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Abstract: Radio frequency micro electro mechanical systems (RF MEMS) have enabled a new generation of devices that bring

many advantages due to their very high performances. There are many incentives for the integration of the RF MEMS switches and
electronic devices on the same chip. However, the high actuation voltage of RF MEMS switches compared to electronic devices poses
a major problem. By reducing the actuation voltage of the RF MEMS switch, it is possible to integrate it into current electronic devices.
Lowering the actuation voltage will have an impact on RF parameters of the RF MEMS switches. This investigation focuses on recent
progress in reducing the actuation voltage with an emphasis on a modular approach that gives acceptable design parameters. A
number of rules that should be considered in design and fabrication of low actuation RF MEMS switches are suggested.
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Pregled RIF-MEMS elektrostaticnih stikal =

nizko napetostjo vzbwanja na osnovt kovinskih
in karbonskih zlitin

Izvlecek: Mikro elektromehanski sistemi na radijski frekvenci (RF MEMS) so omogocili razvoj novih naprav predvsem zaradi njihove
visoke ucinkovitosti. Obstajajo stevilne spodbude k uporabo RF MEMS stikal in elektronskih naprav na enem samem ¢ipu, vendar
visoka vzbujevalna napetost predstavlja problem. Z znizanjem vzbujevalne napetosti lahko RF MEMS stikala vgradimo v obstojece
naprave. Znizanje napetosti pa bo imelo velik vpliv na RF lastnosti stikal. V ¢lanku so predstavljene trenutne smernice nizanja
vzbujevalne napetosti na osnovi modularnega pristopa, ki omogoca sprejemljive parametre nacrtovanja. Predlagana so Stevilna pravila,
ki bi se naj upostevala pri nacrtovanju in izdelavi RF MEMS stikal.

Klju¢ne besede: RF MEMS stikala, nizka napetost vzbujanja, RF parametri, kovinske in karbonske zlitine
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1 Introduction [2]. MEMS switches are designed to operate for DCto a
few hundred GHz applications [3, 4]. For example, they

Micro electro mechanical systems (MEMS) have enabled can be used in cell phones, short range communication

a new generation of electronic devices, particularly RF systems such WLAN and Bluetooth [5, 6], automotive

switches. MEMS switches can be employed in radio systems such as acceleration and gyro sensors [7, 8],

frequency (RF) circuits, and their performances could biomedical devices such as lab-on-a-chip [9-12], and

be made better than those of other standard switches radar applications [13, 14].

such as FET, and PIN diodes [1]. This is due to their

good linearity, low noise, low power consumption, RF MEMS switches can be categorized into four groups

high electrical isolation, and ultra wide frequency band according to their types of actuation forces. The first
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type is the Piezoelectric RF MEMS switches. This type of
switch uses piezoelectric materials such as AIN or PZT
on top of the membrane or beam. These piezoelectric
materials cause an elongation and strain across the
length of the piezoelectric layer and make the beam
deflect by applying the voltage. The amount of force
depends on the piezoelectric coefficient. Therefore,
the low actuation voltage can be achieved by chosen a
high piezoelectric coefficient [15-23]. The second type
of MEMS switch is the electromagnetic RF MEMS switch.
This type of switch uses coil on top of the membrane.
The electromagnetic force is created when a DC current
is applied to the coil and actuates the membrane [24-
26]. The third type is the electro-thermal RF MEMS
switch. The bending of the structure depends on the
thermal expansion coefficient of materials.Applying a
current through the resistor on top of the beam causes
a thermal wave propagates and attenuates in the
thickness direction and it deflects the beam. [27, 28].
The last and more applicable type is the electrostatic
RF MEMS switch. This type of switch operates only
based on the amount of actuation voltage and the
capacitance between the transmission line and the
membrane. Table 1 compares all types of the RF MEMS
switch. As can be seen from the Table 1, electrostatic
force performs better in all parameters except for
the actuation voltage, which is very high. Although
the switching time and reliability of the electrostatic
MEMS switches are better than those of other types,
they not compare well with other RF switches, such as
semiconductor and mechanical switches [29-33].

