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Microelectromechanical systems are often used for their enormous capability and good qualities in T/R modules especially for
space modular applications. High isolation and very low insertion loss are guaranteed by their intrinsic working principle. This is
a very robust, flexible, and low-cost technology, and it provides high reliability, good reproducibility, and complete fulfillment of

technical requirements.

1. Introduction

The exploitation of MEMS technology for RF applications
enables the manufacturing of high-performance and low-
cost lumped components like variable capacitors, inductors,
and switches. Starting from these elements, the imple-
mentation in MEMS technology of complete subnetworks
to be integrated within RF and microwave functional
blocks (e.g., RF transceivers) leads to a wider recon-
figurability and, consequently, operability of the whole
system.

So, RF MEMS technology provides advanced solutions
to fabricate very interesting devices for switching of radio
frequency signals. This technology allows for reducing
drastically device dimensions and number of connections, to
operate with signal in large bandwidth, from 0 to 50 GHz,
with consistent performances. MEMS devices, in fact, have
been identified as a promising enabling technology thanks
to their extremely reduced dimensions, their high isolation
in open-circuit state, and low insertion loss in short-
circuit state, the high linearity. Also, monolithic integration
of MEMS devices with transmission lines on substrates
with high dielectric constant such as ceramic substrates
(aluminum oxide, aluminum nitride, LTCC, etc.) allows
manufacturing of complex devices (phase shifters, power
dividers, tunable filters, couplers, reconfigurable antennas,

etc.) for phase and amplitude modulation which are essential
components of TX/RX modules [1, 2].

2. RF MEMS Design

The RF MEMS devices described have been full designed,
fabricated, and tested at Microelectronic Research Lab of
Optel Consortium.

Design is carried out by electromechanical and electro-
magnetic simulation of RF MEMS. Electromechanical design
consists of an FEM modeling of micromechanic structures.
The goal of the design is the optimization of parameters
such as switching time, overshoot, and pull-in voltage. FEM
simulations provide an actuation time of 10-15usec, an
overshoot less than 13% of the gap and a pull-in voltage of
15V [3-5].

Electromagnetic design consists of full-wave simulations
that provide S parameter curves of the device [6, 7]. For
a shunt switch, in OFF state, return loss is better than
—25dB and insertion loss is about —0.1dB, in the range
0-20 GHz. In ON state, return loss is about —0.1dB and
isolation is better than —30 dB in the range 9.5-16 GHz and,
in particular, isolation is higher than —45dB at resonance
frequency (14 GHz).

RF MEMS devices are designed in Coplanar Waveguide
or Microstrip technology, and every device geometry can be
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FiGURE 1: Simulated actuation for a shunt switch membrane (a) and simulated stress concentration on the anchor zone (b).

adapted to any kind of operating bandwidth in the 1: 50 GHz
range.

3. Fabrication on Ceramic Substrate

RF MEMS fabrication requires only a surface microma-
chining technology. Optel technology is independent of the
substrate used since it requires just thin-film PVD metal
deposition, CVD passivation, and gold electroplating.

Optel technology enables the manufacturing of reliable
RF MEMS devices onto different substrates:

(i) Si (for consumer electronic and integration with
CMOS technology),

(ii) GaAs (for III-V semiconductor technology and sub-
sequent integration in high frequency applications),

(iii) GaN/Si (for monolithic integration with active high-
power/high-speed amplifying electronics such as
GaN-HEMT).

Also, in addition to semiconductor substrates, RE MEMS
devices have been monolithically manufactured on ceramic
such as alumina and LTCC polished substrates. Main advan-
tages resulting from the use of ceramic substrates are a good
thermal stability, excellent hardness and wear resistance, a
good corrosion resistance, excellent dielectric property, and
acceptable thermal conductivity. These properties make this
substrate suitable for space applications.

