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ABSTRACT

Low pull-in voltage and good radio frequency (RF) performance are the key design
parameters for the RF NEMS switch. The thesis work proposes design and modelling
of graphene materials-based RF NEMS switch.

Firstly, the finite element modelling (FEM) of graphene oxide (GO) as fixed-fixed
beam structure in NEMS switch have been performed for the first time. The analysis of
different performance parameters has investigated for standard and perforated switch
structures to ensure the mechanical reliability. The reduction in the actuation voltage
and von Mises stress have observed by using perforated beam.

Secondly, the RF analysis of Graphene-GO based NEMS shunt switch has evaluated.
The RF performance analysis has performed for both monolayer and multilayer GO
beam along with graphene electrode. It is evident from the results that monolayer GO
needs low pull-in voltage, acquires high downstate capacitance, and high switching
speed. Nevertheless, multilayer GO also shows improved RF performance with high
switching speed. On the other hand, design and analysis of the different bridge
structures-based graphene NEMS switch have studied to identify that which bridge
structure requires least pull-in voltage. The results show that different bridges have
different spring stiffness, get actuated at different actuation voltages and hinge structure
bridge requires least pull-in voltage. Also, analysis of hinge structure-based GO NEMS
switch has been carried for different design parameters. The design parameters of
NEMS switch have been varied and again the bridge dimensions with least pull-in
voltage have investigated. Moreover, the performance of the switch structure that
exhibits minimum pull-in voltage at RF was evaluated. The results state that actuation
voltage and von Mises stress exhibit a negative correlation with beam length and
positive correlation with beam thickness and air gap. Furthermore, a long and thin
suspended beam requires low actuation voltage and undergoes less von Mises stress.
The intense effect of von Mises stress occurs at beam edges, perforation corners, and
beam-top electrode interface due to edge termination effect. The results demonstrate
that GO provides low pull-in voltage, withstands low von Mises stress and good RF
performance. These benefits make GO a better choice for beam material in RF NEMS

switch.



Also, the comparison between the performance analysis of graphene and graphene
derivative-based NEMS switch has studied. The effect of manipulating the beam length
and reduction in elastic modulus on pull-in voltage has presented in the study. It has
been found that reduction in elastic modulus lower the actuation voltage without much
fall in restoring force than increasing the beam length. Moreover, the finite element
analysis (FEA) of single material beam (graphene), and composite beams
(graphene/RGO, graphene/GO) has performed. The composite beam has less Young’s
modulus in comparison with single beam. This in turn yields lower pull-in voltage than
single beam. Based on the study, it can be concluded that composite beam concept is a
good choice to reduce both elastic modulus and pull-in voltage.

Finally, from application perspective, universal logic gates NAND and NOR along with
NOT and XOR are successfully implemented using graphene cantilever structures. The
very high electrical conductivity makes graphene a good choice as cantilever beam for
this work. The designed graphene cantilever actuates at very low voltage and possesses
high switching speed. The simulated logic gates could enable to implement different
digital circuits using cantilever switches.

So, in this research work graphene materials based NEMS shunt switches have been
modelled and verified. It has been found that proposed switch exhibits low pull-in
voltage, undergoes less von Mises stress, high switching speed, and good RF
performance as compared to existing switch structures. Furthermore, different digital
logic gates with high switching speed have successfully implemented using proposed

switch structures.

Keywords: GO, RGO, Graphene, Nanoelectromechanical systems (NEMS), RF NEMS
switch, S-parameters, Hinge structure, Digital logic gates, FEM
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Chapter 1
INTRODUCTION

1.1 Need of new material

In the past several decades, silicon integrated circuit technology has made
significant progress. The innovations that have led to the miniaturization of the metal-
oxide-semiconductor field-effect transistor (MOSFET) into smaller dimensions have
driven this technology growth [1]. This realization has encouraged the research for
alternative technologies that includes both new device principles and new materials.
The motive of using the new device principles is to improve the integrated circuits (ICs)
functionality by including the application areas like nanoelectromechanical systems
(NEMS), actuators, and sensors, etc. The purpose of searching a new material and
replacing the already available materials is to improve the total performance of the
device [2]. Based on the material of suspended beam, microelectromechanical (MEMS)
switches can be classified into the metal-based switches and carbon material-based
switches [3][4][5]. All the beam materials have their pros and cons.

Already existing mechanical switches can be used for high power handling but are
heavy and slow. Semiconductor switches exhibit high speed; however, they have poor
RF performance and consumes high power. Si-FET (Field-effect transistor) can handle
high power at low frequencies (LF) but at high frequencies (HF) the performance
deteriorates. In FET, scaling down the device dimensions adversely effects the
performance of the device. It decreases the distance between the different parts of the
device and the applied voltage. The scaling down concept increases the leakage current,
specifically the sub-threshold leakage current [6]. Since MEMS switches require
physical contact for current flow from one port to another port. No current can flow
between two ports if the switch is off. It greatly reduces off-state power consumption
and improves the on-off ratio. Thus, MEMS switches are the solution to the
subthreshold leakage problem. MEMS switches can be used at RF as it provides low
pull-in voltage, nearly zero power consumption, low insertion loss, and high isolation
[7].

The switching speed of MEMS switch is low as compared to semiconductor

switches. As compared to MEMS switches, NEMS switches are smaller in size, lighter



in weight, and have smaller footprints for use in circuits. NEMS switches attain low
actuation voltage, improved ON/OFF ratio, reduced leakage current, high switching
speed as compared to already existing switches [8]. NEMS technology is relatively not
effected by extreme radiations [9] or temperature conditions [10][11] and NEMS
devices can be used in defence applications. Additionally, the logic gates build from
NEMS switches require very fewer components as compared to the logic gates build
from Complementary Metal-oxide-semiconductor (CMOS) components [9][10].
M/NEMS switches can also be used in circuits as phase shifters, matching networks,
and tuneable filters [12][13].

In nanoelectronics applications, carbon-based materials are of great interest and are
widely used because of their outstanding properties [14][15]. Graphene is a carbon-
based two-dimensional material which has attracted the attention of researchers
worldwide for use in nanoelectronics. The interesting electrical [16], mechanical [17],
and thermal [18] properties have motivated the interest of researchers in applications
like nanoelectronics, electrochemical, photonics, and electromechanical, etc. In RF
applications, graphene has been widely used to make graphene transistor as an amplifier
because of properties like high mobility [19][20]. In the application areas that needs a
high-speed NEMS switch with low pull-in voltage, graphene can be a good option as
beam material but at the expense of large losses [21]. Also, the very high Young’s
modulus makes graphene beam stiff and leads to structural deformation (buckling) of
graphene beam [22].

Graphene derivatives graphene oxide (GO), reduced graphene oxide (RGO) have
moderate Young’s modulus value that makes the beam less stiff and more flexible.
Graphene derivatives can be used as a suspended beam, alone or along with graphene
or any other metal (as a composite beam). The main goal of the thesis is to design and
simulate a graphene derivative-based NEMS switch with low actuation voltage, high

switching speed, and good RF performance.

1.2 RF MEMS switches
MEMS have empowered the use of electronic devices at radio frequency (RF)
through RF MEMS switches. A MEMS system with electronic components comprising

of moving sub-millimetres sized parts to provide RF functionality is known as RF



MEMS switch [23]. The performance of MEMS switches has made them superior to
already existing switches. MEMS switches can operate at RF from DC to a few hundred
GHz frequency range and can provide good RF performance [24]. The semiconductor
industry's success depends upon efficiently scaling down the device dimensions along
with reliable performance. NEMS is the extended version of MEMS where M/INEMS
devices are the combination of electrical and mechanical components. RF M/NEMS

switches are used for signal routing, impedance matching, and signal switching [7].

1.3 RF MEMS switch mechanism

The actuation mechanism of the switch comprises of mechanical and electrical
actuation. The movement of the suspended beam or cantilever defines the mechanical
actuation. The mechanical actuation takes place when a voltage is applied at the
actuating electrode called electrical actuation. Four different actuation mechanisms can
be responsible for the mechanical movement of the switch. The detailed explanation of
different actuation mechanisms is given below.

e The RF MEMS switch based on the piezoelectric actuation mechanism, a

piezoelectric material like AIN/PZT is used on the top of the suspended beam.
When the voltage is applied at piezoelectric material, the material gets elongated
and strain is produced across the length of the piezoelectric material. In this
way, the beam is deflected [25][26][27]. Using this mechanism, high force is
generated and that reduces the pull-in voltage.

e In electromagnetic actuation mechanism, a coil is used on the top of the
suspended beam. The applied DC voltage creates electromagnetic forces and
actuates the suspended beam. But the coil or the permanent magnet used for
actuation leads to self-latching phenomena [28][29][30].

e In the electro-thermal actuation mechanism, the deformation of the beam is
decided by the thermal expansion coefficient. A resistor is used on the top of
the suspended beam and the applied current to the resistor causes the thermal
wave to propagate and deflect the beam [31][32].

e Out of these four actuation mechanisms, the electrostatic actuation mechanism
is always preferred because of the benefits like low power consumption, small
electrode area, high speed, and high capacitance ratio, etc [33]. But it requires a



high actuation voltage [34]. In electrostatic actuation, the voltage can be reduced
up to 5V by using the materials with low spring constant, perforated structure,
and meander structures.

1.4 Basic operating principle

In M/NEMS switches, an electrostatic actuation mechanism is used to deflect the
suspended beam on the actuation electrode. In this way, the switch actuates between on
and off states. The electrostatic forces are inversely proportional to the square of the
gap between the suspended beam and the actuation electrode. If the air gap of the switch
is increased, the effect of forces decreases and more voltage is required to snap down
the beam. As the switch dimensions are scaled-down, the effect of forces becomes more
prominent [35][36].

Two kinds of forces act between the double clamped beam and the actuation
electrode. One is the electrostatic force that tries to pull down the suspended beam when
voltage is applied to the bottom actuation electrode. The other is restoring force that
occurs in the suspended beam that tries to hold the beam in its initial position. There is
a competition between the electrostatic force and the elastic restoring force. When the
applied voltage is increased, the electrostatic force starts to pull the beam towards the
actuation electrode. At a certain voltage, the electrostatic force overcomes the elastic
restoring force and the suspended beam comes in contact with the actuation electrode.

When the switch is closed, restoring force of suspended beam tries to pull the switch
in open state. But the adhesive forces between the suspended beam and actuating
electrode counteract this and the switch remains closed. The stiffer beam material and
larger air gap lead to volatile operation [37][38]. Nonetheless this case requires high
actuation voltage and it may lead to electrothermal failure. On the other hand, less stiff
material and smaller gaps lead to non-volatile operation and require less actuation

voltage.

1.5 RF MEMS switch structures

MEMS switches can be classified on the basis of four different actuation methods,
movement of the beam (can be vertical or lateral), type of contact (ohmic or capacitive)
and configuration in which the switch can be inserted in the line (series or shunt). Based

on the boundary conditions, there are two categories of the MEMS switches, contact



type and capacitive type. The contact type consists of a cantilever, in which one end is
fixed, the other end is free moving and the capacitive type consists of a suspended
beam/bridge, in which both the ends are fixed. Contact type switches are mainly
preferred as series switches and capacitive switches are preferred as shunt switches
[39]. In MEMS switches, the intermolecular forces like van der Waals forces are
neglected but they should be considered in NEMS switches.
1.5.1 Series contact type

A series contact type switch consists of a thin metal cantilever in series with the
transmission line. The electrostatic force is generated due to the applied voltage, pulls
the cantilever downward and cantilever touches the bottom electrode. This particular
voltage at which the cantilever touches the bottom electrode is known as actuation
voltage/pull-in voltage. Hence the signal passes from one end to another end of the
cantilever. In this way, the switch is closed and the input and output ports of
transmission lines are shorted through the cantilever [40]. Figure 1 (a), (b) shows the
OFF and ON state of the MEMS cantilever switch.

Cantilever beam

h Cantilever beam

Input port Output port Input port
putp Lower actuation pe Lower actuation

electrode electrode

Output port

Figure 1: MEMS series contact switch (a) OFF state (b) ON state

1.5.2 Shunt capacitive type

This switch configuration comprises of a bridge/suspended beam structure that is
fixed at both ends. This bridge structure is also known as double clamped beam/fixed-
fixed beam structure. This bridge is suspended at a certain height over the transmission
line of CPW (coplanar waveguide). The metal transmission line is covered by a thin
layer of dielectric. The suspended beam is located perpendicularly over the
transmission line, hence known as a shunt switch. The biasing voltage is applied at the
bottom actuating electrode and suspended beam is kept at zero voltage. When the
applied voltage is insufficient to pull down the suspended beam, it remains in upstate

as shown in figure 2 (a). In this state, the signal in the transmission line passes from



input to output without any interruption. But when the applied voltage is increased and
becomes equal to the actuation voltage, the suspended beam is snapped down and
touches the signal line. The switch comes in downstate and the signal from the
transmission line is grounded through the suspended beam as shown in figure 2 (b). In
OFF state, capacitor structure is formed as the beam touches the dielectric and
downstate capacitance exists [41].

In series contact type switch, metal stiction problem is encountered and it consumes

more power than shunt capacitive switch.

dielectric dielectric

Double clamped beam Double clamped beam

*

Lower ‘actuation Lower'actuation
electrode electrode

Figure 2: MEMS shunt capacitive switch (a) ON state (b) OFF state

1.6 Electromagnetic modelling of MEMS switch

For RF to millimeter-wave circuit designing, series type and shunt type switch are
used. The ideal series switch acts as an open circuit in upstate when inserted in the
transmission line and short circuit in the downstate. The ideal series switches have zero
insertion loss, and infinite isolation, and series switch configuration can be broadly used
upto 40 GHz. On the other hand, shunt switch is placed perpendicularly with the
transmission line and the ground. The position of the beam i.e. whether it remains in
the actual position or it connects the transmission line and ground line is decided by
applied voltage. Also, the transmission of signal from one point to another point is
further decided by the position of the beam. The ideal shunt switch exhibits zero
insertion loss and infinite isolation. The shunt capacitive switches are most suitable for
higher frequencies 5-100 GHz. Figure 3 (a) shows the side view, (b) top view when the
switch is inserted in the transmission line, and (¢) CLR model of the shunt switch

configuration.
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Figure 3 : MEMS switch (a) Side view (b) Top view (c) CLR model of the switch configuration

1.6.1 MEMS shunt capacitive switch description

As shown in figure 3 (a), the suspended beam is placed at some height (go) above
the dielectric layer over the transmission line. The dielectric material of some thickness
(ta) and dielectric constant (er) is deposited on the central actuation electrode. The width
of the central conductor is W pum. The suspended beam of length L um, width W um,
and thickness t um is fixed at both ends at ground planes of the transmission line.

For RF signal transmission, either a CPW or micro-strip line is considered. In the
CPW line, the signal line and the ground lines both are on the same plane. The ends of
the suspended beam are connected to the ground planes while DC voltage is applied
between the suspended beam and the central conductor. Because of electrostatic forces,
the suspended beam collapses on the central conductor and makes a capacitor structure
acting as a short circuit. As the applied voltage is removed, the beam retains its initial
position due to the restoring force of the beam material.

The shunt capacitive switch can be modelled by the two short sections of the
transmission line and the lumped CLR model of the suspended beam/bridge. The shunt

impedance of the switch can be given by equation 1:
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In the equation 1, depending upon the position of the beam, C defines the capacitance
either in upstate or in downstate. The LC series resonant frequency of the switch can

be approximated by equation 2:

1 1
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At resonant frequency (f,), it behaves like a resistive circuit, below f, , it behaves
like a capacitor and above f;, it behaves like inductor. In the upstate position, the
inductance does not affect the switch performance, it only plays a significant role when

the switch is in downstate.

1.7 MEMS switch design parameters
1.7.1 Pull-in voltage

In electrostatic actuation, the applied voltage at which the suspended
beam/cantilever touches the bottom actuation voltage is known as pull-in
voltage/actuation voltage [42][43]. It can be expressed by equation 3:

8k 3
2704 9o
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Where k is the spring constant of the suspended beam, go is the air gap, & is the
permittivity, A is the actuation area. The spring constant k can be expressed by equation
4 [44].

k =17.63 Ew ({)3 @)

Where E is Young’s modulus/elastic modulus, w is the suspended beam width, t is
thickness and L is length of the suspended beam. The pull-in voltage depends upon the
spring stiffness, area of the actuation electrode, and air gap between the beam and
actuation electrode.