Carbon allotropes such as graphene and carbon nano
tubes have shown superior electrical and mechanical
performance compared to other types of materials.
Nowadays, carbon allotropes are used widely in
microwaves [34, 35]. Due to the great advantage of
these materials, they can be a very good candidates for
development of the RF MEMS switches [36].

In the future, electronic industry will need to integrate
the MEMS and electronic devices on the same substrate.
Our experience with the nonlinearity and noise of
amplifiers shows that applying MEMS technologies
for RF components such as RF tuning filter, switches,
phase shifter, and transceiver systems will provide a
far better performance than the current techniques
[37-42]. Moreover, this technology also provide
advantages such as miniaturizing the size, enhancing
signal transduction, reduced chip pin out, increasing
immunity to the electromagnetic interference,
reducing power loss, and offering lower cost compared
with multichip implementations [43-45]. The main
problem for integration of the RF MEMS electrostatic
switches with the current electronic devices is their
very high actuation voltage (more than 50 Volts).
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Although there are some review papers and books
covering RF MEMS switches, there are as yet no book
or paper discussing methods developed for lowering
the actuation voltage of the RF MEMS switches. The
aim of this investigation is to introduce, explain and
compare recent techniques and materials developed
for lowering the actuation voltage of the electrostatic
RF MEMS switches that can be used in IC technology
(<15V).

Section 2 discusses the principles of the RF MEMS
switches based on metals and carbon materials, and
their main parameters. Section 3 focuses on recent
methods used for lowering the actuation voltage and
compares them and their effects on switch parameters.

Table 1: Comparison of different types of MEMS switch
actuation

Piezo- Electro- | Electro- Electro-
electric | thermal |magnetic |static
Size Medium | Medium |Large Small
Fabrication |[Complex | Medium [Complex |Simple
process
Actuation Medium |Low Low High
voltage
Power con- | Medium |High High Low
sumption
Switching Fast Slow Medium | Fast
speed
Reliability Medium |Low Medium | High

2 Principles of MEMS switches

In order to provide a background to the RF MEMS
switches, this section presents basic information on the
structure, fabrication, modelling, and categorization of
such switches.

2.1 MEMS switch structure

MEMS switches have different shapes. All MEMS
switches have the same structure, which consists of
three components [46-49], as shown in Figure 1. The
first component is substrate, which is the basic element
of any microelectronic device, and is used to mount a
device on top of it (surface micromachining), or inside
it (bulk micro machining). In order to integrate the RF
MEMS switch with IC circuits, high resistivity silicon
such as HR or porous silicon [50-52], is used. This is due
to the high loss of normal silicon at high frequencies.
The substrates that can be used in RF MEMS switches
are given in Table 2. The second component is a
transmission line, which is used for transferring the RF
signals from the input to the output ports. The third
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component is a cantilever or membrane, which are
movable parts for connecting and disconnecting the
signal line (dual-fixed bridge shunt switch) (Figure 1).

Beam _____,
Transmission line

Substrate ——

Figure 1: Structure of RF MEMS switch (dual-fixed
bridge shunt switch)

Table 2: Materials used for substrate

Substrate  [Quartz |Alumina |Sapphire |Silicon
Relative 378 |9.75 11.72 11.72 {1291
Permittivity

2.2 Materials of RE MEMS switches

RF MEMS electrostatic switches can be categorized,
based on their materials, into two groups. The first
group is the metallic MEMS switch, which uses metallic
alloys such as copper, aluminium and gold. The
second group is the carbon MEMS switch, based on
carbon nano tube (CNT) or graphene. CNT is a type of
carbon allotrope where rolled sheets of sp2-bonded
graphene are shaped into a long hollow tube. CNT can
be categorized into a single- wall carbon nanotube
(SWCNT) and multi-wall carbon nanotube (MWCNT).
Graphene is a type of carbon allotrope which can be
geometrically considered as single atomic layer of
carbon. The electrical and mechanical properties of
these materials are superior to other materials (Table
3). Also, these materials reduce the size of switch from
micro to nano meter (NEMS switches) [53-571].