RF MEMS devices have been monolithically manufac-
tured on 300 ym thick alumina (2 inches). The entire process
consists of about 100 steps, and it requires 8 photolitho-
graphic levels. It is a very robust, flexible, and low-cost
technology.

Robustness of the manufacturing process is due to
many improvements introduced by Optel technology, both
at electrostatic and electromagnetic levels, with respect to
MEMS devices on semiconductors. First of all, a ceramic
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FiGure 2: Simulated return loss (blue curve) and insertion loss (red
curve) for a shunt switch in OFF state.

substrate, because, its intrinsic high isolation, unlike a
semiconductor, does not take part in MEMS operation. Also,
a ceramic substrate is not influenced by ionizing radiations,
so it avoids many problems of charge generations in space
applications. Finally, charge trapping phenomenon, one of
the most important causes of failure for RF MEMS on
semiconductors, can be completely avoided, just because
dielectric is not needed on high-isolation substrate. In fact,
removing the dielectric underneath the beam, as well as
introducing dimples anchored on the substrate or integrated
into the beam to stop the bridge actuation, allows the elim-
ination of the insurgence of charging trapping phenomena
and, in addition, allows even the reduction of the pull-in
voltage needed for membrane deflection.

Also, Optel technology is low-cost technology, with
respect to well-established RF MEMS manufacturing on
silicon. In fact, a semiconductor substrate is more expensive
than a ceramic substrate, and the technology proposed is a



Journal of Sensors

—20 4

Y1

_40 -

60—
0 5 10 15 20

Frequency (GHz)

FiGure 3: Simulated return loss (blue curve) and isolation (red
curve) for a shunt switch in ON state.

process for microelectronic passive devices. This is allowed to
done without the process of active IC such as doping, ionic
implantation, and oxide growth.

In the standard proposed process for RE MEMS devices,
there are 4 metallization layers: a resistive, a conductive,
and 2 galvanic thickness layers. They are separated by 2
passivation layers where through vias are opened to provide
interconnections with underneath layers. The sacrificial layer
is a photoresist upon which the membranes are defined by a
galvanic growth.

As first step, a 600-nm thick silicon nitride is deposited as
an insulating layer and a high-resistance metal is deposited
and defined to create actuation pads and bias lines. Next,
a new silicon nitride layer is deposited to provide the high
isolation needed for the actuation electrodes. Contact DC
vias are then defined and etched within the silicon nitride
layer. A multimetal underpass is deposited and defined to
create RF lines underneath the bridge, and it is covered
by a second passivation layer, which provides an insulating
layer for RF lines. Then, RF vias are opened within silicon
nitride. Next, a gold layer is deposited and defined in order
to provide low-resistance electrical contacts. The sacrificial
layer needed for definition of a suspended beam is composed
of a 3 um thick photoresist. An Au-based multimetal layer is
deposited to obtain the electrical continuity layer, previously
to galvanic gold electroplating. Then, a 1 ym thick gold layer
is grown to define the membranes and a 2 ym thick gold layer
is grown to define RF lines. Finally, sacrificial layer is removed
by a plasma etching process (Figures 4 and 5).

For a manufacturing process on ceramic substrate, the
passivation layers can be reduced only to small areas where
an isolation between DC and RF lines is needed and can be
completely removed underneath the bridge.

Critical steps are both membrane definition and sac-
rificial layer removing. In particular, the reduction of ion
bombardment on membranes is a well-known problem that
could lead to a stressed and deformed membrane after the
dry etching process. In fact, sacrificial layer etching requires
a highly confined plasma to minimize the damage on metallic

F1GUre 4: Cantilever RF MEMS switch manufactured on alumina
substrate.

FiGure 5: Fixed-fixed serie RF MEMS switch manufactured on
LTCC substrate.

suspended structures. So, introducing appropriate changes in
process conditions, the result has been good. The beams are
characterized by very low stress, high flatness, and absence
of damage caused by reduced thermal and ion collision
during the plasma etching process. Furthermore, mechanic
behavior is unchanged both for semiconductors and for bulk
or multilayer ceramics (Figure 6).