1.7.2 von Mises stress

The approach that is used to evaluate if a given material will yield or fracture is
known as von Mises stress [45]. The maximum distortion energy theory was initially
proposed by Hubert in 1904 and further developed by von Mises in 1913. The theory
of maximum distortion energy states that when von Mises stress reaches the yield

strength of the material, the elastic failure occurs. The yielding of the material occurs



when distortion energy reaches a critical value. The von Mises stress is given by
equation 5 [46]:

ava\/O.S(ax - ay)z + (ay - O'Z)Z + (0, — 0,)? (5)

Here oy,0,,and g, are the stress in X, y, and z cartesian coordinate system,
respectively. The von Mises is not a stress, it is a measure of energy density. This
concept is used by the designer to check whether the design will withstand load

conditions or not. It is used to find out the distortion energy density at a particular point.

1.7.3 MEMS capacitance

The MEMS shunt switch capacitance is measured at the position of the beam. If the
beam is in unactuated state then it is known as upstate capacitance but if the beam is
actuated and touches the actuating electrode, it is known as downstate capacitance. The

upstate and downstate capacitances are expressed by equation 6, 7 [21]:
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S-parameters like isolation and insertion loss are defined by the ratio of upstate
capacitance to the downstate capacitance. The low insertion loss and high isolation can
be achieved if the Cratio is high. Capacitance ratio is the ratio of the downstate

capacitance to the upstate capacitance and is given by equation 8:
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1.7.4 Series resistance
For modelling the series resistance, the input or output line should be of 50 ‘Q or
known impedance. MEMS switch is comprised of two resistive components, Rs: and

Rs. Rs1 is the resistance due to the transmission line loss while Rsis the resistance due

to the MEMS bridge structure. Also, Rs1 can be calculated by the line loss, o = %

o

Np/m. The MEMS bridge resistance Rs cannot be calculated easily as in both the states
current distribution is different. In the OFF state, Rs can be approximated from the S-

parameters. If the thickness of the suspended beam is smaller than two skin depths
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remains constant with frequency. For thick suspended beams, Rs changes

(5=ﬁ), Rs
with /f. When the switch is actuated, the current flows through the bridge to the
ground terminal. The resistance of the bridge and resistance of the transmission line
gives total resistance of the switch. The bridge resistance can be given by equation 9
[47]:

Rbi —_—r

1.7.5 Inductance

For modelling the inductance, the input or output line should be of 50 Q or known
impedance. The inductance of the suspended beam is evaluated by the portion of the
suspended beam over the transmission line and it does not depend on the portion of the
suspended beam over the actuation conductor. If the width of the suspended beam is
increased, the bridge inductance decreases. If the spring constant of the suspended beam
is changed by varying its shape, the bridge with the very low spring constant will have
a high inductance value.
1.7.6 S-parameters

S-parameters are used to characterize high-frequency circuits. S-parameters define
the change in the signal from input to the output port when the switch is inserted in the
RF line. It describes the input-output relationship between the ports of the electrical
system at HF. S-parameter analysis is necessary to optimize the behavior of NEMS
switches in terms of isolation, insertion loss at HF. Insertion loss is the loss of signal
power that occurs when a switch is inserted in a transmission line. Insertion loss (S21)
is evaluated when the switch is upstate and it should be less than 0 dB. In the upstate
position, S11 i.e. the upstate reflection coefficient can be calculated as given by equation
10 [33]:

St = e (10)

The high value of reflection coefficient leads to high insertion loss. So, low upstate
capacitance is desirable. Isolation states the ability of the switch to prevent the signal
from appearing at a port in the circuit where it is not desired. The large value of isolation

depicts minute coupling between output and input port. Isolation is evaluated when the
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switch is downstate. A high value of isolation is desirable and it (S21) should be greater

than 30 dB. In downstate, S»1 can be calculated as given by equation 11 [33]:

4

|521|2:m (11)
On multiplying equations 10 and 11, equation 12 is obtained:
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1.7.7 Eigenfrequency Analysis

Eigenfrequency, also known as fundamental characteristic frequency/natural
frequency, is a frequency at which a device vibrates. When a device vibrates at a certain
eigenfrequency, structural deformation takes place in a particular mode. The
eigenfrequencies can be calculated by solving the Lagrangian of the system followed
by the canonical equation. The harmonic motion of the mass-spring system for single
degree of freedom can be modelled by a second-order differential equation 13:

d?x dx

Merr gz ¥ Yerr g T hersx = Fe (13)
Where, m. is the effective mass of suspended beam, Y,sfis an effective damping
coefficient, k. is effective spring stiffness and Fe is electrostatic force.
Eigenfrequency analysis provides information about the shape of eigenmode [48].
Each eigenmode has a different eigenfrequency value. The desired motion is
represented by the primary eigenmode. The natural frequency of the suspended beam
depends upon the effective spring constant and effective mass [49] given in equation

14. The next high mode f1 of eigenfrequency can be determined by equation 15.

_ 1 [kesr
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Here, kett = Effective spring constant
Mest = Effective mass
E = Young’s modulus
p = Mass density
Ix= Inertia
L= Length of beam
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ket depends upon the Elastic modulus of the suspended beam and device
dimensions. The high eigenmodes depend upon the inertia of the beam and device

dimensions.

1.8 Methods to reduce pull-in voltage
1.8.1 Use of low spring constant structures

Introducing small diameter holes in the MEMS switch improves the switching speed.
Holes reduces the residual stress and the spring constant of the suspended beam, which
in turn reduces the actuation voltage. By making holes in the beam, the mass of the
suspended beam gets reduces and the beam resonates at a much higher frequency. The
electrostatic forces are not affected by the hole density and the placement of the holes.
During actuation, the air below the perforated structure gets easily squeezed out and
helps in further reducing the actuation voltage. It makes the switching operation faster
[50]. In the fabrication process, the holes act as tunnels for etching the sacrificial layer.

Figure 4 shows the top view of the circularly perforated beam.

Perforations

Figure 4: Perforated structure

The development of a low spring constant system (meander structure) has been done
to achieve low pull-in voltage [51][52]. The pull-in voltage can be reduced by
increasing the number of meander structure. For the low spring constant membranes,

different structures can be used as shown in figure 5.

Folded Flexure

Serpentine Flexure

Crab Leg Flexure

Figure 5: Various meander structures
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1.8.2 Change the device dimensions

The change in device dimensions (length, width, thickness of beam) affects the
actuation voltage of the NEMS switch. From equation 3, it is evident that the pull-in
voltage is directly proportional to the gap between the suspended beam and the
actuation voltage. If the gap is increased, the pull-in voltage also increases. The pull-in
voltage is also dependent on the spring constant. The change in the beam length and
beam thickness changes the spring constant of the beam, which in turn changes the pull-
in voltage.

1.8.3 Other materials with low elastic modulus

The spring constant of the beam depends upon elastic modulus of the beam material.
Very high elastic modulus of any beam makes the beam stiffer and less flexible. Also,
very high Young’s modulus value increases the pull-in voltage. The beam flexibility of
the suspended beam can be improved by replacing the existing beam material with

another beam material having a low spring constant.

1.9 NEMS switch

In RF communication systems, the demand for high-performance devices has grown
drastically [53]. NEMS devices are light in weight, small in size, consume very low
power, and are highly linear. In the era of miniaturization, NEMS switches can be
preferred over the already existing conventional switches due to some outstanding
properties like extremely small size, sharp switching, low leakage current, and large
capacitance ratio [8]. For applications like logic gates and data storage, NEMS switches
can be used [54]. Already existing metal switches suffer from the problem of stiction,
self-actuation, and electromigration [55]. The basic working operation of both MEMS
and NEMS switch is the same but as the feature size reduces, the intermolecular forces
come into effect. Graphene is a monolayer of carbon atoms having remarkable electrical
and mechanical properties. Graphene NEMS switches overcome the stiction problem
with better reliability [56]. Graphene-based NEMS switches offer lower pull-in voltage
and fast switching speed [21]. But Graphene NEMS switches suffer from problems like
structural deformation and low life cycle [57]. Very high elastic modulus of the
graphene beam makes the beam stiffer and due to repetitive on-off switching of NEMS

switch, structural deformation takes place.
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1.9.1 Graphene Oxide

GO is an oxidized form of graphene having different radicals connected with carbon
atoms by covalent bonds. The structure and properties of GO depend upon the synthesis
method and degree of oxidation. Depending on the degree of oxidation, GO can be a
semiconductor or an insulator [58]. The physical and mechanical properties of GO can
be changed by varying the degree of oxidation [59]. Rippling in GO can alter the
mechanical characteristics of the material [60]. In GO, on increasing the oxidation rate
Poisson’s ratio decreases linearly. For fully oxidized GO, the value of Poisson’s ratio
is negative [61]. Young’s modulus value of GO is 27-31 GPa which is much lower than
Young’s modulus value of graphene 1 TPa [62][22]. This lower value of Young’s
modulus makes the beam less stiff and more flexible. The low stiffness of GO is
associated with an unexpected low bending modulus and makes it super flexible [63].
GO can be used in application like sensors [64][65], capacitors [66], transparent
conductors [67], solar cells [68], drug delivery [69], membranes [70], cellular
migration [71], and water purification [72][73] etc. Different methods can be used to
produce high-quality GO [74][75] but most of these methods use strong oxidants that
result in the production of the GO with certain defects. The conducting property of GO

gets highly reduced while optical and mechanical properties suffer from less impact.

1.9.2 Reduced Graphene Oxide

RGO is a graphene derivative that is formed by thermal or chemical reduction of
GO. The purpose of the reduction method is to remove the oxygen groups and restore
the conductivity. RGO has similar mechanical and electrical properties as pristine
graphene. As it has graphene-like properties, RGO is highly desirable to be used in
applications like sensors, optoelectronics devices, and storage devices [76]. RGO can
be prepared easily in the desired quantity from GO using different methods [77][78].
The different methods of reducing lead to the formation of different quality of RGO
with highly reformed properties.

Using the laser annealing method, the measured value of Young’s modulus of RGO
is 207 GPa and Poisson’s ratio is 0.197 [79][80]. RGO possesses less value of Young’s
modulus than graphene. Thus, RGO possesses high charge carrier mobility and

significant conductivity.
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Graphene derivatives GO and RGO can be used along with graphene or any metal

as a composite beam.

1.10 Thesis outline

In this thesis, graphene derivatives have been used as a suspended beam material
for the first time. The advantages of using a composite beam of graphene derivative
along with graphene or any other metal have been presented in this work. The finite
element modelling (FEM) of the graphene derivative-based NEMS switch is
successfully analyzed.

Chapter 1 (This chapter) explains the need for new materials and detailed introduction
of RF M/NEMS switches, different types of switch configurations, various actuation
mechanisms, and new graphene materials. Also, different design parameters are
explained comprehensively. The various methods to reduce pull-in voltage have been
discussed. Brief introduction of two new graphene materials with their properties is
provided.

Chapter 2 discusses the relevant previous research in the field of RF MEMS switches
starting from the development of first MEMS switch and the different methods that
have been adopted to improve the switch performance. Based on different methods like
low spring structure, materials with high dielectric constant, switch designed for
specific bands etc., a plethora of MEMS switches have been proposed and implemented
successfully. Also, based on the available literature, the research gaps are identified and
on the basis of the research gaps, the research objectives are formulated.

Chapter 3 describes the simulations performed using standard and perforated GO beam
with graphene. Also, by considering standard and perforated GO beam with gold
electrode, analysis of NEMS switches have been done. In both the cases, different
dimensions of the switch are considered. The simulation of GO NEMS switches have
been performed to evaluate the actuation voltage, total capacitance, and to ensure the
mechanical reliability.

Chapter 4 deals with the electromechanical modelling of the GO NEMS switch. In this
chapter, performance analysis of GO NEMS switch at RF has been explained. The
analysis of the switch has been done for monolayer and multilayer GO beam structures.
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The different eigenfrequency modes, switching time, switch resistance, inductance and
capacitance have also been evaluated.

Chapter 5 describes the design and analysis of graphene NEMS switch using various
suspended beam structures. Five different bridge structures are designed and analysed
to find out the structure with least actuation voltage.

Chapter 6 the structure with least pull-in voltage has been evaluated in previous
chapter. Assuming the same structure but of different material (GO), optimization of
different design parameters has been performed in this chapter. It has been observed
that changing the design parameters changes the performance of the NEMS switch in
terms of actuation voltage and mechanical reliability.

Chapter 7 explains the benefits of using a composite beam over a single material beam
for RF NEMS switch. In this chapter, different methods are used to reduce the actuation
voltage without compromising on the restoring force. A single material beam and two
different composite beams have been designed and analysed. A comparative analysis
in terms of actuation voltage, switching speed and restoring force of single material
beam and composite beam has been done.

Chapter 8 presents the design and modelling of graphene NEMS switch using
cantilever structure. The successful implementation of different digital logic gates has
been carried out using graphene cantilever NEMS switch with high switching speed.
Chapter 9 describes the conclusion drawn from the present research work. Moreover,
this chapter also depicts the future research agenda for practitioners, engineers and

potential researchers.
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Chapter 2
LITERATURE SURVEY

The growing demand for high-performance RF communication systems has
attracted the attention of several researchers from electronics industries and educational
institutes towards RF MEMS switches. Till now, a plethora of MEMS switches have
been designed by considering different design parameters, different materials for
substrate/dielectric/suspended beam, and different actuation mechanisms to achieve
better performance of RF MEMS switch. The relevant previous research performed on
M/NEMS switches is reviewed in this chapter. The literature review of RF M/NEMS
switch is organised on the basis of different actuation mechanism (section 2.1), low
spring constant structures (section 2.2), high-k dielectric based structures (section 2.3),
fabrication processes of switches (section 2.4), switches for specific bands (section 2.5),
and development of NEMS switches (section 2.6). The identified research gaps and

formulated research objectives are summarised in section 2.7 and 2.8 respectively.

2.1 Different actuation mechanism-based RF MEMS switch

K. E. Petersen developed the first MEMS switch in 1979. He believed that a bulk
micromachined cantilever can be used on the silicon substrate to achieve a switching
mechanism at an actuation voltage of 70 V. After that, research on the development of
the RF MEMS switches gained pace [81]. Subsequently, RF MEMS switches were
studied extensively for communications applications. The small size of the switch
offers benefits like high resonance frequency, low mass, and low power consumption
[82]. The first shunt capacitive switch was fabricated by Raytheon in the late *90s.
Goldsmith and his team developed a shunt capacitive switch that was previously known
as the Texas Instrument switch [83]. A 0.3-0.5 um thick Al membrane was used as a
bridge and it was positioned at the height of 3—5 um over the CPW transmission line.
For the sacrificial layer, polyimide was used and an electrode of tungsten-alloy was
used beneath the bridge. The plasma etching method was used to release the suspended
beam of Al. The developed shunt capacitive switch can be used as filters and switching
networks for X-band and K-band phase shifters applications. A pull-in voltage of 50 V
with 6 ps on switching time and 4 ps off switching time was observed. At 20 GHz, the
insertion loss of 0.14 dB was observed [84]. The MEMS switch developed by Raytheon
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gave a direction towards the micromachined switches to other researchers. Later on,
different types of RF MEMS switches were studied and fabricated by various research
centers.

H.S. Newman discussed the RF MEMS switches and their applications. The basic
principle of operation and insertion of RF MEMS switch, fabrication process, circuit
applications, and reliability issues have been explained thoroughly. It concludes that
low actuation voltage RF MEMS switch should be preferred as high pull-in voltage has
an adverse effect on the reliability of the MEMS switch. Also, the lifetime of the switch
decreased by an order of magnitude for every 5 to 7 V increase in the actuation voltage
[85]. Gold smith et al. reported the exponential relationship between the applied voltage
and switch lifetime. The results demonstrated that the lifetime of the MEMS switch
improves on the order of a decade for every 5 to 7 V decrease in applied voltage. For
MEMS switch to have a lifetime of more than a billion cycles, it should operate at a
voltage less than 40 V [86].