Table 3: Materials for MEMS and NEMS switches

Types of switch | Material Resistance |Young's modu-
pQ x cm (p) | lus (GPa)
Copper 1.69 117
MEMS metallic | Gold 22 79
switch Aluminium | 2.65 69
MEMS carbon | CNT 10 1000
switch Graphene 10 1000

2.3 labrication of MIEMS switches

MEMS switches based on metal are fabricated using two
techniques. The first technique is bulk micromachining,
which is based on the etching of silicon substrate and
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it relies on the etch rate of the crystal direction [58].
The second technique is surface micromachining. It is
based on lithography, deposition of metals and etching
of sacrificial layers to release the bridge or membrane
on the transmission line, and uses 5-6 masks. More
information on metal-based switches fabrication is
given in [59-63].

Fabrication of the RF MEMS switches based on carbon
material can be achieved using three steps as described
in [64, 65]. The first step is to pattern the transmission
line. The second step is to grow CNT or Graphene by
chemical vapour deposition [66]. The third step is to
pattern metal contacts onto two edges of the beam.

2.4 MEMS model

Analysing the RF MEMS switches requires eXtracting
the mechanical and electrical models of the switches.

Mechanical model

A comprehensive study of the dynamics and statics of
MEMS switches can be found in [67-69] . Figure 2 shows
the mechanical model of the RF MEMS switch. There
are three types of forces involved in MEMS switches.
First, the Van der Waals force, which plays an impor-
tant role while the gap between the two electrodes is
in the range of a few nano meters. The second force is
the electrostatic force, which relies on a voltage source
and a capacitor between the TL and the membrane.
The third force is due to the elastic force, which is mod-
elled as a spring and depends on the shape, material
and size of the beam or the membrane.

Figure 2: Mechanical model of a MEMS switch

Actuation voltage makes instability and causes the up-
per electrode to snap down. Another important me-
chanical parameter of the MEMS switch is the switching
time. The switching time of MEMS switches is limited
by the mechanical structure. The pull in actuation volt-
age (Vpu”_in) and switching time (t) for vertical types of
MEMS is as follows [70-73]:

8kg.
V ull—in — go
, 274,
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where k is the spring constant, g, is the gap between
electrodes without actuation voltage, A is the overlap
area between the bridge and the transmission line or
the electrode, f, m is the mass of beam and f is the first
resonant frequency of the beam.

Electrical model

The switch has two states: On and Off. The RF param-
eters of the switch, suchas S, andS,, can be calculated
by the electrical model in both states [74] . Figure 3
shows the RF MEMS shunt and series switches, which
are modelled by electrical circuits. The switch is mod-
elled by C, L, and R components. L represents the in-
ductance of the switch, R shows the insertion loss, and
C, which is the dominating parameter, represents the
capacitance between the bridge and the transmission
line. This capacitance has two extreme values at the up
state and the down state and varies between them. The
values of S, and S, strongly depend on the capaci-
tance of the bridge. For example, the amount of S, and
S,, for the shunt switches are given by (4-6)

2 2
|S11| +|521| =1 4)
-joC, Z
sy, (up state) = ,7170
2+_]0)ZO (5)
2
S,,(down state) = m (6)

