig. 9 presents the scanning electron microscope (SEM)
images of released RF MEMS switches.

IV. RF CHARACTERIZATION

Agilent E8361A Vector Network Analyzer (VNA) with
200 μm pitch coplanar probes is used to measure S-parameters
to quantify the performance of the fabricated RF MEMS
switches. All the on-wafer measurements were performed
using Short-Open-Load-Thru (SOLT) calibration technique in
the frequency range up to 50 GHz under normal atmospheric
conditions. The insertion loss in up-state is found to be less

than 0.25 dB and 0.7 dB at 20 GHz and 40 GHz, respectively
for designs 2 and 3, whereas for design 1 it is measured to
be 1 dB at 20 GHz. The measured isolation in the down-state
position is found to be better than 30 dB for design 1 (at
17 GHz) and better than 40 dB for design 2 (at 30 GHz) and
3 (at 40 GHz), respectively. The up- and down-state positions
have been defined as un-actuated (when Vs = 0) and actuated
(Vs = VP I ) conditions of the MEMS switch.

Fig. 10 presents measured and simulated S-parameters in up
and down-state positions of one of the switch designs proposed
in this work (design 2). Measurement results of rest of the
designs also compared with the simulation results and a close
agreement is reported. These RF MEMS switches are tested
for input RF power of 1 μW to a maximum of 1 mW (in the
frequency range up to 40 GHz). Measured RF response was
found to be in good agreement with the simulated results as
evident from the comparison results.

V. DYNAMIC CHARACTERIZATIONS

A. Resonant Frequency and Q-factor Measurements

Mechanically movable micro-structures are the crucial parts
of RF MEMS switches. These micro-structures are found to
have different effects on the switching dynamic in terms of
switching and release time response. The two main factors that
affect switching dynamics are the stiffness, k, and the quality
factor, Q. A Laser Doppler Vibrometer (LDV), PolyTech
MSA-500, was used for the extraction of mechanical resonant
frequency, f0, and the quality factor, Q, of fabricated MEMS
switches. The mechanical resonance frequency, f0, associated
with the mass, m, and the stiffness, k, of the beam is given
by Eq. 7 ( f0 = 1/2π

√
k/m), as explained in Section II.

Fig. 11 presents the mechanical resonant frequency
response of parallel-support MEMS switch (design 2) using
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TABLE II

SIMULATED AND MEASURED DYNAMIC CHARACTERISTICS
OF FABRICATED MEMS SWITCHES

Fig. 10. Comparison of simulated and measured S-parameters in up-state
(insertion loss) and down-state (isolation) of switch design 2.

Fig. 11. Mechanical resonant frequency response of parallel-support
(design 2) captured using LDV.

LDV. The amplitude-frequency response is measured using
a combination of 0.6 V AC and 2 V DC signals. The inset
pictures (Fig. 11) show the optical micrographs and the LDV-
constructed motion images of the switch. The measurements
were conducted under standard temperature (25◦C) and
normal pressure (101 kPa) conditions. Table II summarizes
simulated and measured results. The minor discrepancy
between these results indicates good fabrication control.

The Q-factor plays a very important role in evaluat-
ing switching and release dynamics of a MEMS switch.

Fig. 12. Measured switching and release times of various switch designs
using LDV.

The details on switching dynamics as function of Q-factor
can be found in Section II C. The Q-factor is a measure of
the sharpness of the resonant peak and is calculated using the
following formula:

Q = fres

f1 − f2
(10)

where fres is the resonance frequency and ( f1 − f2) is the
half-power bandwidth.

We used half-power point method to evaluate the Q-factor.
The experimental amplitude-frequency curve is extracted using
LDV. Similar approach is used for the rest of switch designs.
The measured Q-factor was found to be in between 1.1 to 1.2
for all the three designs. A Q-factor for the best release
response is approximately 1.0. This value as explained earlier
in Section II C, ensures reasonably fast switching with small
settling time. The measured results reported in this work were
comparable to the recommended value of Q.

B. Switching and Release Time Measurements

Fig. 12 presents the dynamic measurement results. LDV
is used for the measurement of switching and release times
of realized MEMS switches. The dynamic behavior of these
switches were monitored by providing a train of square
pulse voltage along with proper offset voltage level. Measure-
ments were performed under normal atmospheric conditions.
A square actuation pulse signal of cyclic frequency 1 kHz
with 50% duty cycle was used. Since, these switches need low
voltage (< 10 V) for actuation, the amplitude of the square
wave was varied from 4.0 V to 7.0 V in steps of 200 mV to
measure switching and release times.

Smooth-landing of the switch membrane (no ripples) during
the contact and suppressed oscillations, after the release, is
evident from the measured results. We observed that these
switches not only show fast settling time but also reduced
bouncing of the switch membrane during the contact. During
small settling, the displacement amplitude stays within 5% of
the initial gap, g0. They are highlighted by dotted ovals in the
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TABLE III

MEASURED SWITCHING TIMES AT DIFFERENT ACTUATION VOLTAGES

inset picture in Fig. 12. Measurement results suggest that the
bouncing of the switch membrane after the release i.e., when
Vs = 0, can be further suppressed by applying low actuation
voltage. Since, oscillations in the switch after release increases
the overall settling time. Therefore, from the experimental
results presented in this work, it may be concluded that the
long settling time and the ripples during the contact, often
considered as a drawback of many RF MEMS switches, have
been overcome in the proposed switch topologies. This effect
can be attributed to the low Q-factor and the low actuation
voltage.