Chang et al. developed an ohmic switch using GaAs substrate [87]. The fabrication
of ohmic switch having 0.5 um/0.1 um Al/Cr cantilever was done. The bottom electrode
and transmission line of 4000 A thick gold electrode and dielectric material of 3000 A
thick SiO; layer were used for fabrication. Amorphous silicon of 1um thickness was
used as the sacrificial layer. A capacitive connection is formed between the center of
the transmission line and the ground by the switch. The fabricated switch shows a high
pull-in voltage (26-30 V) and a switching speed of 10 ms. When the RF performance
of the switch was analyzed at 10 GHz, an insertion loss of —0.2 dB, and isolation of -
17 dB was measured. In 2001, a low pull-in voltage RF MEMS switch was proposed
by Schauwecker et al. that has high power capability and can be used for high
broadband applications. The electromagnetic simulation and fabrication of simulated
switch were presented in the study. The pull-in voltage of 16 V, isolation of 22 dB and
insertion loss of < 0.85 dB at 30 GHz were observed [88].

Nishijima et al. proposed a novel structure of metal contact RF MEMS switches with
low pull-in voltage. A 5 pum thick gold cantilever with contact dimples was used along
with a pull-down electrode. A pull-in voltage of 30 V, isolation of 29 dB, and insertion
loss of 0.2 dB at 2 GHz were achieved. At the tip of the cantilever, deflection is induced

by stress [89]. Daneshmand et al. reported thermally actuated RF MEMS switch for
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multiport band selection network. For thermal actuation, thermal actuators were used
and connected to the metal plates of the transmission line. The thermally actuated RF
MEMS switch exhibits repeatable RF results up to 6000 cycles, isolation of 20 dB and
insertion loss of 0.3 dB [90].

Park et al. presented the design, fabrication, and measurement of RF MEMS shunt
capacitive switch for 24 GHz RADAR (Radio detection and ranging) applications. The
fabricated switches presented high reliability and long lifetime and were free from
micro-welding and stiction problems. The comb-drive actuators were used to precisely
regulate the capacitance. The copper beam-based MEMS switch actuated at 25 V,
showed insertion loss of 0.29 dB and isolation of around 30 dB [91].

Nawaz et al. reported the effect of surface roughness on the electromechanical
performance of RF MEMS switch. FEM-based simulation methodology was used to
estimate the surface roughness effects on the parameters like upstate capacitance,
downstate capacitance, pull-in voltage, pull-in gap, and switching time of RF MEMS
switch. The result depicts that surface roughness shows predictable shifts in
electromechanical characteristics. For the air gap of 0.4 um and surface roughness of
50 nm, the pull-in voltage got changed by 28.5%. Also, the upstate capacitance
increases and switching time decreases (by 24.2%) by increasing the surface roughness.
The estimation of surface roughness using FEM based methodology is a good
alternative for complex models [92].

In double clamped beam structures, the actuation mechanism plays a significant role
to reduce the pull-in voltage. The electrostatic actuation mechanism is mostly preferred
because of the low power consumption, low switching time, and small electrode size,
etc. [7]. This actuation mechanism requires very high pull-in voltage but does not
consume any current which results in very low power dissipation (10-100 nJ). Other
actuation mechanisms consume more current, dissipates high power, and probably
result in stiction. The comparison of the actuation voltage obtained from different
actuation mechanisms is given below in table 1. It is clear from the table that
electrostatic actuation mechanism requires more actuation voltage than any other

method.
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Table 1: Pull-in voltage for different actuation mechanisms

Actuation mechanism Actuation voltage (V) Reference
Electrostatic 9-70 [82][93].[39]
Piezoelectric 2-12 [94], [95]

Electromagnetic 2 [96]
Electro-thermal 2.5-35 [97]

Polcawich R.G. et.al reported RF MEMS series switch using a piezoelectric
actuation mechanism. The purpose of this switching design is to achieve a lower
actuation voltage. He compared the results with a switch actuated using an electrostatic
actuation mechanism. The proposed switch exhibits excellent RF performance and
retains a large restoring force [94]. On the other hand, Lee et.al developed a cantilever-
based RF MEMS shunt ohmic switch. The piezoelectric actuation mechanism was used
and a low actuation voltage around 5 V was achieved [98]. A tuned cross switch with
four membranes was demonstrated by Muldavin. The proposed switch structure aims
to achieve good RF performance. The switch was well suited for low loss high isolation

communication applications operated at 28 GHz [99].

2.2 Low spring constant structures-based RF MEMS switch

Pacheco et al. developed a low spring constant-based MEMS shunt capacitive
switch using the Nickel as a suspended membrane. For the support of the suspended
membrane, meander structures were used. The motive of low spring constant-based
structure is to decrease the actuation voltage as pull-in voltage mainly relies on the
shape and thickness of the fixed-fixed beam/cantilever structures. For the gap of 4-5
pm, a pull-in voltage of 6-20 V, isolation of -25 dB, and insertion loss of -0.1 dB was
achieved at 1-40 GHz [100]. Afterward, several other methods were suggested by
researchers to lower the actuation voltage.

In 2003, Peroulis et al. reported MEMS switches having an air gap of 4-5 pm and
low pull-in voltage of 6-12 V. A serpentine folded meander configuration was
fabricated and as the number of meanders was increased from 1 to 5, the pull-in voltage
got reduced by 80%. The structure with 5 meanders attains a low actuation voltage of

3V [101]. This success lead the researchers to design some different meander structures
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to lower the pull-in voltage [102] but this approach prone to issues like sensitivity to
mechanical force etc. [33].

The University of Michigan developed a low-height shunt switch with inline
transmission line configuration using titanium/gold (0.8—-1.0 um) as a double clamped
beam. The small air gap of 1.5-2.2 um between the suspended beam and electrode
resulted in the lower actuation voltage of 12-24 V. Only the air gap was reduced and
the spring constant of the membrane was not changed. This switch structure exhibits
advantages of fast speed, and a low response to the mechanical vibrations but with poor
RF performance [33]. For the development of low voltage RF MEMS switch,
Balaraman et al. proposed a design with various hinge (spring) structures using a high
resistivity silicon substrate. The suspended beam of copper with four different hinge
geometries was used [103]. The pull-in voltage and spring constant of hinge structures
using different meanders cantilever are given in table 2. The cantilever with two
suspension bridges is having the minimum spring constant values which in turn reduces

the pull-in voltage.

Table 2: Different hinge structures

Hinge Structures Pull-in voltage (V)  Spring constant (N/m)
Solid cantilever 17.8 16.7
2 meander cantilever 115 7.4
2 Suspension bridges (each suspension contains 5.7 1.75
1 meander)
4 Suspension bridges 16.7 14.8

(each suspension contains 1 meander)

In 2003, Guo et al. reported a MEMS switch with low actuation voltage in which
Al-silicon alloy was used as a suspended beam. Based on the suspended beam material
and dimensions of elastic modulus, the optimization of the switch structure was realized
by calculating the pull-in voltage. The results show that alloy exhibits a lesser pull-in
voltage of 5 V than Au based suspended beam. But the alloy-based suspended beam
exhibits higher transmission losses than the gold membrane [104].

Figure 6 shows another low voltage MEMS switch, developed by Lee et al. In this
switch, electrostatic actuation is used for the movement of the freely moving contact

structure. Since in the proposed design, the actuation voltage has not been used for
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elastic deformation, the actuation voltage is reduced to a sufficient amount and 4.5 V
is required for the actuation [105]. The internal stress gradient of the suspended beam
material leads to the bending of the beam. To mitigate this issue, Kim et al. proposed a
low voltage DC contact type RF MEMS switch. Thick and stiff Si membrane was used
with seesaw mode operation. The gap between the electrode and the beam is small and
uniform [106].

w
o= >

i
/ L

Movable Contact Pad

Figure 6: Schematic view of RF MEMS switch with movable contact pad [Lee et al.]

Another design of RF MEMS switch with low voltage and high switching speed was
reported by Kundu et al. The concept of moving transmission line over CPW was used
to lower the actuation voltage. In this study, two moving plates are used, one plate is
used as a membrane, and the other one as a CPW line. The CPW line acts as the bottom
electrode to initiate the actuation. In this way, the actuation voltage and switching time
reduced around 20 % [107].

Park et al. developed another low voltage MEMS shunt capacitive switch with a high
capacitance ratio and good RF performance. The standard configuration double
clamped beam structure was used to design the shunt capacitive switch by taking the
dielectric layer of Strontium-Titanate-Oxide (SrTiOz). For isolation, SrTiOz has a very
high relative dielectric constant of 30-120. The pull-in voltage of 8-15 V and isolation
of -40 dB was achieved. Also, high dielectric constant value results in a high
capacitance ratio of 600 with 50 pF downstate capacitance and 70-80 fF upstate
capacitance. The surface roughness of the dielectric layer reduces the capacitance ratio
from 3000 (theoretical value) to 600 [108].

Other than the hinge structure, some researchers have developed low voltage MEMS
switches without hinge or meander structure type beam. An anchorless bridge was
developed by Shen et al. in which the bridge was hinged to the substrate by metal post.
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The actuation voltage of < 10 V has been obtained for the developed switch structure
[109].

A flexible bridge based ohmic switch was developed by Segueni et al. In the
designed ohmic switch configuration, two pairs of electrodes were used and the
electrodes were positioned on both edges of the supporting pillars. The voltage can be
applied at any electrode for the switch operation. A very low pull-in voltage of 3.5 V
was achieved. The switch exhibits good RF performance [110].

Sravani et al. reported an RF MEMS shunt capacitive switch with different shapes
of meanders as shown in figure 7. The electromechanical analysis of free moving gold
suspended beam and SisN4 and HfO> as dielectric materials were performed in FEM
based tool. The pull-in voltage of 2.3 V and 2 V was obtained for 0.8 pm and 0.6 pm
thick beam. For 0.8 um thick beam, capacitance ratio of 8.69 and 14.93 was obtained
for SisNs and HfO> respectively. The non-uniform single meander structure exhibits
insertion loss of —0.2 dB and isolation loss of —14 dB at 20 GHz. The obtained
switching time of uniform three meander structure is 0.12 ms and that of the non-

uniform one meander structure is 0.7 ms [111].

Figure 7: Meander structure proposed [Sravani et al.]

A step structure RF MEMS switch for K-band applications has been proposed by
Sravani et al. The non-uniform meander structure for both optimized and non-optimized
structures was implemented and analyzed to understand the performance characteristics
of MEMS switch. In the K-band frequency range, the optimized non-uniform meander
switch actuates at very low pull-in-voltage of 3.82 V, exhibits insertion loss less than -
1 dB and high isolation of —54.17 dB at the center frequency of 22 GHz [112].

To reduce the spring constant of the suspended beam, perforated beams can be used
as a bridge in the MEMS switch. Rao et al. proposed a MEMS switch by taking different
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beam materials of different thicknesses. Ashby’s approach was used to select the best
material for the MEMS switch. Silicon nitride was used as dielectric material and for
beam material, the stiffness of gold, titanium, and platinum was analyzed. To reduce
the pull-in voltage, meanders and perforations were introduced in the suspended beam.
The pull-in voltage of 1.9 V was achieved. For X-band applications, the developed
switch offers insertion loss of -0.147 dB and isolation of -52.04 dB at 8 GHz [113].

Chan et al. reported a low-voltage metal-to-metal contact shunt RF MEMS switch.
The perforated suspended beam of gold actuated at 15 V and had switching speed of
less than 25 ps. The metal sticking issue was removed by using separation posts that
resulted in lifetimes of 1.6 x 10° cycles for hot switching and 7 x 10° cycles for cold
switching. The results state that the lifetime of the switch improves on the order of a
decade for every 5 to 7 V decrease in applied voltage [114].

Kageyama et al. proposed a new fabrication method to enhance the reliability and
power handling capability of RF MEMS switch. The fabricated an Au-Au/CNT
composite contact exhibited a low insertion loss of < 0.7 dB at 40 GHz and life cycle
2.7 times longer than that of an Au—-Au contact switch [115].

Another MEMS shunt switch was proposed by Ansari et al. that has a unique spring
design. Al metal was used as a suspended beam and 100 nm thick SiO2 was used as the
dielectric. To reduce the air gap, a step structure/helical spring was included in the
switch design. This step structure/helical spring reduces the spring constant that further
reduces the actuation voltage to 2.2 V. Analysis of the perforated beam along with
helical spring contact pads was performed. For 1-40 GHz, isolation of — 71 dB and
insertion loss greater than — 0.85 dB was achieved. When the beam was in upstate, the
capacitance of 93.3 fF, and when the beam was in downstate, the capacitance of 2.64
pF had obtained. The overall ratio of the capacitances obtained was 28 for the simulated
switch structure [116].

Another low voltage RF MEMS switch was presented by Attaran et al. as shown in
figure 8. The switch consists of a 700 um long and 30 um wide helix spring structure
connected to a perforated actuator. The perforated gold actuator of length 190 pum,
width 220 um, and thickness 70 nm was fabricated over alumina substrate. For a 1.5
pum gap, very low pull-in voltage, isolation of 27 dB, an insertion loss of 0.1 dB, and

switching time less than 0.22 ms was obtained [117].
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Dielectric

Figure 8: 3D view of helix spring structure MEMS switch

Angira et al. demonstrated a RF MEMS switch with non-uniform bridge structure.
The design comprised of four flexures with two wider beams that were further joined
to central capacitive area. For the designed switch structure, pull-in voltage of 10.5 V,
pull-in time of 76.59 ps, and the release time of 32.76 pus were achieved. In the S-
parameters analysis, insertion loss greater than 0.44 dB for X-band while 0.71 dB for
Ku band was obtained. Similarly, the isolation of 15 dB was obtained for the frequency
range of 10.3 to 40 GHz [118].

2.3 High-k dielectric based RF MEMS switch

High-« dielectric material is used to improve the RF performance of the MEMS
switches at high frequency and also high-«k dielectric material increases the downstate
capacitance. The most commonly used dielectric material is silicon nitride. Park et al.
developed a MEMS capacitive switch with a very high capacitance ratio. A double
clamped beam using strontium-titanate-oxide (SrTiO3z) as dielectric material was
presented. The actuation voltage of 8-15 V, capacitance ratio of 600, isolation of -40
dB, and insertion loss of -0.1 dB at 10 GHz was obtained [108].

Zhang et al. developed RF MEMS shunt capacitive switch with HfO for isolation.
The results show that a thin layer of dielectric material provides better isolation for the
frequency range of less than 20 GHz. The insertion loss of -0.8 dB and isolation of -30
dB was achieved at 50 GHz. But due to some fabrication imperfections, the material
exhibits leakage current and reduced the quality of dielectric material [119].

The mixture of Alumina and Zinc oxide can be another choice to use as a dielectric
material for MEMS switch. Herman et al. used the atomic layer deposition method for
the deposition of dielectric material. The calculated value of Al,03/ZnO alloys films
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was 7. The MEMS switch exhibits low insertion loss of 0.35 dB and high isolation of
55 dB at 14 GHz respectively [120].

A new method of using a multi-layered dielectric material layer of PZT/HfO: in the
MEMS switch was developed by Tsaur et al. PZT/HfO> has a very high dielectric
constant value of 79-82. The leakage density of multi-layered dielectric material is low.
RF MEMS switch with multi-layered structure shows high isolation (-30 to -65 dB)
and low insertion loss (0.5 dB) for different frequency bands [121].

Another choice as a dielectric material for the metal-insulator-metal (MIM) switch
is Barium Strontium Titanate (BST), proposed by Yoon et al. For the thickness of 150
nm, the dielectric constant of BST is 367. An actuation voltage of 7-18 V was achieved.
The RF performance of the proposed switch shows improvement compared to using
silicon nitride as a dielectric layer [122].

Persano et al. studied the potential of tantalum nitride (TaN) and tantalum pentoxide
(Ta20s) to be used as actuation pads and dielectric layers, respectively, for MEMS
switch. RF MEMS shunt capacitive switch was developed using I11-V technology
materials to overcome the technical limitations and to ensure the reliability of the
switch. An actuation voltage of 15-20 V, isolation of -40 dB, and insertion loss of -0.8
dB up to 30 GHz were achieved [123]. Bonthu et al. presented the dielectric material
selection method for RF MEMS switch. To optimize the performance indices like
dielectric charging, RF performance, stability and hold down voltage, Ashby’s material
selection method was used. The performance indices are evaluated by choosing
material indices of the dielectric layer. From the selection chart of the method, it is
evident that Al>Osand SiN can be used without any hesitation as these dielectric
materials provide good performance at RF [124].