According to equations 1-5, table 4 summarizes the
impact of physical parameters on both mechanical and
electrical properties of the switch. For example, reduc-
ing the gap between the signal line and the bridge (g)
reduces the actuation voltage. However, this increases
the up state capacitance (Cup) and diminishes the iso-
lation (S,,). Therefore, it reduces the bandwidth at up
state (S,,). Moreover, although reduction of spring con-
stant (K) reduces the actuation voltage but it reduces
the resonant frequency or increasing the switching

time.
z Output
C
R
L

Figure 3: Series and shunt electrical model of MEMS
switches

Z
Input :—hVF’"L& Output Input ¢
L
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Table 4: Effects of physical parameters on the mechani-
cal and RF properties of the switch

parameters | ties

Frequency | Up state

Resonant | bandwidth
Reduction |Reduce |Doesnot |Reduce Does not
of g effect effect
Reduction |Reduce |Reduce Does not Does not
of K effect effect
Increase of |Reduce |Reduce Reduce Increase
size

3 Review of low actuation voltage RF

MEMS switches

As was mentioned in the previous section, MEMS
switches have different parameters which should be
considered in their design and fabrication. This section
reviews the methods that have been used to reduce
the actuation voltage while considering the require-
ments of other parameters of the switches as described
in previous section. The methods used to reduce the
actuation voltage of switches can be categorized into
three groups.

3.1 Low actuation voltage based on reducing the
() (e

gap

According to Table 4, reduction of the gap decreases
the actuation voltage but it also deteriorates the RF pa-
rameters. The following techniques are used to reduce
the actuation voltage while maintaining RF parameters
at acceptable levels:

3.1.1 Matching circuit

The amount of parasitic capacitance affects negatively
on the insertion loss of the MEMS switches at up state
position. One effective method for compensating this
capacitance is by using a matching circuit accompa-
nied by a switch. In this way, the amount of gap can
be reduced at any range. Mafinejad et al. [75-79] re-
ported a low actuation voltage shunt capacitive con-
tact for the frequency band of Ka to V, by using a T and
1 matching circuits. The T match circuit uses two short
high impedance transmission lines (SHITL) before and
after the switch on CPW transmission line while a m
match was used only one SHITL between two switches
on CPW. The SHITL can be achieved by increasing the
distance between TL and the ground or narrowing the
signal line of CPW (Figure 4).
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Figure 4: mand T matching circuits

3.1.2 Using pillars and an extra voltage source

The second method for reducing the actuation volt-
age is by using the structure which is shown in Figure
5. It consists of a beam which is anchored to a pillar at
the middle whilst leaving the ends free. This method
uses two separate voltage sources to provide a nega-
tive and positive voltage. This type of switch has three
states: On, Off and Neutral. When voltages are applied
to either of the electrodes, a large positive deflection is
then noticed on one side and a smaller negative deflec-
tion of the membrane is obtained with a large contact
area on the other side. This creates a large capacitance
ratio for up and down state position.

Neutral Actuated
position ~ — ETEEEEEEETS position
Pillar

Figure 5: RF MEMS switch by using pillars and two volt-
age sources

Tauati et al. [80] designed a low actuation voltage (5 v)
series switch that can be used for DC up to 10GHz. The
switch used two pillars and four electrodes (two inter-
nal and two external). Robin et al. [81] proposed a RF
MEMS SPDT switch with an actuation voltage of 20V for
the frequency band of 15-30GHz. The switch consists of
three pillars for the support of a gold membrane, and
four electrodes (two internal and two external). Kim et
al. [82] designed a Single Input Double Output (SIDO)
switch from 2-10 GHz application . The actuation volt-
age of this switch is 15V. The switch consists of dual
fixed beam and a pillar which is positioned under the
beam leaving a small gap. When the SW2 changes to
the ON state, SW1 is restored by the leveraging force
as well as by its own stiffness. After SW2 is turned ON,
the SW1 is forced to maintain higher bending stiffness
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against the self-actuation power with the help of an
axial force and leveraging moment.

3.1.3 Comb switches

Unlike the MEMS switches which have vertical actua-
tion, this type of switch has a lateral actuation. The lat-
eral switch consists of three main parts: A comb driver,
which consists of stationary and movable combs to
provide electrostatic force (Figure 6). The second part
is a flexible structure which works as a beam or mem-
brane of vertical switches and is connected to the driv-
er. The third part consists of a transmission line [83-85].