4. Measurements

Testing is carried out on single RF Switch and on RF MEMS
microwave circuits. Testing steps include the following:

(i) static DC testing (for measurement of pull-in voltage,
contact resistance, and capacitance ratio)

(ii) dynamic DC testing (for measurement of switching
times and lifetime testing)

(iii) RF testing (for measurement of return loss, insertion
loss, isolation, and phase shift).
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TaBLE 1: Performance measured on RF MEMS switches manufactured in Optel, Fondazione Bruno Kessler, and RADANT MEMS.

Optel

University of

Perugia FBK [3]  RADANT MEMS [9]

Cantilever Serie fixed-fixed Shunt Cantilever (*) Cantilever (*)
Pull-in voltage [V] 12 30 45 38 40-120
Contact resistance [Q] 6 12 /! 1.48 1
Cratio = Cdown/ Cup /1 /1 32 /! //
Switching time [us] 6 14 18 n.a. 5
Handled power [dBm)] —-10 -10 -10 30 27
Return loss [dB] >2§ ggflg ©  .18dBupto20GHz >20dBupto20GHz >30dBup to 20GHz >20dB up to 36 GHz
. <0.8dB up to 20 <0.25dB up to
Insertion loss [dB] GHz <0.8 dB up to 20 GHz 20 GHz <0.3dBup to 20GHz  <0.5 up to 38 GHz
. >25dB up to >20dB at 8-20 GHz, >20dB up to 13 GHz 20dB @ 10 GHz,
Isolation [dB] 20 GHz >25dB up to 20 GHz >33 dB at resonance  >10dB up to 40 GHz 13dB @ 40 GHz
Lifetime [*cycles > 10°] no failure no failure no failure no failure no failure
(*) switches manufactured on High Resistivity Silicon.
+100V
-100V
Dual bias

_ < Dde o _
30 um Mag = 1.47KX WD =19.5mm Contrast = 28.9% Signal A = SE1 I probe = 200 pA
Scanspeed = 8 Stageat T = 63.6° Brightness = 51.8% EHT = 25kV

FIGURE 6: SEM view of a suspended beam on LTCC substrate. Beam
is characterized by very low stress, high flatness, and no damage.

Static DC testing is implemented with voltage application
through the bias DC pads. Capacitance ratio is measured
for shunt switches, and it is obtained using a C-V meter,
which allows the capacitance measurement related to the
RF line under the bridge. Optel switches have an up-state
capacitance of 0.170 pF and a down-state capacitance of
5.4 pE The capacitance ratio is 31.76. Contact resistance,
for a serie switch, is measured using a multimeter between
the suspended bridge and the underpass. Ohmic switches
on ceramic substrates have a contact resistance of 6 Q. This
high value is due to the ceramic substrate roughness that
prevents a well-defined contact area between the suspended
membrane and the RF line. A method to obtain a well-
defined contact area is under investigation.

Dynamic measures are implemented using a custom
setup consisting of a signal generator which drives a high
slew rate operational amplifier with high voltage supply, for
generation of pulse actuation train (Figure 7).

Wave
form
generator

Dynamic high-speed

Oscilloscope
amplification stage

Ry

RF resistive
switch

Figure 7: Custom setup of dynamic behaviour measurements for
cantilever ohmic switches.

The dynamic measurements are possible with two chan-
nels oscilloscope at 10 GS/s of sample rate, through the
serial circuit (Figure 8), with 1V voltage supply across the
open circuit line [10]. Serie switches show pull-in voltage of
12V and actuation and deactuation time of 6 and 14 usec.
Cantilever topology shows better results than fixed-fixed one.