Guha et al. investigated the high capacitance ratio of RF MEMS shunt capacitive
switch. In this work, different meander structures have been used and comparative
analysis has been performed. The proposed switch having 0.8 um thick gold beam
material was designed for 5-40 GHz frequency range. The simulation study of the
switch illustrates that high dielectric constant materials enhances the capacitance ratio.
A pull-in voltage of 2.45 V and capacitance ratio of 223 was obtained for HfO, while a

pull-in voltage of 2.7 VV and capacitive ratio of 83.75 was obtained for SizNa. A low
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insertion loss of —0.4 dB and high isolation of 80 dB at 20 GHz were achieved. The
study reveals that non-uniform design reduces design complexity [125].

Angira et al. presented RF MEMS shunt capacitive switch with high-« dielectric for
telecommunication applications. In the reported work, HfO> has been used in place of
SiO». The central overlap area in the case of HfO reduces to 8 times less and the switch
size reduced by 15% as compared to the SiO2 based switch. High-« dielectric based
MEMS switch shows a pull-in voltage of 12 V, isolation of 52.70 dB, and insertion loss
of 0.06 dB at 9 GHz [126].

Design and analysis of RF MEMS switch using GaAs as dielectric material was
reported by Thalluri et al. Al beam of 1 um thickness and 380 pum length was used
along with 50 nm thick GaAs dielectric material. The gap between the suspended beam
and electrode was kept 1.6 um. A pull-in voltage of 8.12 V, isolation of -41.5 dB, and
insertion loss of 0.6 dB at 27 GHz were achieved. An overall capacitance ratio of 368.9

was obtained for a dielectric constant of 12.9 [127].

2.4 Fabrication processes-based RF MEMS switch

The surface micromachining method is mostly used as compared to bulk
micromachining for the fabrication of the RF MEMS switch. The fabrication of the
MEMS switch can be done by using an integrated circuit CMOS process. Though it
requires a few additional steps to release the bridge structure. Using this process, the
integration of switch with other circuit components can be easily done.

Using the CMOS process, Dai et al. has proposed a RF MEMS shunt capacitive
switch which comprised of a metallic beam that was suspended at some height over the
CPW line. In the post-process, the Silox Vapox Il etchant was used for releasing the
metallic bridge by removing the oxide layer. The developed MEMS switch actuates at
17 V and at frequencies of 10-40 GHz, the switch exhibit loss of -2.5 dB when the
switch was inserted in the transmission line [128].

Lee et al. developed a CMOS RF MEMS capacitive switch using different methods
of actuation. Both electrostatic and electro-thermal actuators were used for the actuation
mechanism. Standard 0.35 pm 2Poly-4 Metal of CMOS process was used to develop
the MEMS switch. For the post-processing, maskless wet and dry etching techniques

were used. Silox Vapox Il was used as an etchant for wet chemical etching to release
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the suspended beam. Metal layers were used as membrane and CPW lines while the
polysilicon layer was used for an electro-thermal actuator. The switch exhibits a pull-
in voltage of 7 V, isolation of —4.1 dB, and insertion loss of —2.5 dB at 5 GHz [129].

Lai et al. demonstrated another BICMOS embedded RF MEMS switch. In this
work, a novel back-side processed back to front self-aligned MEMS switch was
fabricated for 90 to 140 GHz frequency band. In the high-performance BiCMOS
process, only one mask step was added that offers low cost wafer-level packaging. For
the fabricated switch, a pull-down voltage of 40 V, switching on time of 10 ps, an
insertion loss of less than 0.5 dB up to 140 GHz, and isolation of 15 dB for 90 to 140
GHz were achieved [39].

Kaynak et al. developed a BiCMOS embedded RF MEMS capacitive switch. The
proposed switch has been successfully characterized using FEM. A FEM based
mechanical model of the switch was developed initially by taking the residual stress of
the thin film membrane into account. The membrane of the switch was realized using
the stress compensated Ti/TiN/AICuU/Ti/TiN M3 stack and SiN was used as a dielectric
layer. The switch offers actuation voltage of < 20 V, isolation > 20 dB, and insertion
loss < 5 dB at 60-70 GHz. The study of the developed switch demonstrates the
feasibility of using the FEM model in circuit simulations for the development of RF
MEMS switch integrated single-chip multi-band RFICs [130].

The failure of ohmic contact switches occurs in the form of damage, pitting, or
hardening of the contact material. While in capacitive switches, the failure occurs due
to stiction between the dielectric and metal beam. Bansal et al. reported a novel
torsional RF MEMS capacitive switch as shown in figure 9. The proposed design is
based on a small overlap area which is less prone to stiction and enhances reliability.
The floating metal concept is adopted to reduce the on-state capacitance and it in turn
minimize the leakage current. For X-band applications, the torsional switch exhibits a
pull-in voltage of 20 V, capacitance ratio of 1755 along with insertion loss of 0.1 dB
and isolation of -43 dB. The switching speed of the MEMS switch gets improved from
56 to 46 us [131].
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Figure 9: Working of Torsional bridge switch

The investigation of electrostatically actuated RF MEMS switch using gold material
as a suspended beam was performed by Persano et al. In this study, pull-in voltage and
the capacitance associated with the bridge in both on and off states were evaluated for
300 nm thick silicon nitride as a dielectric. The switch got actuated at 6 VV when the
displacement of 2.5 um was achieved by the suspended beam. The study illustrates that
Poole-Frenkel effect plays a significant role in the conduction when the beam actuates
[132].

In the RF MEMS switch, to release the hanging bridge structure, either dry release
method or wet release method is used. The first method i.e. dry release method uses
high-temperature processes that curls up the bridge while in the second method, the
surface of the released device gets contaminated and it spoils the switch performance
[133]. Mehta et al. integrated two processes i.e. a dry and wet method to release a
stiction-free suspended beam. Plasma cleaning was used to remove the contamination.
Using a mixed dry, wet method of release for the switch having a gold suspended beam,
the obtained pull-in voltage was 24 V, isolation of 22 dB, insertion loss of 0.1 dB at 10
GHz [133].

Thalluri et al. have fabricated a perforated serpentine beam using a surface
micromachining process. For design and analysis, simulation study has also been
performed and the fabricated switch has also been characterized. The results of the
simulation study and characterization were obtained and compared. The surface
micromachining process with four masks was used for the fabrication. Gold was used
as a suspended membrane and 50 nm thick AIN was used as a dielectric material. The
perforated membrane provides high isolation of - 58.5 dB and very low insertion loss -
0.4 dB at 31.5 GHz. The fabricated switch of 500 nm thick Au beam having a perforated
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serpentine structure with non-uniform meanders actuates at a very low voltage of 4.5V
[134].

2.5 RF MEMS switches developed for specific bands

Compared to the semiconductor switches, the RF MEMS switch delivers high
linearity and consumes very less power. But the power handling capability is very poor.
Stehle et al. developed a Ku band RF MEMS switch for high power handling. A low
loss and less complex RF MEMS switch was designed for a small signal operation that
can handle power up to 6 W in hot switching mode. The design actuates at 35 V, exhibit
isolation of -21 dB and insertion loss of -0.2 dB at Ku band [135].

Vu et al. presented the design of RF MEMS switch to integrate with tunable filters
for W to V-frequency band applications. A gold cantilever of 2 pum thickness and 3 pm
air-gap with dimple structures has been used in the tunable resonator. The fabrication
imperfections lead to the curling of the cantilever in the upward direction that increases
the pull-in voltage to 80 V. In the RF analysis, isolation of 15.10 dB and insertion loss
of 1.23 dB at 60 GHz were obtained [136].

The proper choice of the configuration of the switch allows high input RF power by
reducing the probability of self actuation. Jhanwar et al. proposed a high-power
handling applications-based metal contact switch by considering two design aspects.
First is the configuration of the switch and second is the shape and location of the
contact spots. The simulated switch actuates at 19 V, shows an isolation of -32.5 dB
and insertion loss of -0.1 dB at 10 GHz. Without considering the temperature
conditions, the switch can handle power up to 15.6 W [137].

Quaranta et al. designed, fabricated, and characterized a RF MEMS shunt capacitive
switch for K-band applications. The size of different parts of bridge was varied to find
out the resonant frequency. The switch was fabricated using surface micromachining
process while surface profilometry was used to measure the thickness of different
layers. The estimated spring constant of the gold bridge was 30-34 N/m. The deposition
of floating metal reduces the isolation from -42 dB to -35 dB [138].

Savin et al. presented RF MEMS switches with the different geometrical designs for
X-band. The different geometrical designs and their concept are compared in terms of

complexity and RF performance parameters. For switch fabrication, sapphire has been
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used as a substrate. A perforated copper beam of 1 um thickness and 0.3 pm thick
silicon nitride have been used. For the air gap of 2 um, a pull-in voltage of 15V and 7
V were achieved for different structures. At RF, an insertion loss of -0.5 dB and
isolation of < -20 dB were obtained for the frequency range of 6 GHz-12 GHz [139].

A multiport RF MEMS switch for satellite payload applications was designed and
fabricated by Subramanian et al. The single input multiple output topology was used to
design the switch suitable for satellite payload applications that can work on both dual-
mode and quad-mode. A pull-in voltage of 4.5 V was obtained for the designed switch.
The designed switch configuration exhibits isolation of > -50 dB and -60 dB at 12 GHz
for dual-mode and quad-mode respectively. While the insertion loss of -2.5 dB at 10.5
GHz and -4 dB at 15 GHz was achieved for dual-mode and quad-mode respectively
[140].

Chu et al. presented a low loss, high isolation, good reliability, and high-power
handling RF MEMS switch based on GaAs microwave monolithic integrated circuit
(MMIC) technology. For the proposed design, impedance matching of the switch was
acquired by a T-matching structure. A gold bridge with a length of 300 pum actuates at
a pull-in voltage of 36 V and shows improved isolation from 20 dB to 35 dB and exhibit
insertion loss of < 0.3 dB over Ka-band [141].

2.6 Development of NEMS switches

The advantages of carbon materials make graphene and carbon nanotubes
promising materials for new generation RF NEMS switches. The era of miniaturization
has evolved the NEMS switches using graphene material because of its demand for low
power consumption applications. Milaninia et al. fabricated a NEMS switch comprised
of two polycrystalline graphene films. The films were deposited using a chemical vapor
deposition (CVD) method. One graphene film acts as suspended beam while the other
as the bottom electrode. The switch actuated at 5 V and after switching several times,
the contact got broken. The reliability of the switch can be improved by scaling the
device area within one crystalline domain of graphene film [56].

Kim et al. fabricated and characterized a suspended few-layer graphene-based
NEMS switch. The beam of length 20 um, width 2 um, and the gap of 0.15 pum got

actuated at 1.85 V. Based on Rebeiz’s model, the estimated switching time was 40 ns
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[142]. Shi et al. demonstrated an electrostatically actuated NEMS switch using
multilayer graphene as a suspended beam. Multilayer graphene NEMS switch acquires
an on-off ratio of 10*with a life cycle of 500 cycles [57].

Graphene has attracted the attention of researchers vigorously in the development
of NEMS switches. The performance analysis of a graphene-based RF NEMS
capacitive switch was reported by Pankaj et al. in 2013. The analysis of monolayer and
multilayer graphene NEMS switch was done and 20 nm thick Hafnium dioxide was
used for dielectric material. A pull-in voltage of less than 2 V and switching time of
240-430 ns were obtained. For monolayer graphene at 1-60 GHz, an insertion loss of
0.01-0.3 dB and isolation of >10 dB was obtained. For multilayer graphene, in the same
frequency range, an isolation of >20 dB and insertion loss of 0.01-0.2 dB was obtained.
The monolayer graphene undergoes quite high losses compared to multilayer graphene.
From the results, it can be demonstrated that graphene can be used for applications that
demand high switching speed NEMS switch with low actuation voltage. But it suffers
from large electromagnetic losses as compared to metal-based switches [21].

Mafinejad et al. reported the properties of graphene for RF M/NEMS applications.
The mechanical behavior of metallic switches and graphene was compared. The
simulation study demonstrates that graphene-based NEMS switch actuates at a faster
speed than metallic switches with less pull-in voltage. Graphene NEMS switches are
expected to exhibit high reliability and avoid stiction problems [143].

Li et al. reported the growth of monolayer, bi-layer, and tri-layer single-crystalline
graphene (SCG) using the CVD method. Atomic force microscope and Raman
spectroscopy methods were used to characterize and verify the mechanical properties
and crystalline nature of SCG. NEMS switches based on monolayer and bilayer SCG
were fabricated. A pull-in voltage of 1 V and a switching speed of 100 ns were obtained.
This fabricated NEMS switches exhibit a lifetime of 5000 cycles [144].

Another RF nano switch using single-crystalline graphene as bridge material was
reported by Li et al. Low-pressure chemical vapor deposition (LPCVD) method was
used for the growth of SCG. SCG based switch exhibit a higher lifetime (5000 cycles)
than polycrystalline graphene (PCG) switches. The switch exhibits a very low pull-in
voltage of 1 V and good isolation of -30 dB at 40 GHz. The flat structure of SCG

resolves the problem of the metal fence [145].
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The structural and electrical properties of multilayer graphene were thoroughly
discussed by Moldovan et al. A double clamped multilayer graphene was fabricated
and the RF performance of the fabricated switch was analyzed. For multilayer
graphene, actuation voltage of 10 V and switching time of 1.56 us were evaluated by
measurements. A capacitance ratio of 10.7 was obtained. At 6 GHz, an insertion loss
of -1.6 dB and limited isolation of -1.75 dB were obtained in the study. The RF
performance of the graphene NEMS switch can be enhanced by improving the
fabrication process [146].

Zulkelfi et al. reported the optimization of design parameters of graphene NEMS
switch to achieve low pull-in voltage. The beam length was varied from 0.5-2 um and
the air gap from 0.05 -2.5 pm. For 1 nm thick and 0.2 pm wide graphene beam, the
minimum pull-in voltage obtained was 2 V. The design and analysis of NEMS switch
demonstrate that device optimization procedure is important to achieve better
performances of the device before proceeding to the fabrication process [147].

Zulkefli et al. reported the switching and mechanical reliability of both the standard
and perforated graphene beam structures. In electromechanical switching, analysis of
actuation voltage, mechanical reliability, and von Mises stress were performed using
FEM based tool. In both the beam structures i.e. standard and perforated beam, the
actuation voltage of 2 VV and 1.5 V were achieved. The study shows that a long and thin
beam requires less actuation voltage and undergoes less von Mises stress. Using a
perforated beam, both pull-in voltage and von Mises stress get reduced [148].

Anjum et al. reported the design and simulation of contact type RF NEMS switch
with low actuation voltage and enhanced RF performance. The design and analysis of
the NEMS switch have been performed in ANSYS software by taking graphene and
MoS: as suspended beam material. The simulated NEMS switches exhibit low actuation
voltage of less than 1 V. Both multilayer graphene and MoS; based RF NEMS switches
exhibit isolation of -62 dB at 7 GHz and insertion loss of -0.03 dB at 14 GHz. It is
evident from the results that low voltage RF NEMS switch can be realized using 2D
materials [149].