Movable combs
—

Finger
-

. R
Stationary combs

Gap (g)

Figure 6: Comb driver

The electrostatic force (F) between two moveable
and stationary combs as a result of applied voltage be-
tween them is given as:

€.t g,wh
F =S Npryet—

NV?
es g d

(7)

gis the gap, tis the thickness of the comb drive, d is the
gap between the moveable and stationary combs, N is
the number of fingers, and d is the distance between
movable and stationary fingers.

Kang et al. [86] designed and fabricated Single Input
4 Output (SI40) and SI120 RF MEMS series DC con-
tact switches. The actuation voltage of both switches
is 15V and the frequency band is DC to 10 GHz. The
gap between the flexible structure and the transmis-
sion line is 2.5um and the actuation voltage is 15V. The
switching speed is 120us and 500us for the switch ON
and OFF position. The driver uses 1200 combs and the
electrostatic force is 210uN. Akira et al. [87] designed
a lateral movement shunt DC switch. The total dimen-
sion of this switch is 3x1.5x0.5mm?3 the length, width
and thickness respectively). The switch has a frequency
band from 0 to 75 GHz and the actuation voltage is 5V.
The switching time is 10.3us. Park et al. [88] proposed
a lateral movement capacitive shunt RF MEMS switch
for 23.5 to 29GHz. Flexible structure is a folded beam
spring. The actuation voltage of this switch is 25V and
the switching time is 8ms. It used 1000 combs with a
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gap of 2.17um. The air is used as both on and off state ca-
pacitive coupling switch instead of dielectric material.

3.2 Spring constant

According to Table 4, spring constant plays an impor-
tant role on the actuation voltage of RF MEMS switches.
The spring constant of MEMS switch is given by

K=K_. +K

spring [}

(8)

Therefore, reduction of the spring constant can be cat-
egorized into reduction of spring constant of beam or
membrane and residual stress (K).

3.2.1 Spring constant of beam or membrane

Beam or membrane spring constant consists of two
parameters: K. . which is due to material properties
such as Young's modulus and shapes of the beam or
membrane. A comprehensive study of low constant
beams such as fixed-fixed, crab leg or folded flexures
that can be used for reducing the actuation voltage is
provided in [71]. Kundu et al. [89] reported a low ac-
tuation voltage RF MEMS switch with a frequency band
from 5GHz to 30GHz. They introduced the concept of
moving transmission line and membrane. Therefore,
the equivalent spring constant of the switch follows
the series spring constant rules. The actuation voltage
reduced from 20V to 15V (Figure 7).

F, :kll’ L ]
,k,/z R s, ky/2 0
?Qm_\_ - - M“\_'S [—'
&% 18 "

F. e X
2 mr];m'i—rum-g
"’k,/z bWty k2

Fuskt, ® A=w,Xw,

Figure 7: RF MEMS switch with movable electrode and
mechanical model [89]

3.2.2 Reduction of residual stress

The second parameter is the effect of tensile residual
stress on the spring constant during the fabrication
process [90]. It causes the beam to deflect upward,
therefore it increases the actuation voltage. The re-
sidual stress can be reduced by different techniques.
The first method is the cancelling of the residual stress
by using different micro structures. Zhiao et al. [91] re-
ported a RF MEMS series switch for DC to X band which
used AL/Au slant beam at the end of the cantilever.
This composite beam is able to cancel the bending
moment. The actuation voltage of this switch is 40V.
Ur Rahman et al. [92] used a dimple at the end of the
beam to overcome the residual stress. The contact of
this switch is DC and it is fabricated on Alumina with
a CPW transmission line for the frequencies of DC-40
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GHz. The actuation voltage of the switch is 19V. Chan
et al. [93] designed an inline low actuation voltage by
reducing the sensitivity of the beam to residual stress
through applying corrugations to their beam. This
switch is a DC contact series RF MEMS switch with an
actuation voltage of 20V. This switch is supported at
two anchor points. It also has four springs which are
connected at one end to an anchor and at the other
end to the centre beam.