The switching time depends on the actuation voltage:
the higher the actuation voltage the faster is the switching
response. These switches were actuated even at higher poten-
tial for experimental verification. We noticed that for switch
design 1, the switching time is reduced from 36 μs to 28 μs,
when the actuation voltage i.e., Vs , is increased to 1.2 times the
pull-in voltage, VP I . Similar effect has been noticed for other
switch designs. However, measured release times for all the
MEMS switches were found to be less than 20 μs. Table III
summarizes the experimentally measured switching time at
different actuation voltages.

VI. DISCUSSION AND CONCLUSIONS

In this paper, design, fabrication, and dynamic charac-
terization of capacitive RF MEMS switches are presented.
Although most of the MEMS switches reported in the past
show good RF performance, they have limitations in terms of
either high actuation voltage or high switching time (or both).
In order to achieve fast switching, the applied actuation voltage
was usually very high. We compared the results obtained in
the present work with published results. Fig. 13 presents a
comparison of the switching time and the actuation voltage for
all the switch designs (marked with blue triangles) along with
those reported in recent years. The plotted result clearly shows
that MEMS switches reported in this work are comparatively
faster (at low-voltage). The measured results suggest that even
a thin-metal membrane of 0.5 μm is sufficient to realize
bounce-free, fast-switching capacitive RF MEMS switches
with excellent RF and dynamic performances at low-voltage.
Also, mechanically-flexible designs considered as switches
proves the validity of approach in the realization of bounce-
free fast settling MEMS switches at low-voltage. The reason
for improved overall performance such as pull-in voltage,
smooth switching, fast-settling upon release as well as better
RF performance of MEMS switches in presented work can
be attributed to the geometry, thickness, width of support-
beams, and holes (number and size) in the switch membrane.

Fig. 13. Comparison of the switching time versus actuation voltage.

The introduction of each additional layer adds to the process
complexity. The reason for selecting three designs is not only
to achieve improved electromechanical and RF performances
but also their process compatibility.

The measured RF performance, i.e., return loss better than
12 dB, insertion loss less than 0.7 dB (design 2 and 3) and iso-
lation better than 30 dB (design 1) and 40 dB (design 2 and 3),
in the frequency range up to 50 GHz, make the MEMS
switches reported in this work a suitable choice for high fre-
quency applications. A comparison between the measurement
results obtained in this work and published results is presented
in Table IV. The fabricated capacitive RF MEMS switches
show comparable performance in terms of electrical and
RF characteristics.

MEMS switches reported in this work need low voltage for
actuation. These switches are fabricated using thin gold-film,
which indicates that these switches cannot qualify for high-
power applications. Based on theoretical calculations, the RF
power at which self-actuation takes place for these switches
is found to 0.5 - 0.98 W. However, VNA-based S-parameter
measurement could be performed for a maximum input power
of up to 0.5 mW due to limitations of the equipment.

The dynamic behavior of a MEMS switch is significantly
influenced by the squeeze-film damping. By introducing holes
in the structural layer squeeze-film effect can be mitigated.
Since, the oscillations before it settles can modulate the
power of input signal passing through the transmission line,
a low Q-factor is recommended for RF MEMS switches. For
Q-factor ∼ 1.0, the switch takes less time to settle as well
as the overshoot is also reduced. Therefore, in our proposed
switch designs, we introduced holes of 10 × 10 μm2 in
the switch membrane. The introduction of holes reduces
the squeeze-film damping. Consequently, the dynamic
performance of switches is improved. We note that the
measured Q-factor of multiple switches reported in this
work (1.1 to 1.2) is in satisfactory agreement with the
recommended value i.e., Q ≈ 1, for the best release response.
The fast settling time reported in this work can be considered
as a salient feature of these MEMS switches.
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TABLE IV

COMPARISON OF CAPACITIVE RF MEMS SWITCHES WITH REPORTED MEMS SWITCHES

The mechanically-flexible structures fabricated using
0.5 μm thick-metal (gold) membrane show excellent dynamic
performance: almost zero-bounce during the contact and low
oscillation after the release which results in fast settling.
Dynamic measurement results demonstrate that low-actuation
results in reduced bouncing (during the contact). The electro-
mechanical parameters such as pull-in voltage and mechanical
resonance frequency predicted by FEA-based simulations are
found to be in close agreement with experimental results (as
shown in Table II). Reported MEMS switches need a voltage
of 5.5 V, and 6.2 V, and 4.8 V for actuation. Similarly, the
measured resonance frequencies are found to be 7.56 kHz
(design 1), 10.7 kHz (design 2), and 8.35 kHz (design 3),
respectively. Thus, there is about 0.65%, 0.7%, and 14%
of discrepancy between the experimental and the computed
natural frequency among measured devices. However, the
discrepancy of 1.8%, 1.5%, and 6.6% in the pull-in voltages is
found between calculated and experimental results for various
switch topologies. The reason for such discrepancies may be
minor geometrical variations and the residual stress induced
during the fabrication.

Fabrication results are satisfactory and the variations as
compared to the proposed designs are found to be insignificant.
Based on the measured results, the overall process tolerance is
estimated to be within ±0.3 μm. Close agreement between the
experimentally measured and the simulation results demon-
strate successful realization of fast-switching capacitive RF
MEMS switches at low-voltage with steady contact and better
RF performance.
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