Table 3 summarizes the performance of already existing RF M/NEMS switches.
Based on results, it can be concluded that GO can be used as a suspended beam as GO-

based RF NEMS switch provides very good isolation and low insertion loss.
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Table 3:Performance of switches having different dimensions and different materials

References Beam Pull-in S-parameters
Material/dielectric voltage
V)
Yao et al. 1995 Gold/SiO; 28 Isolation=-50 dB
Insertion loss= 0.1 dB @4 GHz
Goldsmith et al. Al 50 Insertion loss = 0.14 dB
1996
Goldsmith et al. Al/SizNg4 30-50 Isolation=-35 dB
1998 Insertion loss= -0.7 dB @ 10-40 GHz
Muldavin et al. 1999 AU/Si3Ny 15-20 Isolation=50 dB
Insertion loss= < 0.6 dB @ 22-38 GHz
Chang et al. 2000 Al-Cr 26-30 Isolation=-17 dB
Insertion loss=-0.2 dB @10 GHz
Pacheco et al. 2000 Ni/SizN4 6-20 Isolation=-25 dB
Insertion loss=-0.1 dB @1-40 GHz
Park et al. 2001 AU/STO 8-15 Isolation=-40 dB
Insertion loss=-0.1 dB @10 GHz
Yoon et al. 2001 ---/BST 7-18
Schauwecker et al. Au/-- 16 Isolation=-22 dB
2002 Insertion loss=-0.85 dB @ 30 GHz
Peroulis et al. 2003 Ni 6-12 Insertion loss=-0.1 dB @ 40 GHz
Rebiez 2003 Ti-Au 12-24
Guo et al. 2003 Al-Si alloy 5 Insertion loss < 10 dB @ 1-15 GHz
Nishijima et al. 2004 Au 30 Isolation = -29 dB
Insertion loss = -0.2 dB @ 2 GHz
Tsaur et al. 2005 PZT/HfO, <20 Isolation = —30 to —65 dB at 50 MHz-
57GHz
Insertion loss = < —0.5 dB at 50 MHz—
20 GHz
Zhang et al. 2006 HfO, | - Isolation = -30 dB
Insertion loss = -0.8 dB @ 50 GHz
Herman et al. 2007 Al,03/Zn0 | - Isolation=55dB @ 14 GHz
Insertion loss = 0.35 dB @ 14 GHz
Segueni et al. 2007 Au 35 Isolation=-30 dB
Insertion loss= -0.45 dB @ 10 GHz
Lee et al. 2008 Au 7 Isolation=-4.1 dB
Insertion loss= -0.25 dB @ 5 GHz
Park et al. 2009 Copper/SiO, 25 Isolation=30.1 dB
Insertion loss= 0.29 dB @ 5 GHz
Kaynak et al. 2010 Metal/SiN <20 Isolation > 20 dB
Insertion loss <5 dB @ 60-70 GHz
Lai et al. 2011 Metal 40 Isolation=15 dB @90-140 GHz
Insertion loss= 0.5 dB up to 140 GHz
Persano et al. 2011 Ta,0s 15-20 Isolation = -40 dB
Insertion loss = -0.8 dB @ 30 GHz
Vu et al. 2012 Gold 80 Isolation = 15.1 dB
Insertion loss = 1.23 dB @ 60 GHz
Sharma at al. 2013 Graphene/ HfO, <2 Monolayer, Isolation= >10 dB,

Insertion loss= 0.01-0.3 dB @ 1-60
GHz
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Multilayer, Isolation=>20 dB,
Insertion loss= 0.01-0.2 dB @ 1-60

GHz
Jhanwar et al. 2014 Gold 19 Isolation=-32.5 dB
Insertion loss=-0.1 dB @ 10 GHz
Moldovan et al. Graphene 10 Isolation=-1.6 dB
2015 Insertion loss=-1.75 dB @ 6 GHz
Singh et al. 2015 Gold/HfO; 22,5 Isolation= 75 dB

Insertion loss= 0.13 dB @ 28 GHz

Guha et al. 2016 Gold/SisN4 and HfO, | 2.45, 2.7 Isolation = 80 dB

Insertion loss=—0.4 dB @ 20 GHz

Anjum et al. 2018 Graphene <1 Isolation=-62 dB @ 7 GHz

Insertion loss=-0.03dB @ 14GHz

Mehta et al. 2018 Gold/SiO; 24 Isolation=-22 dB

Insertion loss=-0.1 dB @ 10 GHz

Ansari et al. 2019 Al/SiO, 2.2 Isolation= 71 dB

Insertion loss= 0.85 dB @1-40 GHz

Thalluri et al. 2020 Gold/AIN 45 Isolation=-58.8 dB

Insertion loss=-0.4 dB @ 31.5 GHz

2.7 Research Gaps

Based on the conclusions drawn from the systematic literature review, following

research gaps have been identified:

The mechanical switches can be used for high power handling but are heavy
and slow. On the other hand, semiconductor switches exhibit high speed, poor
RF performance and consumes high power. Si-FET can handle high power at
LF but at HF the performance decreases. MEMS switches can provide the
advantage of both the switches but requires high actuation voltage and exhibits
low switching speed. So, a switch structure that exhibits low pull-in voltage,
light in weight, better RF performance, and high switching speed is desirable.
In the FET devices, leakage current is high because the device dimensions are
scaled down which results in poor device performance. To minimise the leakage
current, a switch that requires physical contact for current flow from one port to
another port is indispensable.

The implementation of logic gates using CMOS components is intricate as it
requires large number of components. To overcome this complexity associated
with formulation of logic gates, it is necessary to build digital gates with fewer
components.

Graphene based NEMS switches requires low pull-in voltage, but at the expense
of large losses. Also, the very high elastic modulus makes graphene beam stiff
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and owing to the buckling issue. This problem can be addressed by taking
another graphene derivative with low elastic modulus value that makes beam
more flexible and less stiff.
2.8 Problem Formulation
Based on the RF MEMS switch structures, fabrication methods, different materials
used as a suspended beam, different switch structures have different pull-in voltages
and different RF performances. The design of an RF M/NEMS switch that meets all the
desired requirements is still challenging. Based on the available literature and research
gaps mentioned above, the following objectives are formulated.
1. Realization of NEMS shunt switches using Graphene/Graphene derivative
as beam material.
2. Stress and pull-in response analysis of designed switch using Finite Element
Modelling.
3. S-parameter analysis of RF NEMS switch to find out capacitance value for
both up and downstate of beam.
4. Evaluation of RF NEMS switch performance by optimizing the parameters.
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Chapter 3
FEM MODELLING OF GO BASED NEMS SWITCH

In this chapter, 3D design and analysis of a novel configuration of the NEMS shunt
capacitive switch is discussed. Broadly, this chapter is divided into two parts. In the
first section (section 3.1), GO-Graphene has been considered for double clamped
structure. The design parameters like pull-in, pull-out voltages, and von Mises stress
have been analyzed using COMSOL Multiphysics. FEM modelling of standard/intact
beam and perforated beam has been performed. While in the second section (section
3.3), GO with gold has been considered a suspended beam. In this section pull-in
voltage, and eigenfrequency analysis are presented for the intact and circularly
perforated beam.

3.1 Device Geometry Description of double clamped GO-Graphene

In this study, GO has been used as dielectric material along with a suspended
graphene beam for the first time. For the operation of the NEMS switch, two graphene
electrodes were used. One graphene electrode (actuator) was situated under the GO
beam (5 nm thick) and another graphene electrode (3 nm thick) was placed just above
the GO beam. In FEM simulations, GO (dielectric) was used as beam material and two
graphene electrodes were used, one as an actuating electrode, and another as a ground
electrode.

To exclude the effect of intermolecular forces the air gap cannot be decreased to
very low values (< 30 nm) [150]. The suspended beam is mounted over a lossless
transmission CPW line of 50 Q. The beam length cannot be increased much as it alters
the width and slot spacing of CPW. Also, the if the beam thickness is less than twice of
skin depth than the switch resistance remains constant with the frequency [33]. So, for
the proper operation of switch, the beam thickness is considered twice of skin depth.
These boundary conditions restrict the values of beam length, thickness and air gap.

The simulations were performed for both standard and perforated beam structures.
The simplified diagram of the double clamped GO NEMS switch is illustrated in figure
10. The top view of the perforated GO beam is illustrated in figure 11.
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. Top Graphene Electrode
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Bottom Graphene Electrode

Figure 10: Simplified figure of GO NEMS switch

L= Beam length ‘W= Beam Width
HL= Hole length HW=Hole width
br W DL= Distance between two holes

HL

Figure 11: Top view of perforated GO beam
The suspended beam dimensions of GO NEMS switch and perforated GO NEMS

switch are given in table 4.

Table 4: Dimensions of standard and perforated GO beam

Parameters Values

Beam length 1um

Beam width 0.3 um

Beam thickness 2.8nm

Gap between beam and bottom electrode 30 nm
Actuation electrode area 200*300 nm

Distance between two perforations (DL) 80 nm

Perforation length (HL) 30 nm
Perforation width (HW) 200 nm

3.1.1 Pull-in analysis

In the proposed switch configuration, for operation, the electrostatic actuation
mechanism has been used for pull-in analysis. The electrostatic actuation mechanism
was achieved by applying a voltage at the bottom graphene electrode and ground
potential at the top graphene electrode. The voltage value at which sudden deflection
in the beam is observed is known as pull-out voltage/lift-off voltage [151].

The pull-in voltage depends upon the spring stiffness, area of the actuation electrode,
and the gap between the suspended beam and bottom electrode. The purpose of the
perforated GO beam is to further reduce the pull-in voltage.
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3.1.2 FEM simulations of GO-based NEMS switch

The huge geometries governed by the laws of physics for space and time-
dependent problems become very complex to be solved with analytical methods. As
an alternative, based on different types of discretization, the approximation of the
equations of the analytical methods can be done [152]. The complex equations of
analytical methods can be solved using numerical methods. The solution obtained by
numerical model equations is an approximation of the real solution. Such
approximations are computed by FEM [153].

In this study, FEM based tool COMSOL Multiphysics has been used to perform
NEMS switch simulations. The modelling of FEA is accomplished in three steps: Pre-
processing, Solver, and Post-processing [154]. In the pre-processing step, modelling of
the structure is done. Pre-processing involves some sub-steps like the creation of
geometry, assigning the material, selecting the physics, setting up the physics, and
applying boundary conditions. Subsequently, the meshing of the device takes place in
which the structure is divided into several finite elements. Then set of algebraic
equations is solved. These equations provide nodal solutions related to physics. All the
solutions of mathematical equations and finite element formulation occur in the
software. In COMSOL Multiphysics, two methods named segregated step method and
fully coupled methods are used to obtain the model solutions. After generating the
solutions, post-processing allows the user to evaluate and plot the results. Figure 12
shows basic steps to perform FEA in COMSOL.

Geometry and Materials

!

Physics

v l — Pre-processing

Mesh Boundary conditions

|

EEE— Matrix equations

l i

Solution —>» Post-processing

Figure 12: Basic steps of finite element method
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In brief, it can be said that FEM is a numerical method for solving complex
engineering and mathematical problems. The large problem is subdivided into smaller
parts that are known as finite elements. The results of the solved problems are
analyzed hence it is termed as FEA. The two physics namely, Solid mechanics (under
Structural Mechanics module) and Electrostatics (under AC/DC module) were used for
the entire analysis of RF NEMS switch.

The Structural Mechanics module consists of the physics interfaces that are used for
analyzing deformations, stresses, and strains of solid structures. In this different
analysis like Stationary, Eigenfrequency, Transient, Frequency response, and Linear
Buckling are available. The Solid Mechanics interface is intended for general structural
analysis of 3D, 2D, or axisymmetric bodies. Based on the solution of Navier’s
equations, Solid Mechanics interface computes displacements, stresses, and strains.

The AC/DC interfaces are used to compute the electric and magnetic fields in static
and low-frequency systems. AC/DC interface can be used to model the electrical
circuits, electric current conduction, and orbits of charged particles, etc. The
Electrostatics interface computes the electric field, the electric displacement field, and
potential distributions in dielectrics under conditions where the electric charge
distribution is explicitly prescribed. For the electric field, this physics solves the
Gauss’s law by taking scalar electric potential as the dependent variable. Also, this
physics can be used together with other physics like eigenfrequency, frequency-
domain, small-signal analysis, and time-domain modelling.

To predict certain design parameters, analytical models are very helpful to get
approximations in the dynamic and static behavior of M/NEMS devices. It enables the
end user to perform Multiphysics simulations. Electromechanics is the governing
principle of RF-M/NEMS switches. The design and simulation of the proposed switch
have been performed in FEM based tool COMSOL Multiphysics in the air medium.

3D modelling of double clamped NEMS shunt switch using GO as beam material
was performed in COMSOL Multiphysics version 5.4. For the first time, GO has been
used as beam material in NEMS switches. To evaluate the pull-in, pull-out, and von
Mises analysis, electromechanics module was used. For all FEM simulations, GO
Young’s modulus was set to 27 GPa and Poisson’s ratio value was set to -0.567 [62].

Free tetrahedral triangular mesh was used to reduce meshing complexity. In air medium
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at 1 atm pressure, the suspended GO beam was positioned on the top at a distance of
30 nm from the bottom graphene electrode. For the top electrode, graphene beam was
positioned just above the GO beam and was kept at 0V. While the electric potential was
applied to the bottom graphene actuating electrode. All remaining boundaries were
electrically insulated. For comparative analysis, FEM simulations for graphene-based

NEMS switch were also performed by taking the same device dimensions.

3.2 Results and Discussions

The simulations of NEMS switches have been performed by taking GO as beam
material using FEM based tool. To compare the results with GO NEMS switch,
simulation of graphene NEMS switch was also performed.

Figure 13 illustrates the results of von Mises stress analysis for intact/standard and
perforated graphene NEMS switches. The obtained maximum von Mises stress values
for the case of graphene and perforated graphene NEMS switches are 4.8 GPa and 3.86
GPa respectively. The von Mises stress occurs maximum at the beam edges and
minimum at the beam center. The von Mises stress is very high (GPa) in graphene
NEMS switch. So, the beam is replaced by GO beam along with graphene electrode.
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Figure 13: The von Mises stress of graphene NEMS switch with and without perforations

3.2.1 Standard and perforated beam structure

Under the effect of electrostatic actuation, if the suspended beam crosses the one-
third distance of the gap between the top and bottom electrodes, the pull-in phenomenon
starts to occur [32]. At actuation voltage, the beam snaps down completely and touches
the bottom electrode. As the applied voltage is reduced, the effect of electrostatic forces

decreases. This, in turn, causes the GO beam to deflect towards the initial position.
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For the device dimensions mentioned in table 4, pull-in voltage of 5.4 V, pull-out
voltage of 3.15 V, and maximum von Mises stress of 500 MPa were achieved. Figure
14 shows the total displacement when the beam was in contact with the actuating

electrode due to the actuation mechanism.

Surface: Total displacement (um) x10°

0

Figure 14: Schematic diagram of standard beam structure in downstate

To observe the effect of introducing perforations into the beam, FEM simulations of
perforated GO beam were performed as shown in figure 15. For the device dimensions
mentioned in table 4, pull-in voltage of 3.35 V, pull-out voltage of 2 V and maximum
von Mises stress of 419 MPa was obtained. The pull-in voltage was reduced to 3.35 V
from 5.4 V (without perforations) by introducing perforations into the beam.

The results show that making perforations into the suspended GO beam of NEMS
switch reduces both, pull-in voltage and von Mises stress. Due to perforations, air below
the suspended beam gets easily squeezed out when the beam is pulled down by the
actuating electrode. Hence reduces pull-in voltage. As shown in the results, the pull-out

voltage is lesser than the pull-in voltage [151].

Surface: Total displacement (um) x107

z
y,\L,x Perforated graphene oxide beam

Figure 15: Schematic diagram of perforated beam in downstate
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The change in von Mises stress along the beam length for both the GO NEMS switch
structures is shown in figure 16. In standard beam structure, von Mises stress is
maximum (500 MPa) at the beam edges and the beam center edges. But for perforated
beam structure, von Mises stress is maximum (419 MPa) only at the beam edges, and
at the center, it is having a lesser value (228 MPa). The von Mises stress exhibits intense
effect at beam edges and the beam center due to edge termination effect. At the center,
this value is almost half of the value of maximum von Mises stress in the case of the
standard beam structure. Perforated beam structure reduces the von Mises stress acting
on the suspended beam. In both cases, von Mises stress follows a specific trend. At
beam edges and the beam center, von Mises stress is high but in between the edge and
the center of the beam, von Mises stress value is low.