The second method to reduce the residual stress is
through low-stress fabrication processes. Gong et al.
(2009) developed a flat cantilever for 2-75GHz. They
used an Al base sacrificial layer instead of a polymer
sacrificial layer to reduce the stress gradient for the gold
membrane. This is due to the coefficient of thermal ex-
pansion (CTE) between Al and Au (21 and 14ppm/K),
respectively, rather than the typical polymer materials
such as photoresist (>50ppm/K). The actuation voltage
of this switch is still high and more than 40V. Biyikli et
al. [94] reported a DC contact RF MEMS series switch
with a frequency band from 0 to 25GHz. The gap be-
tween the transmission line and the beam is controlled
by the amount of internal stress gradient. Tuning of the
stress gradient depends on the decrease and increase
of pressure for the bottom half, which results in a com-
pressive stressed layer, and increase of the pressure for
the top half layer for achieving the tensile stress. This
leads to a compressive and tensile stress for the bot-
tom and top layers. This experiment was done on dif-
ferent sizes of cantilever with the length (L=5-50um)
and width (W=2-40um). The actuation voltage of all
switches in this experiment is less than 20V.

3.3 Reduction of size (carbon switches)

Carbon switches can be fabricated in the range of nm,
therefore, this type of switches is mostly named as
NEMS switches. The rule for calculation of mechani-
cal and RF parameters of carbon switches follows the
rule of MEMS switches. The only difference between
the MEMS and the NEMS switches is the role of Van der
Waals force (Figure 2). A dynamic and mechanical study
on the CNT NEMS switch is presented in [95-97]. The
actuation voltage of the NEMS switches based on CNT
and graphene is given as bellow:

For CNT:
[ 1C. 0> 1 2
p’oL| 1 1 2g;
Vpullfin = \‘k(g_geq)_ : (7 J 3

6 T+ ' 2,
\ggq (8, +1) 1428 Le,

T
9)

where g is the gap between the conductor and the
ground, C_ is a constant characterizing the interac-
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tions between the two atoms, p is the volume density
of graphite, which is taken to be p = 1.14 x 1029 m-3,
and 9.,.=2/39,

For Graphene:

y _ 8kg 3 4,
pli=in =\[27e WL 2meg,

(10)

where A, is the Hamaker constant (1.579eV), W and L
are physical dimension of cantilever

The first term in the Equation (10) represents the con-
tribution of the electrostatic force and the second term
refers to the contribution of the Van der Waals force.

The first type of CNT NEMS switch is a dual fixed type
switch. Kaul et al. [98] reported on a dual fixed capaci-
tive RF NEMS switch based on SWCNT. The actuation
voltage of the switch is less than 5V and the switching
time is 2.8ns. The size of the SWCNT beam is 200nm
long, and with a diameter of 2nm, and a gap of 20nm.
The Young’s modulus for this switch is 1Tpa. Acquaviva
et al. [64] reported on a dual fixed capacitive RF NEMS
switch based on SWCNT arrays for membrane. The ac-
tuation voltage of this switch is 6V. The resistivity of
the beam is reported as 0.0077 Q.cm and the flexural
Young's modulus is very low (8.5 GPa). This is due to the
fact that only a small portion of CNT contributes as a
membrane and shear modulus during the actuation. A
very low actuation voltage and fast dual fixed type RF
NEMS switch is reported by Dragoman et al. [99]. The
actuation voltage of this switch is less than 1 volt and
its switching time is 100ps.