Electrical endurance lifetime measures are carried out
by the same way of dynamic testing, applying a pulse train
to obtain 10% actuations of the switches. After 100 million
actuation cycles, switches show an actuation and deactuation
time drift (30-50 ysec) and a rising pull-in voltage (70V).
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1
. . . | . .
Measure P1: ampl(C2) P2: fall@lv(C2) P3: freq(C2) P4:ampl(Cl1) P5: freq(Cl1) P6: ---

value 207V 765.819 ns 70.4V
status v v v

35/
AX =6.334ps
X2 = 6.8148 s 1/AX = 157.878 kHz

F1GUre 8: Oscilloscope screenshot: measurement of actuation time for cantilever ohmic switch.

S Parameter cantilever switch —0.4dB on the frequency band 1-50 GHz (Figure 9). For
0 ; e i shunt switches, measured insertion loss is always better
10 than —0.25dB and isolation is about —33 dB at resonance

~20 1 frequency (Figure 10).

S 1 Finally, in Table 1, a comparison of performances for
=301 three kinds of RFE MEMS switches is shown, but presented
—40 - performances are not closely comparable because they refer
_50 1 to developing research prototypes. Anyway, about Optel

0 5 10 15 20 25 30 35 40 45 50 switches, cantilever topology has shown the best trade-
Frequency (GHz) off between DC and RF performances. Typically, the main

disadvantage of ohmic contact MEMS switches is that they
show higher loss with respect to capacitive switches due to
the nonzero contact resistance between the bridge and the
FIGURE 9: Measured insertion loss and isolation of a cantilever transmission line, and contact resistance for ceramic sub-
switch on alumina substrate. strates is further increased because of an intrinsic roughness
of the ceramic. In addition, the contact area is liable to
high current density and possible material transfer which
can lead to untimely failure, but, on other hand, cantilever
switch allows a reduced actuation time and a reduced pull-in
voltage with respect to double-anchored switch (fixed-fixed
serie and shunt). These aspects have been accurately analyzed
and optimized in order to obtain a compact low-loss ohmic
contact cantilever MEMS switch.

So, the designed cantilever switch has become a building
block of reconfigurable RFE MEMS devices. In fact, Optel
activity is directed to design devices used in T/R modules
0 5 10 15 20 25 30 35 40 45 50 for high-frequency communications, such as step delay
modules, phase shifters, and power dividers. This kind of

—— Isolation
—— Insertion loss

S parameter shunt switch

(dB)

Frequency (GHz) . . . R . .
devices requires low insertion loss, high reconfigurability,
—— Insertion loss and small size. RF MEMS devices represent an extremely
—— Isolation attractive alternative to provide this requirements this is

. _ o . possible because RF MEMS devices guarantee low loss, low-
FIGURE 1.0: Measured insertion loss and isolation of a Shunt switch power consumption, and excellent linearity compared to the
on alumina substrate. traditional MMIC. Also, high-frequency communications
require both transmitting and receiving antenna systems
with an electronic beam steering, and RF MEMS can be
Anyway, no structural fail has been detected on switches after ~ used in a phase shifter to control the phase of the individual
108 cycles. radiating element of the antenna array.
RF testing is implemented using a parametric network
Analxzer for measurements of S parameters. In the ff)llow.ing 5. Conclusions
graphics, measured return loss, insertion loss and isolation
curves are represented. For cantilever switch, isolation is  In conclusion, switches have shown a good matching
always better than —20dB and insertion loss is about  between simulations and measurements. The manufacturing



technology is very robust, flexible, and low cost, and it
provides high reliability, good reproducibility, and complete
fulfillment of technical requirements.

Currently, our team is working on future improvements
for RF MEMS integration with signal conditioning cir-
cuits on ceramics substrates; other developments are RF
packaging and interfacing with commercial connectors, a
design optimization of switches and complex devices in
particular for power handling improvement, ageing, and life
time tests in harsh environmental conditions for MIL-std
fulfillment, qualification for space applications and satellite
communications.
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