In GO and graphene NEMS switch, maximum von Mises stress occurs at the corner
of beams. Interestingly, it has been observed that for GO NEMS switch, von Mises
stress again increases at the beam center. This rise in von Mises stress is due to the
presence of the upper graphene electrode. The interface at which graphene is situated
above the GO beam suffers higher stress, as the beam at the center is thicker than the
corner beam.
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Figure 16: The von Mises stress of GO NEMS switch with and without perforations

In graphene NEMS switch, the maximum von Mises stress is 4.8 GPa while for GO
NEMS switch von Mises stress is 500 MPa. The von Mises stress in GO NEMS switch

is almost ten times lower than the stress in graphene NEMS switch.
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Figure 17 shows the contour plot of von Mises stress in both standard and perforated
beam structures. In standard beam structure, the maximum stress occurs at beam
corners and the beam center edges while in the case of perforated structure, the
maximum stress occurs at the beam corners and the perforation’s edges. The edges of
the beam suffer maximum stress in both cases because electric field strength is very
intense at the beam edge. Since GO is positively charged, it makes strong adhesion with
negatively charged metals. Graphene is a zero bandgap material and it is the most
conductive material [155]. Thus, the adhesion between graphene and GO supports the
bonding of the upper graphene electrode and suspended GO beam. Also, the use of

graphene along with GO increases the downstate capacitance [156].
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Figure 17: Contour plot of von Mises stress for standard and perforated GO beam structure

Figure 18, illustrates the electric field distribution in the actuated state of GO NEMS
switch structure. The directions of the electric field are represented by the arrows. The
bottom actuation electrode is represented by red color as the voltage is applied at the
bottom electrode while the grounded top electrode is blue. The electric field lines move
from the actuating electrode towards the ground electrode. The applied electric field is
composed of a uniform field between the parallel plates and the fringing field exists at
the edges of the plates [157]. The fringing field capacitance has a negligible effect on
the pull-in voltage for the beam having a width greater than the air gap [158].

Electric potential (V)

Figure 18: Electric field distribution GO beam structure
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In the comparison of both graphene and GO NEMS switches, it is concluded that GO-
based NEMS switch has less von Mises stress. So, the choice of GO as beam material
over graphene is good. Since the results illustrate that perforated beam structure
requires less actuation voltage and has less von Mises stress effect (at center), the
perforated GO beam NEMS switch is better and more reliable than the standard GO
beam NEMS switch.

From on state to off state of NEMS switch, variation in capacitance has been
encountered as a graphene electrode was used just above GO. Depending upon the
applied voltage, the distance between GO beam and bottom graphene electrode
changes. At actuation voltage, when the beam touches the actuation electrode, it forms
a capacitor structure. In NEMS switch, downstate capacitance is the sum of parallel
plate capacitance (Cp) and fringing field capacitances (Cs) as shown in figure 19.

Ct C;

>
Cp

Cp = Parallel Plate Capacitance

C¢ = Fringing Field Capacitance

Figure 19: Total capacitance in downstate

As shown in figure 19, the slanting position of the GO beam with the bottom electrode
gives fringing capacitance (Cs). The simulated results for fringing field capacitance are
evaluated by integrating the capacitance values from the parallel plate capacitor edge
to the bottom electrode edge. The value of Cs obtained on both sides (2Cy) is 359.2 aF.
The simulated value of downstate capacitance (Cq=Cp+2Cs) is 0.9403 pF.

In figure 20, results of variation in capacitance value by varying applied voltage are
presented for both standard and perforated GO NEMS switch. The voltage variation is
done from 0.9 V to 5.4 V for standard GO NEMS switch. It results in a variation in the
gap from 23 nm to 0 nm. For perforated structure, voltage variation is done from 0.9 V
to 3.35 V that varies the gap from 20 nm to 0 nm. As the applied voltage is increased,
due to the effect of electrostatic force, the beam gets pulled down towards the bottom

electrode, and the gap between the beam and electrode decreases. When the applied
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voltage is varied, the gap among the suspended beam and electrode changes, in response
to that, different values of capacitance are obtained. When the applied voltage equals
to the actuation voltage, the beam snaps down by the electrode and forms a capacitor
structure. In standard and perforated GO NEMS switches, total capacitance obtained is
0.9403 pF when GO is completely in contact with the bottom electrode. As the device
dimensions are the same for both the cases including GO, the total capacitance is the
same at actuation voltages 5.4 V for standard and 3.35 V for perforated GO NEMS
switches.
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Figure 20: Variation in Capacitance plot for standard and perforated GO NEMS Switch

The simulated structure is feasible to investigate practically as researchers have
successfully validated NEMS structures having the air gap < 30 nm [37][39]. Apart
from that, packaging of the NEMS devices is very crucial for reliable operation. The
process of packaging affects the size and associated cost of the fabricated device. Thin-
film capping and chip capping are popular package methods for NEMS structures
[40][41].

3.3  Device Geometry Description of double clamped GO-Gold

In this section, pull-in voltage and eigenfrequency analysis of a NEMS switch using
gold/GO as beam material is presented. The switching operation of NEMS switch is
achieved by the electrostatic actuation mechanism. For actuation, one gold electrode is

used as bottom actuation electrode and another gold electrode is placed just above GO.
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The pull-in voltage and eigenfrequency analysis for both intact and circularly perforated
structures have performed.

FEA of GO-gold NEMS shunt switch has been performed in COMSOL
Multiphysics. GO along with gold has been used as a double clamped suspended beam
structure. The electromechanics module solves the coupled equations for electric field
and structural deformation. For reducing the meshing size and computational time, free
tetrahedral triangular mesh is used. In the air medium, the GO beam is positioned at the
top and the gold electrode is positioned at the bottom. Electric potential is applied to
the bottom gold electrode and the top gold electrode is kept at 0 V. The remaining
boundaries are electrically insulated.

The schematic diagram of the GO-based NEMS switch is shown in figure 21 and the
circularly perforated beam structure is shown in figure 22. In this switch structure, two
gold electrodes are used, one is used as a bottom electrode at which voltage is applied.
Another gold electrode is used just above the suspended GO beam. The top gold
electrode is kept at ground potential. The geometrical dimensions of the suspended
beam/bridge, electrodes, and circularly perforated beam are given in table 5,6.

Top gold

electrode
Suspended GO
beam

Bottom gold
electrode

Figure 21:GO/gold NEMS switch
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0000000000 0000000000

\A perforated beam

Figure 22: GO/gold double clamped beam

47



Table 5: GO beam and electrode dimensions

Beam Parameters Values
Length (L) 2 um
Width (W) 0.3 um

Thickness (t) 4.9 nm

Gap (9) 50 nm

Top electrode width 0.3 um

Top electrode length 0.4 um
Top electrode thickness 3nm

Table 6: Circularly perforated beam dimensions

Perforations parameters Values
Hole diameter (1) 50 nm
Gap between two holes (d”) 50 nm

In NEMS switches, low actuation voltage is desired. The actuation voltage can be
decreased by either changing spring stiffness of suspended beam, by changing the
device dimensions, by using perforations, or by using meander structure. By making
perforations in the beam, the mass of the beam reduces and the air below the suspended
beam gets easily squeeze out. Thus, it reduces the actuation voltage. In the perforated
structure, the change in actuation voltage is highly dependent on the size/shape of
perforations [148].

3.4 Results and Discussions

FEA of a shunt capacitive switch has been performed. The pull-in voltage analysis
is performed for both intact structure and circularly perforated structure. The pull-in
voltage of 5.6 V is obtained for the intact structure of GO-based NEMS switch. Figure
23 (a) shows the total displacement of 50 nm achieved at voltage 5.6 V. The actuation
voltage of 4.75 V is obtained for the circularly perforated structure. Figure 23 (b) shows

the total displacement of 50 nm at voltage 4.75 V.

Figure 23: (a) Intact GO beam in downstate (b) Circularly perforated beam in downstate
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The actuation voltage depends upon the spring stiffness of suspended beam. The
spring stiffness of the suspended beam gets changed by making perforations in the
beam. By making perforations, the mass of the beam reduces and the beam becomes
less stiff. While other parameters are same for both cases but the spring stiffness for
both intact and perforated beam is different. Hence, different voltage values are
obtained.

Figure 24 shows the gap vs applied voltage plot for both structures. When the applied
voltage is 0 V, the suspended beam remains in upstate. As the applied voltage increases,

the gap between the actuating electrode and suspended beam decreases.
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Figure 24: Gap vs applied voltage plot

When the applied voltage is equal to pull-in voltage, the beam touches the actuating
electrode and the gap becomes zero. The results show that the pull-in voltage can be
reduced from 5.6 V to 4.75 V by making circular perforations in suspended beam.

Eigenfrequency analysis has performed for both intact and circularly perforated GO-
based NEMS switch structures. The obtained first six eigenfrequency modes are given

in table 7.
Table 7: Obtained eigenfrequencies
Mode Eigenfrequency Value (Hz) Eigenfrequency Value (Hz)
Standard structure Circular Perforated structure
1 3.80 E6 3.21 E6
2 190 E7 1.63 E7
3 211 E7 1.80 E7
4 6.51 E7 6.20 E7
5 8.01 E7 7.25 E7
6 1.25E8 1.23 E8
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The basic modes of oscillation of the device are represented by eigenfrequency
analysis. In the analysis, different eigenmodes can be obtained. The primary eigenmode
represents the desired motion of the device while the higher eigenmodes represent the
undesired modes. For both intact and circularly perforated structures, six different

eigenfrequency modes are obtained using FEA as shown in figures 25, 26.

Eigen frequency = 3.8 E6 Hz Eigen frequency = 1.9 E7 Hz
K / g
x\‘// \

Eigen frequency = 2.11 E7 Hz Eigen frequency = 6.51 E7 Hz

Eigen frequency = 8.01 E7 Hz Eigen frequency = 1.25 E8 Hz

¢/

Eigen frequency = 3.21 E6 Hz

Figure 26: First six eigenmodes of perforated beam
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For intact GO NEMS switch structure, the obtained values of eigenfrequencies are
3.8 MHz, 19 MHz, 21.1 MHz, 65.1 MHz, 80.1 MHz, 125 MHz. For circularly
perforated structure, the obtained values of eigenfrequencies are 3.21 MHz, 16.3 MHz,
18 MHz, 62 MHz, 72.5 MHz, 123 MHz. The primary eigenmodes in both cases are 3.8

MHz and 3.21 MHz for intact and circularly perforated structure respectively. For the

circularly perforated structures, the eigenfrequency values are less as compared to intact

structure. By making a circularly perforated structure, the flexural rigidity of the

suspended beam is reduced which reduces the inertia of the beam. The reduction in

inertia further reduces the eigenfrequency.

3.5 Summary

In the first section, the pull-in response and mechanical reliability of GO-based
NEMS switch were investigated for the first time by taking GO along with
graphene beam. Based on 3D modelling of both standard and perforated GO
NEMS switches, the perforated beam structure is preferred over standard beam
structure as it requires low pull-in voltage.

The simulated von Mises stress values for GO NEMS switch and graphene
NEMS switch are 500 MPa and 4.8 GPa respectively. This lesser value of von
Mises stress in GO NEMS switch makes it a good choice as beam material.
The variation in capacitance was successfully demonstrated when the
suspended beam actuated towards the bottom graphene electrode. The
maximum value of capacitance obtained was 0.9403 pF when the GO beam was
in contact with the bottom electrode.

In the second section, pull-in stability and eigenfrequency analysis of gold/GO
based NEMS switch have performed. The FEM of gold/GO-based intact and
circularly perforated structures are done using COMSOL Multiphysics.

The circularly perforated structure gets actuated at a voltage less than the intact
structure. By making perforations, the air below the suspended beam is easily
squeezed out through the perforations, hence reduces the actuation voltage.
Eigenfrequency analysis for both the structures is performed to find out the
primary eigen mode. It is observed that by making perforations, the pull-in
voltage and eigen frequencies are reduced. The pull-in voltage can be further
reduced by changing the perforation size/shape.
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Chapter 4
RF ANALYSIS OF G/GO BASED NEMS SWITCH

Since, the design and analysis of GO NEMS switch has successfully carried out in
the previous chapter, in this chapter, analysis of the RF performance of GO NEMS
switch has been performed. Both monolayer and multilayer GO suspended beam were
designed (section 4.3) and analyzed using FEM and the RF performance analysis was

performed using HFSS (section 4.4).

4.1 RF NEMS switch

RF performance analysis of GO-based double clamped shunt capacitive switch has
been reported. The NEMS switch structure consists of GO along with graphene as a
suspended beam that has been reported earlier. The performance analysis at a high
frequency of GO NEMS switch has been achieved using Ansys high-frequency
structure simulator (HFSS). The analysis of both monolayer and multilayer GO NEMS
switch structures has been performed. FEM based tool COMSOL Multiphysics has
been used to evaluate the pull-in voltage and to analyze the first three mode shapes in

eigenfrequency analysis.

4.2 Design parameters
The 3D schematic diagram of the proposed GO-based RF NEMS shunt capacitive
switch is given in figure 27. The RF NEMS switch structure is implemented on a CPW
line and it comprises a dielectric layer along with a conductive electrode on the top of
it. GO along with the graphene electrode is taken as a suspended beam. The suspended
beam is situated at the height of 30 nm from the bottom actuating electrode.

_F jnput

Dielectric

Graphene
gF o
- Substrate Dielectric CPW Graphene Graphene
Line oxide

Figure 27: GO-based RF NEMS switch
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The switch structure having graphene/GO suspended beam has been considered
similar to that used in previous chapter. But, the length of the top electrode is changed
in this chapter. In previous chapter, a small length of the top graphene electrode was
considered. But to analyze the S-parameters, the top electrode should touch the ground
lines of the CPW line. As the length of the top electrode is increased, it again changes
the pull-in voltage. For accurate measurements, the length of the top electrode has
changed, so that in the off state, the signal should get grounded properly. The geometric
parameters of the proposed switch are given in table 8.

Table 8: Dimensions of proposed switch

Parameters Symbol Values

Beam length L 1.1 um

Beam width w 0.3 um

Beam thickness (Monolayer) tq 0.7 nm
Beam thickness (Multilayer) tg 2.8nm
Air gap Jo 30 nm

Electrode width w 0.5 um

In the analysis of RF performance of a NEMS switch, the insertion loss and isolation
can be measured. The discontinuity between characteristic impedance of the RF line
and switch results in insertion loss. The characteristic impedance (Z,) of CPW line
depends upon the width of central conductor (w), conductor spacing (S), permittivity
of substrate (er), and height of the substrate (H). For lossless transmission, the
impedance of CPW line must be 50 Q [21]. Figure 28 shows the top view of the RF
NEMS switch suspended over the CPW line.

Figure 28: Top view of GO-based RF NEMS switch
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4.3 FEA of GO-based NEMS switch
The analysis is carried out for both monolayer and multilayer GO beam. The pull-in

voltage of 7.5 V and 9.8 V are obtained for the monolayer and multilayer GO NEMS
switch respectively. Figure 29, 30 shows the total displacement of 30 nm is achieved at
the pull-in voltage. As the beam thickness is increased, the pull-in voltage also gets
increased. Monolayer GO-based NEMS switch requires less pull-in voltage than the

multilayer GO.

Top graphene electrode
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Surface: Total displacement (um)

Figure 29: Side view of total displacement for 30 nm gap

Figure 30: Pull-in analysis for 30 nm gap

The dimensions of the switch given in table 8, (S/w/S=0.3/0.5/0.3) results in Z, of
50 Q. If proper impedance matching between the RF line and NEMS switch is done,
fewer losses occur during the signal transmission. The dimensions of the switch in this
case are considered to minimize the losses and obtain accurate results.
4.4 Eigenfrequency Analysis and Actuation speed

The fundamental frequency of a device is known as eigenfrequency. The basic
modes of vibration of RF NEMS switch are extracted by eigenfrequency analysis.
COMSOL Multiphysics FEM simulation has been performed to extract the first three
modes of eigenfrequency given in table 9. The monolayer resonates at less frequency
than multilayer.
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Table 9: Eigenfrequency analysis

Mode Eigenfrequency (Hz)
Monolayer Multilayer
Mode 1 2.31 E7 3.40 E7
Mode 2 6.30 E7 9.39 E7
Mode 3 6.39 E7 1.13 E8

For GO capacitive shunt switch, the three eigenfrequency modes are shown in figure
3L

Mode 1 Mode 2 Mode 3

Monolayer , ‘.‘ ‘ .
CO ﬁ 3

Multilayer J | ‘
GO ‘ ‘ f ‘
Figure 31: First three eigenfrequency modes mono/multilayer GO NEMS switch

The switching time of 19.4 ns and 13.2 ns are obtained for monolayer and multilayer
GO NEMS switch respectively. Both monolayer and multilayer switch structures result
in high switching time.