Another type of RF NEMS switch is the cantilever type
RF NEMS switch. Dragoman et al. [99] reported on a
RF cantilever NEMS switch which used 4 vertical CNT
cantilevers based on the CPW as a nanotweezer switch.
Each two cantilevers are attracted by applying a DC
voltage across them and forming a short circuit. The
length of CNT tweezers is 2.5um. The actuation voltage
for this switch is 14.5V, and is higher than other report-

ed CNT NEMS switches. This is due to the low Van der
Waals force. As discussed before, Van der Waals force is
only effective in nm gaps. The switching time for this
switch is 49ns. Lee et al. [100] reported on a cantile-
ver type RF NEMS switch based on MWCNT. The actua-
tion voltage of this switch is less than 5V. The CNT has
a 0.5nm diameter and is 1.8um long. The gap between
the transmission line and the CNT cantilever is 150nm.
This switch used gold as a bottom electrode and Au/Ti
(70/5nm) for CNT contact.

Milaninia et al. [101] presented the NEMS switch with
two layers of graphene. Therefore, two CVD processes
were used. The size of the beam is 20 x 3um (L X w)
and g = 500nm. The actuation voltage is 4.5V. The main
disadvantage of this switch is a limitation of contact
resistance between the top and bottom graphene lay-
ers (200kQ)). This is due to the nonuniform surface of
the CVD grown graphene. Dragoman et al. [102, 103]
simulated a double clamped RF NEMS switch based
on a graphene membrane. 20nm gold is patterned on
500um Si to form a CPW transmission line. The gap be-
tween the signal line and the membrane is Tum. The
CPW is loaded by the number of graphene flakes with
a width of 0.6um. This switch can be used for 1-60GHz
applications. Increasing the number of graphene mem-
branes above the TL increases the performance of the
switch in the down state position, but it does not affect
it on the up state position. The actuation voltage of this
switch is 2V. The main drawback of all the discussed RF
NEMS switches is the insertion loss and isolation in up
and down state positions, respectively.

4 Discussion

As described in Section 3, the actuation voltage of the
RF MEMS can be reduced by using three methods. Ta-
ble 5 compares the impacts of these three methods on
both mechanical and RF parameters of the switches.

Impacts on Actuation voltage
Table 5 compares the effect of each method on the ac-
tuation voltage of RF MEMS switches. As can be seen

Table 5: Comparison of low actuation methods on mechanical and RF parameters

Parameters

N EIEINIEE

Reduction of

Switching time

Fabrication pro-

cess size

Reduction of Beam Low Good Slow Hard Medium
Spring constant | Residual stress High Good Slow Hard Medium
Reduction of Gap | Matching circuit | Low Very Good Good Good Large
Torsional Low Good Good Good Large
actuation
Comb structure Low Good Very Slow Simple Very large
Reduction of Size | Carbon Nano tube | Extremely Low | Not Good Extremely fast | Extremely Hard | Small
Graphene Extremely Low | Not Good Extremely Fast | Extremely hard Small
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from the table, carbon switches have the lowest actua-
tion voltage. Decreasing the size has a negative impact
on the actuation voltage but because of the presence
of the Van der Waals force in the range of nm, this type
of switches has the lowest actuation voltage. The sec-
ond method that has the highest impact on lowering
the actuation voltage is reduction of the gap because

the relation between the gap and the actuation volt-
3

age is more than other parameters (7, « g?). The

last method is to reduce the spring constant. This

method has the lowest impact on the actuation volt-
1

age (Vpullfin o K2).
RF parameters

Table 5 compares the effects of each method on the RF
parameters. The first parameter is reduction of the gap.
The RF parameters of the switch strongly depend on
the amount of capacitance in the up and down states.
As presented in Table 4, the reduction of the gap has
a negative impact on RF parameters. This problem is
resolved by the techniques that were reviewed in Sec-
tion 3. For example, compensation of the parasitic ca-
pacitance by matching impedance, providing a large
contact area and a large gap by torsional actuations
or increasing the force by lateral comb driver. These
techniques are used to reduce the gap with acceptable
RF parameters. Also, low actuation can be achieved
by reducing the K without any effect on the amount
of capacitance and RF parameters. The RF parameters
of NEMS switches are not good for the microwave fre-

quency but this may change in the future.

Switching time

Table 5 compares the effects of each method on
switching time. NEMS switches based on CNT and Gra-
phene have the highest speed due to the high Young's
modulus of CNT and graphene, which is 1TPa. It is re-
ported that the speed of the NEMS switches is in the
range of a few tens of nano seconds and even equal to
or faster than semiconductor switches [99, 104]. Using
torsional and matching impedances does not have an
effect on the speed of switches, and this is the same
method used for other types of conventional RF MEMS
switches. But comb structures are very slow because
all actuators, transmission lines and beams are con-
nected to each other, and therefore the membrane is
very heavy compared to other type of MEMS switches.
Reducing the spring constant also impacts negatively
on the speed of the switch.

Size of switch

Table 5 compares the size of the RF MEMS switches. It
is obvious that the size of RF NEMS switches is smaller
than the MEMS switches. Lowering the spring constant
does not affect the size of switches. However, methods
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for lowering the actuation voltage by decreasing the
gap increase the size of MEMS switches. This is due to
the micro structures that they use for reducing the ac-
tuation voltage. For example, a comb structure has the
largest size because of the drivers. Moreover, reduction
of the gap by using matching circuits uses additional
space on the transmission line due to the presence of
SHITL. Torsional actuation has a large area due to the
pillars, extra electrodes and additional voltage source.

Fabrication and set up

The fabrication process of RF MEMS switches based on
CNT and Graphene is different to that of conventional
RF MEMS switches and is more sophisticated than that
used for conventional MEMS switches. Also, CNT and
graphene are more expensive than other metal materi-
als.

The fabrication process for reduction of the gap is
categorized into three methods. The first method for
reduction of the gap uses matching impedance. The
fabrication of this type exactly follows the fabrica-
tion of the RF MEMS switch and there is no additional
process for it. The second group uses torsional actua-
tion. It requires more fabrication processing than the
normal process for MEMS switches. For example, the
switch which is fabricated by Touati et al. [80] used nine
masks and RIE etching for patterning pillars. Moreover,
it requires two voltage sources to provide positive and
negative voltages. The third type is comb switches. The
fabrication process is less complex than other types of
MEMS switches because actuator, transmission line
and beam are all fabricated in one step of lithogra-
phy. However, the gap demands RIE etching instead of
wet etching. Moreover, most of the reported RF MEMS
comb switches are DC contact and there is less capaci-
tive MEMS shunt switches reported with comb struc-
tures. This is due to the deposition of dielectric on the
side walls which limits the On and Off capacitance ra-
tio. The existing capacitance RF MEMS comb switches
were fabricated by Park et al. [88], where air was used as
dielectric material. He et al. [85] used paryline material
instead of air.

The methods for reduction of spring constant can be
categorized in two groups. The first method uses dif-
ferent types of micro structures such as pillars or cor-
rugation to cancel the curling. It requires an additional
fabrication process. The second method is fabrication
of MEMS switches via low residual stress material. The
main disadvantage of this method is the complexity
of measuring the amount of residual stress. This is be-
cause it requires determination of the exact amount of
residual stress on each step such as lithography and
deposition of materials.
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b Conclusion

In this paper, methods for the reduction of the actua-
tion voltage of RF MEMS electrostatic switches have
been studied. The study was conducted based on
various experiments and analysis presented in recent
published works. Electrostatic MEMS/NEMS switches
are categorized based on their materials into metal-
lic and carbon switches. Reduction of gap and spring
constant are mostly used for reducing the actuation
voltage of RF MEMS switches based on metals. The fab-
rication of this type of switches is based on surface mi-
cromachining. Switches based on CNT and graphene,
NEMS switches, are fabricated in nano sizes. They are
a new generation of electro-mechanical switches, and
researchers are trying to improve their RF parameters.
The fabrication of this type of switches is based on the
CVD process. The impact of this method has been ana-
lysed and briefly discussed according to the mechani-
cal parameters and RF parameters, taking into account
the fabrication process. The materials presented in this
paper enable researchers to better optimize their de-
sign based on the available fabrication facility and the
desired application.
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