The downstate capacitance is simulated when the switch is in off state and the beam

completely touches the bottom electrode. The obtained downstate capacitance (E‘tﬁ) for
d

the monolayer GO beam is 7.5 pF and the multilayer GO beam is 1.89 pF. As the
dielectric thickness is decreased, the downstate capacitance increases.
4.5 S-parameters

S-parameter analysis of GO NEMS switch structure has been achieved at frequency
range 1-60 GHz to study the RF performance of the designed switch. For upstate,
insertion loss, and for downstate, isolation has been calculated for both monolayer and
multilayer GO NEMS switch. The obtained s-parameters results for both upstate and
downstate are shown in figure 32. For monolayer, the insertion loss of 0.03 to 0.06 dB,
and isolation of > 70 dB has been obtained for the frequency range of 1-60 GHz. For
multilayer, the obtained insertion loss of 0.03 dB to 0.05 dB, and isolation of > 60 dB
has been obtained for the frequency range of 1-60 GHz.
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Figure 32: Obtained (a) Insertion loss (b) Isolation of GO NEMS switch

The isolation of NEMS switch depends upon the downstate capacitance. To achieve
high isolation, the downstate capacitance should be high. In the above case, monolayer
switch exhibits high downstate capacitance. Thus, the isolation of monolayer switch is
higher than multilayer switch.

The insertion loss depends upon the upstate capacitance. For the switch to exhibit
low insertion loss, the upstate capacitance should be small. The multilayer switch has
less upstate capacitance than monolayer switch. Thus, the multilayer switch exhibits
less insertion loss. The monolayer switch provides high isolation than multilayer while
the small variation in insertion loss has been observed. Also, the calculated values of
resistance for top graphene electrode are 3.05 Q. The inductance of the suspended beam
is determined by the resonant frequency. Both monolayer and multilayer NEMS
switches resonate at different frequencies. Thus, the obtained inductance values are
6.33 pH and 11.6 pH for monolayer and multilayer respectively.

The obtained s-parameters of monolayer and multilayer beam are mentioned in table
10. Based on results, it is evident that GO can be used as a suspended beam as GO RF

NEMS switch provides very good isolation and low insertion loss.

Table 10: RF performance of simulated switch

Beam type Bridge/Dielectric Isolation Insertion loss
Monolayer Graphene-GO/GO >70 dB 0.03-0.06 dB @1-60 GHz
Multilayer Graphene-GO/GO >60 dB 0.03-0.05 dB @1-60 GHz

4.6 Summary
e In the chapter, RF performance analysis for GO NEMS shunt switch has been

evaluated for the first time. The S-parameter of monolayer and multilayer GO-

based switches are analyzed for the frequency range of 1-60 GHz.
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The simulated monolayer GO NEMS switch acquires low pull-in voltage and
exhibits high downstate capacitance. Both the simulated switch structures
provide high switching speed and good RF performance.

The different eigenmodes of the suspended graphene-GO beam are obtained by
performing the FEM of the proposed switch. GO-based NEMS switch can be
preferred in the application that requires good RF performance, less pull-in
voltage and high switching speed.
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Chapter 5
NEMS SWITCH WITH DIFFERENT BRIDGE STRUCTURES

In the previous chapters, analysis of only intact and perforated beam has been done.
This chapter deals with design and analysis of graphene NEMS switch having different
bridge structures. The analysis of different bridge structure has been carried out to find
a bridge structure that actuated at minimum pull-in voltage. The analysis of actuation
voltage (section 5.2) and total capacitance (section 5.2) for various structures has been
performed. The results show that different bridges have different spring stiffness and

get actuated at different actuation voltages.

5.1 Different bridge structures

NEMS switch consists of a metal bridge structure suspended at some height over the
transmission line. The central conductor at which bias voltage is applied is known as
the actuation electrode and is covered with a dielectric material. The on-off switching
of the NEMS switch is achieved by electrostatic actuation. The signal passes through
the central electrode of the transmission line. The potential difference is applied
between the actuation electrode and the graphene beam. This structure in which the
suspended beam is placed perpendicularly to the signal line (covered with the dielectric)
is known as a shunt capacitive switch. In this work, graphene has been chosen as
suspended beam material. The Young’s modulus of graphene is taken as 860 GPa and
the Poisson’s ratio is set as 0.17 [159].

Figure 33 shows the side view of the graphene NEMS switch. For the actuation
electrode, gold metal is taken and for dielectric material, 25 nm thick HfO2 (&=25) is

taken [21]. The device dimensions for this switch structure are mentioned in table 11.

L = Length of suspended beam
w'=Width of suspended beam
w"\ xt (= Thickness of suspended beam

o= gap between suspended beam and

bottom electrode
W

A4

W=Width of bottom electrode

Figure 33: NEMS switch with intact beam structure
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Table 11: NEMS switch device dimensions

Design parameters Values
Beam Width (ws) 5pum
Thickness (tv) 9nm
Length (L) 10 um
Gap (9) 250 nm
Electrode area 2 Um *5 um

As shown in figure 34, the study of five different structures referred to as structures
a, b, ¢, d, e respectively is done. The different bridge structures get actuated at a

different voltage.

|

Figure 34: Different graphene bridge structures

FEM of five different bridge structures has been performed. All the simulations are
performed in the air medium. The bias voltage is applied at the bottom actuation
electrode while the suspended graphene beam is kept at ground potential.

5.2 Results and discussion

The structural design and analysis of the NEMS switch have been performed in
COMSOL Multiphysics. Five different bridge structures are designed and simulated.
Since bridge structure is considered, both the ends of the bridge are fixed. Graphene
beam of 10 um length, 5 um width, and 9 nm thick is considered as a suspended beam.
The beam is suspended at a height of 250 nm from the dielectric material. The actuation
voltage is applied at the bottom electrode. All the bridges structures get actuated at
different actuation voltage. The total displacement of 250 nm of different graphene

bridge structures is shown in figure 35 (a-€).
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a. Surface: Total displacement (um) o

Surface: Total displacamant (im) o Surface: Tatal displacement (um)

Figure 35: Total displacement of different structures (a) structure-1 (b) structure-2 (c) structure-3 (d)
structure-4 (e) structure-5

The results show that different voltages are required to snap down the bridge in
different structures. As the bridge structures are different in all five cases, the spring
constant of the bridge also changes, which in turn changes the actuation voltage. Table

12 summarises the pull-in voltage obtained for different bridge structures.

Table 12: Pull-in voltage for different bridge structures

Bridge Structure Pull-in Voltage
443V
2.8V
3.65V
3.38V
141V

O wWN -

When NEMS switch is actuated between on-off states, two types of capacitance

EoWpW.
3
+-d
&r

exists, one is upstate capacitance (Cup= ) other is downstate capacitance
EoWpW

(Cd=T). The downstate capacitance is further divided into two parts: one is parallel
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plate capacitance (Cp) while the other is tilted plate capacitance (Ct). For accurate
results, all three capacitances should be calculated. In the downstate, the beam forms
contact with the dielectric layer as shown in figure 36. The total capacitance can be
written as equation 16:

Crota= Cup + Cy4 (16)

Here, Cq= Cp+ 2C¢

=

Figure 36: Downstate capacitances

For the simulated NEMS switch, the obtained upstate, parallel plate, and tilted plate
capacitances are 0.3 fF, 0.66 pF, and 0.85 fF respectively. The area of the graphene
beam that is in contact with the dielectric material is the same for all the cases. Hence

the same value of capacitance is obtained in all the cases.

5.3 Summary

e Graphene-based NEMS switch with different bridge structures has been
designed and simulated in COMSOL Multiphysics. For different bridge
structures, different actuation voltages are obtained. The intact structure
requires the maximum actuation voltage (4.43 V) while the structure-5 requires
a minimum actuation voltage (1.41 V).

e The actuation voltage depends upon the bridge stiffness. The different bridge
structures have different spring stiffness. The perforations reduce the mass of
the suspended beam and make beam less stiff which in turn changes the
actuation voltage. Also, the total capacitance of 0.66 pF has been obtained for

the simulated switch structure.
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Chapter 6

OPTIMIZATION OF DESIGN PARAMETERS OF GO NEMS
SWITCH

In the previous chapter, the results illustrate that hinge structure requires the least
actuation voltage. This chapter focuses on the design and simulation of a hinge
structure-based GO NEMS shunt switch. The optimization of different device
parameters such as beam length, beam thickness, and air gap has been performed to
achieve low pull-in voltage (section 6.3). Also, von Mises stress analysis (section 6.4),
eigenfrequency analysis (section 6.5) of the given switch structure has been performed.
The RF performance (section 6.6) of the simulated switch with the least pull-in voltage
has been carried out using Ansys high-frequency structure simulator.
6.1 Geometrical description of NEMS switch

This section describes the design and modelling of hinge structure-based GO NEMS
switch. The designed NEMS switch resides in an air-box in which the bottom actuation
electrode is located at the lower side of the air-box while the hinge structure-based GO
beam is suspended at some height. On top of the GO beam, a gold electrode is situated.
The ends of the suspended GO hinge structure are fixed. The actuating voltage is
applied at the bottom electrode while the top electrode is grounded.

The FEM of GO-based NEMS switch is simulated in the air medium. The length of
the suspended beam is varied from 1 um to 1.6 um, the thickness of the beam is varied
from 2.8 nm to 4.9 nm, and the air gap is changed from 30 to 60 nm. The effect of
intermolecular forces is neglected in simulations as the effects of the forces cannot be
encountered for the air gap >30 nm [150]. The schematic diagram and top view of the
hinge structure-based GO beam are shown in figure 37 and the dimensions are given in
table 13.

Figure 37: GO-based NEMS shunt switch (a). Schematic diagram (b). Top view
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Table 13: Suspended GO beam dimensions

Parameters Values
Total length (L) 1um
L’ 200 nm
L 100 nm
r 50 nm
Beam length (L) 1-1.6 um
Beam thickness (1) 2.8-4.9 nm
Air gap (g) 30-60 nm
Beam width 0.2 pm

6.2 Effect of different parameters

The change in device dimensions affects the switch performance, especially in terms

of the pull-in voltage. The applied voltage at which the beam touches the bottom

electrode is known as pull-in voltage. The pull-in voltage can be varied by varying three

key parameters explained below:

6.2.1

6.2.2

6.2.3

Suspended beam length: In NEMS switch, the performance of the NEMS
switch is profoundly affected by varying the beam length. From equations 10
and 11, it is clear that the change in beam length affects the beam stiffness.
Increase in the beam length makes the beam less stiff, and therefore it can easily
be deflected. This in turn reduces the actuation voltage. If the length of the
suspended beam is decreased, the beam becomes stiffer, less flexible, and large
pull-in voltage is required to deflect the beam. However, the length of the double
clamped beam cannot be scaled down severely as it has high internal strain as
compared to a cantilever beam [160].

Suspended beam thickness: The stiffness of the suspended beam can also be
reduced by reducing the beam thickness. As the beam thickness is reduced,
spring constant gets reduced which further causes the reduction in the pull-in
voltage. The reduction in thickness of the beam also affects the switching speed.
The effective mass of the beam gets reduced by decreasing the beam thickness,
which further changes the switching speed.

Air gap: The change in pull-in voltage is highly affected by changing the air
gap between the suspended beam and bottom actuation electrode. When the air
gap is reduced, the pull-in voltage gets reduced, and when the gap is increased,

the pull-in voltage gets increased. But the air gap cannot be decreased beyond
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some critical dimensions. If the air gap is taken below 30 nm, the effect of
intermolecular forces needs to be considered.
6.3 Results and Discussion
The FEM for GO based NEMS shunt switch is performed using COMSOL
Multiphysics. As shown in figure 38, the NEMS switch switches between two states:
off state and on state. The operation of the double clamped beam switch has already

been discussed in section 1.4.

Figure 38: Simulated GO-based NEMS shunt capacitive switch during (a) On state (b) Off state

For the parameters given in table 16, the different value of pull-in voltage is achieved
by varying the beam length from 1 um to 1.6 um. The voltage is applied at the bottom
actuation electrode and the top electrode remains at ground potential. The applied
voltage generates electrostatic force, and the beam gets deflected towards the actuating
electrode. For the beam length of 1um, an actuation voltage of 4.2 V is achieved. As
the beam length is increased, the pull-in voltage reduces from 4.2 V to 2.1 V. The
increase in length makes the beam more flexible, less stiff, and it can be easily deflected.
Thus, the reduction in the pull-in voltage is observed as the beam length is increased.
Figure 39 (a) demonstrates the behavior of actuation voltage on changing the beam
length.

On changing the beam thickness from 2.8 nm to 4.9 nm, the variation in pull-in
voltage from 2.7 V to 4.2 V has been observed. When the beam thickness is increased,
the pull-in voltage increases. The thinner beam can be easily deflected. Figure 39 (b)
shows the effect of variation of beam thickness on pull-in voltage.

Increasing the air gap among the suspended GO beam and bottom electrode also
increases the actuation voltage. Figure 39 (c) shows the variation in pull-in voltage from
1.5V to 6.2 V, by varying the air gap from 30 nm to 60 nm. The results show that a

long and thin beam becomes less stiff, more flexible hence requires less pull-in voltage.
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While the increase in the air gap requires more electrostatic forces to deflect the beam,

therefore, increases the pull-in voltage.
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Figure 39: Variation in pull-in voltage by varying (a) GO length (b) GO thickness (c) Air gap
On increasing the beam length from 1 um to 1.6 pum, the pull-in voltage gets reduced
to approximately 50%. While increasing the beam thickness from 2.8 nm to 4.9 nm and
the air gap from 30 nm to 60 nm, the pull-in voltage gets increased by 313 % and 320
%, respectively. The simulated and analyzed outcomes have been outlined in table 14

and the results have plotted again in figure 40.

Table 14: Dimensions of GO-based switch by varying different design parameters

Switch Varying Length Thickness Air gap Pull-in
configuration parameter (pm) (nm) (nm) voltage (V)
A 1 4.2
B 12 4.9 50 3.2
C Length 14 2.6
D 1.6 21
E 30 15
F Air gap 1 4.9 40 2.7
G 50 4.2
H 60 6.2
| 2.8 2.7
J Thickness 1 35 50 3.2
K 4.2 3.7
L 49 4.2

Figure 40 shows that there is a negative correlation between pull-in voltage and
beam length while the other two parameters: the thickness of the GO beam and the air
gap is in positive correlation with pull-in voltage. If the beam length increases, the pull-

in voltage decreases. But if the thickness of the GO and air gap is increased, the pull-in
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voltage also increases. The minimum pull-in voltage of 1.5 V has achieved for the beam
length of 1 um, beam thickness of 4.9 nm, and air gap of 30 nm. The results show that

thin, long, and small air gap beam can be preferred as it requires low pull-in voltage.
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Figure 40: Pull-in voltage trends against different design parameters of the NEMS switch
6.4 von Mises stress analysis

By optimizing the switch dimensions, the mechanical stability of the GO-based
NEMS switch can be improved. The FEM modelling of the switch is carried out to
observe the effect of change in length, thickness, and air gap on von Mises stress. Figure
41 shows the contour plot analysis from the top view of the NEMS switch (L=1 um, t=
4.9 nm, g= 30 nm). The analysis for the length variation from 1-1.6 pm, thickness
variation from 2.8-4.9 nm, and air gap variation from 30-60 nm has been performed in
COMSOL Multiphysics. The simulated results of GO-based NEMS shunt switch are
given in table 15.

Perforation Corner Top electrode

g Beam and electrode interface

von Mises stress (N/m?)

Beam Edge

n
o~ - -

x10°%

n 0
o~ o

Figure 41: Von Mises contour plot
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Table 15: von Mises stress analysis results for different design parameters

Beam edge Perforation corner Beam and electrode Top electrode
Design parameters interface
von Mises Stress (MPa)

1um 85.8 465 567 47.9

Beam 1.2 um 67.8 329 415 31.2
Length 1.4 pm 48.7 232 362 211
1.6 ym 35.3 156 264 11.3

2.8nm 495 360 551 19
Beam 3.5nm 55.5 438 585 25.1
Thickness 4.2 nm 73 495 608 42.4
4.9 nm 89.9 501 708 53.5
30 nm 425 275 369 27.3
Air Gap 40 nm 74.7 366 459 33.8
50 nm 85.8 463 647 53.4
60 nm 123 607 875 74.2

On varying the beam length, the suspended GO beam with a length of 1 um can
withstand maximum von Mises stress (567 MPa) while the GO beam with a length of
1.6 pum can withstand minimum von Mises stress (264 MPa) at the beam-electrode
interface. A variation in the von Mises stress has been observed with the variation in
the beam design parameters.

The results illustrate that von Mises stress decreases by increasing the suspended
GO length, reducing the GO thickness and air gap. The perforation corner and beam-
electrode interface point suffer maximum stress because of the edge termination effect.
In the edge termination effect, the electric field is high and concentrated at the sharp
edges. Based on the obtained results, it can be concluded that thinner and longer beams
can be preferred because of the minimum probability of device failure.

The cross-sectional view of the electric field distribution for the beam L=1 um, t =
4.9 nm, and g = 30 nm in the off state is shown in figure 42. The pull-in voltage of 1.5
V is obtained for the given switch structure. At the bottom electrode, the voltage is
applied. So, the electric field is highly dense at the bottom electrode (red shade) while
the top electrode is grounded, the electric field is less dense (blue shade). The electric

field lines are directing towards the top electrode from the bottom electrode.

Figure 42: Side view of electric field distribution
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6.5  Eigenfrequency Analysis

For GO capacitive shunt switch, the six eigenfrequency modes are shown in figure
43. The switching speed of the NEMS switch of 0.32 ps (L=1 pm, t=4.9 nm, and g =
30 nm) is obtained by simulation.

Eigen Frequency = 8.77 E6 Hz

Eigen Frequency =4.25 E7 Hz_ Eigen Frequency = 7.61 E7 Hz

DN
S

Eigen Frequency =2.086 E8 Hz =4 Eigen Frequency = 2.225 E8 Hz

Figure 43: First six eigenfrequency modes GO NEMS switch

6.6  RF Performance analysis

After computing the actuation voltage, analyzing the von Mises stress and
eigenfrequencies, RF performance of the NEMS switch is the most crucial parameter
to analyze. S-parameter analysis is necessary to optimize the behavior of a NEMS
switch in terms of isolation, insertion loss at high frequency.

S-parameter analysis of hinge based NEMS switch structure has been performed by
using Ansys high-frequency structure simulation software. The RF performance of the
switch is observed for the frequency range 1-60 GHz. For S-parameters analysis, the
top electrode should touch the ground lines of the transmission line. The length of the
top electrode is taken the same as that of the suspended beam which slightly increases
the pull-in voltage. The insertion loss and isolation have been calculated for the upstate
and downstate, respectively. Since the minimum actuation voltage is achieved for

switch structure ‘e’ (table 14), RF performance analysis has been performed for this
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switch structure. Figure 44 (a) shows the obtained S-parameters for the upstate position.
The insertion loss of 0.02-0.03 dB is obtained for the hinge structure-based NEMS
switch. Figure 44 (b) shows the obtained S-parameters for the downstate position. The
isolation of >70 dB has been achieved for the frequency range of 1-60 GHz. It is clear
from the results that the simulated NEMS switch structure exhibits high isolation and

low insertion loss.
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Figure 44: S-parameters analysis of GO NEMS switch (a). Insertion loss (b). Isolation

6.7 Summary
e FEM-based simulation is essential to study the electromechanical behavior and

stress analysis of NEMS switch. The detailed analysis of variation in device
design parameters such as length and thickness of the beam, and air gap on
actuation voltage and von Mises stress is studied in this work.

e The pull-in voltage was reduced to 50% by increasing the beam length from 1
pm to 1.6 pm. Moreover, it also has been identified that the pull-in voltage has
increased to 313% and 320% on changing the beam thickness from 2.8 nm to
4.9 nm and air gap from 30 nm to 60 nm, respectively.

e The von Mises can be reduced by increasing the length of GO, decreasing the
thickness of GO, and the air gap between the GO and bottom electrode.

e The RF performance analysis of the proposed switch exhibited high isolation
of >70 dB and insertion loss as low as 0.02-0.03 dB. It can be concluded that
the long and thin GO beam requires less actuation voltage, which can endure

less von Mises stress and exhibits good RF performance.
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Chapter 7
GRAPHENE DERIVATIVES BASED COMPOSITE BEAM
NEMS SWITCHES

This chapter deals with the comparison of performance parameters between the
single material beam and composite beam based NEMS switches. For composite beam
structures, graphene-RGO and graphene-GO are used to design and analyze the NEMS
switches. Subsequently, the FEM of the single material beam (section 7.4) and the
composite beam-based (section 7.5,7.6) switches have been performed to analyze the

performance parameters like pull-in voltage, switching time, and restoring force.

7.1 Background

The performance of the MEMS switch is degraded by issues like high pull-in
voltage, stiction, and poor mechanical stability. There are some methods to overcome
high pull-in voltage problems: the first way is by reducing the air gap, the second one
is by increasing the actuation area or another one is by reducing the spring constant of
the fixed-fixed beam structure [44].

The spring constant of the material can be reduced either by changing the geometric
design/using perforations/using meander structure [22][125][161] or by using new
material with a low value of elastic modulus or modulus of elasticity [56]. For fixed-
fixed beam and cantilever beam, low actuation pull-in voltage can be achieved without
much reduction in restoring force.

The top graphene layer acts as an electrode that has been used with dielectric GO
double clamped beam and at the bottom, another electrode has to be used to achieve the
actuation mechanism. GO can be used along with a conductor like graphene to achieve
the switching action of the NEMS switch. RGO is a graphene derivative that is formed
by thermal or chemical reduction of GO. The purpose of reduction is to remove the
oxygen groups and restore the conductivity. Thus, RGO possesses high charge carrier
mobility and significant conductivity [80][162]. The double clamped beam of
composite material can be modelled into a single material beam with a low effective
elastic modulus. GO can be used along with the graphene beam to make a composite

beam of low elastic modulus.
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7.2 Selection of Suspended beam Material

The selection of appropriate material as a suspended beam depends upon material
properties. Different materials have been used as suspended beam material for RF
MEMS switch, but all of them have their pros and cons. Pure Au is highly inert to
oxidation but pure Au contacts suffer contact pitting and hardening failure mechanisms
[163]. Besides that, metals like tungsten and molybdenum are sensitive to oxidation
[164]. In NEMS switches, graphene has drawn the attention because of characteristics
like ultra-low thickness, high current conduction, and high elastic modulus [22]. But
this very high elastic modulus increases the spring stiffness that further increases the
pull-in voltage. A composite of graphene/GO can be considered to reduce the effective
elastic modulus which in turn reduces the pull-in voltage. Pull-in voltage is one of the
primary performance indices for the designing of RF M/NEMS switch. From equation
3 and 4, it is evident that pull-in voltage depends upon the spring constant, air gap, and
electrostatic area. While, the spring constant further depends upon the design
parameters, Poisson’s ratio, and elastic modulus (E) of the fixed-fixed beam. Thus, the
actuation voltage can be optimized by either changing the device dimensions or by

choosing a material with a low elastic modulus.

7.3 Analysis of Single material double clamped beam

Ease of manufacturing and high spring stiffness are the two predominant reasons
for using the double-clamped beam structure. The switching time can be lowered by
taking a beam with high spring stiffness but at the expense of a high pull-in voltage.
The double clamped beam offers high stability and is less sensitive to stress. The
schematic diagram of RF NEMS switch with the graphene beam and graphene-GO
composite bridge is shown in figure 45.
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Figure 45: Top view of NEMS switch

7.4 FEA of proposed structure

In this study, the FEA of graphene NEMS switch was performed in COMSOL
Multiphysics. Electromechanics and Solid mechanics modules are used for the
electromechanical modelling of the designed switch. Graphene with an elastic modulus
of 669 GPa and Poisson’s ratio of 0.416 was considered for the simulation [165][166].
The actuation voltage of 12.2 V was achieved for the graphene beam of length 2 pm,

width 0.3 pm, thickness 5 nm, and air gap of 40 nm as shown in figure 46.

o

Surface: Total displacement (jm)

Figure 46: Simulated graphene NEMS switch
The driving force that is responsible for retrieving back the suspended beam into its
initial position when the applied voltage is removed is known as restoring force. The
restoring force fr can be expressed by equation 17 [44]:
fr=kg 17
k and g are the spring constant (N/m) and the air gap (1m) respectively.
Two different methods can be adopted to reduce the pull-in voltage. In method 1,

the beam length of double clamped graphene beam can be varied and reduction in pull-
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in voltage is observed. The simulation of graphene NEMS switch for different lengths
has been performed in COMSOL Multiphysics. Table 16 shows the simulated results

of pull-in voltages and restoring force for different lengths of suspended graphene

beam.
Table 16: Variation in performance parameters of single material graphene beam
Beam length (um) Pull-in voltage (V) Restoring force (nN) Spring constant
(N/m)
2 12.2 101 0.055
2.5 8.5 49.2 0.028
3 6.5 28.8 0.016
35 4.9 16.4 0.010
4 4 10.9 0.006

As the beam length of the suspended graphene beam is increased, the pull-in voltage,
restoring force, and the spring constant of the beam are changed. The spring constant
of the graphene beam was reduced to 0.016 N/m and the restoring force falls by 71 %,
when the length of the graphene beam was changed from 2 um to 3 pum, as shown in
figure 47. Further increment in the beam length from 3 to 4 um drops the spring constant
to 0.006 N/m that pulls down the restoring force by 62 %. The spring constant and the
restoring force were reduced to 0.006 N/m, 89% respectively as the length of the beam
was doubled from 2 um to 4 um. The results show that changing the suspended beam
geometry is not a good approach for lowering the pull-in voltage with nominal restoring
force. From equation 22, it is evident that an increase in the length decreases the spring

constant which in turn decreases the restoring force.
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Figure 47: Effect of variation of beam length of Single material Graphene beam on Restoring force
and Spring constant for different beam length
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In method 2, the actuation voltage can be reduced by lowering the elastic modulus
instead of changing the length of the beam. Table 17 shows the simulated results for a
material beam of 2 um length, 0.3 pum width, 5 nm thickness, and 40 nm gap for
different spring constant values.

Table 17: Variation in performance parameters by changing the Elastic Modulus

Elastic Modulus (GPa) Pull-in voltage (V)  Restoring force (nN) Spring constant

(N/m)
669 122 101 0.055
569 11.4 88.5 0.047
469 10.4 73.7 0.038
369 9.2 57.7 0.030
269 8 43.6 0.022

The elastic modulus value was changed from 669 GPa to 269 GPa. The simulated
results are plotted in figure 48 (a), 48 (b), and 48 (c) show that as the elastic modulus
of the material is reduced, the pull-in voltage gets reduced. It also reduces the restoring
force.

In figure 48 (a), 48 (b), and 48 (c) two curves are plotted. The curve 1 indicates the
results obtained for the change in beam lengths with elastic modulus 669 GPa. The

curve 2 shows the results obtained for the change in the elastic modulus with 2 pm
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Figure 48: Comparison between the results obtained for (a) restoring force (b) pull-in voltage (c)
spring constant using two different methods

The results indicate that the restoring force gets reduced by 56% (2.3 times), pull-in
voltage gets reduced to 34% (1.5 times), and the spring constant reduced by 60% when
the value of elastic modulus was varied. Figure 48 (a), 48 (b), and 48 (c) show the plot

obtained for the change in restoring force, pull-in voltage, and spring constant for both
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the cases first when beam length was changed and second when elastic modulus was
changed. The results illustrate that by changing the beam length, abrupt change in the
restoring force was obtained. The change in the beam length reduces the spring constant
and reduction in spring constant rapidly changes the restoring force. On the other hand,
the change in the restoring force is linear for the case when variation in elastic modulus
value has been done.

The discussion presented here concludes that changing the device dimensions (beam
length) cannot be a good approach as a sudden change in the restoring force is observed.
The elastic modulus cannot be changed as elastic modulus is a property of the material
that remains constant. So, another alternative is to use a beam of new material with less

value of elastic modulus or use a composite beam.

7.5 Analysis of Graphene/RGO Composite beam

When two or more than two layers of different material with different elastic
modulus and thickness are deposited over one another, a composite layer is formed.
The concept of a composite beam is adopted to decrease the actuation voltage without
much drop in restoring force. A new beam of single material can be formed as
composite beam with an effective elastic modulus value. The design parameters like
length, width, and gap of the beam are kept the same as that of single material double
clamped beam. The single material graphene beam (5 nm thick) is replaced by
graphene/RGO composite beam (2.2 nm/2.8 nm). The graphene/RGO beam of length
2 um, width 0.3 um, and air gap of 40 nm was considered for the pull-in analysis. A
2.2 nm thick graphene beam is placed over 2.8 nm thick RGO beam. RGO beam with
elastic modulus of 207 GPa and Poisson’s ratio of 0.19 was considered for the
simulation [79]. Figure 49 shows the schematic diagram of the single material beam
and composite double clamped beam.

Au Au Au Au
Aun Au

[ Substrate [l SiO, Gold [ Graphene Il rGO or GO

Figure 49: Schematic diagram of (a). single material (b). composite beam NEMS switch
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For the designed graphene/RGO NEMS beam of length 2 pm, width 0.3 um,
thickness 5 nm (2.2/2.8 nm), and air gap of 40 nm, the actuation voltage of 9.7 V was
obtained as shown in figure 50. The actuation voltage of graphene/GO composite beam
structure is (9.7 V), less than the single material graphene beam structure (12.2 V).

aaaaaaaaaaaaaaaaaaaaaaaaaaaa

Figure 50: Simulated graphene/RGO NEMS switch

7.6 Analysis of Graphene/GO Composite beam

GO along with graphene is used as composite to observe the effect on performance
parameters. The design parameters, in this case, are kept the same as the previous
simulation. The only change is that RGO is replaced by GO to form composite beam.
The single material graphene beam (5 nm thick) is replaced by graphene/GO composite
beam (2.2 nm/2.8 nm). A graphene/GO beam of length 2 um, width 0.3 um, and air
gap of 40 nm was considered for the pull-in analysis. A 2.2 nm thick graphene beam is
placed over 2.8 nm thick GO beam. GO with elastic modulus of 27 GPa and Poisson’s
ratio of -0.567 was considered for the simulation [62].

For the designed graphene/GO NEMS beam of length 2 um, width 0.3 pm,
thickness 5 nm (2.2/2.8 nm), and air gap of 40 nm, the actuation voltage of 8.3 V was
obtained as shown in figure 51. The actuation voltage of graphene/GO composite beam

structure is (8.3 V), less than the single material graphene beam structure (12.2 V).

Surface: Total displacement (um)

Figure 51: Simulated graphene/GO NEMS switch
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The composite beam can be transformed into a beam with an effective elastic
modulus and equivalent thickness. The equivalent elastic modulus of the beam can be

expressed by equation 18 [44].

_E1A14E3Ap

Eequi_ Ai+Ay (18)

E,, E, are elastic modulus values and A;, A, are the values of the cross-sectional
area of the two different materials used to form composite beam. The single material
beam equivalent to the composite graphene/GO or graphene/RGO beam is shown in
figure 52. The calculated value of equivalent elastic modulus is 438 GPa and 348 GPa

for graphene/RGO and graphene/GO respectively.

L=2um, w=0.3 nm
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Figure 52: Composite beam represented as its equivalent single material beam

Graphene/GO can be a good choice to form a composite beam as it offers low elastic
modulus (equivalent elastic modulus 348 GPa). The composite graphene/GO beam
requires a pull-in voltage of 8.3 V but on the other hand, single material graphene beam
requires pull-in voltage of 12.2 V. The restoring force for electrostatically actuated
single material graphene beam is 101 nN (table 17), graphene/RGO beam is 64.2 nN
while it is 47 nN for composite graphene/GO. The composite beam graphene/RGO
offers low actuation voltage without much drop in restoring force.

7.7 Modal analysis of single material beam and composite beams

The resonant frequency of the double clamped beam structures is obtained with
modal analysis. The obtained eigenfrequency modes of the graphene beam are 24.6
MHz, 67.9 MHz, 100 MHz. For composite beam graphene/RGO, the obtained
eigenfrequencies are 17.4 MHz, 48.2 MHz, 75.4 MHz, and for graphene/GO beam the
values are 14.4 MHz, 39.7 MHz, 71.7 MHz. This modal analysis was performed for the
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beam length of 2 um, width 0.3 um, thickness 5 nm (2.2/2.8 nm), and air gap of 40 nm.
Figure 53 shows the obtained eigenmodes for single material graphene beam,
graphene/RGO, and graphene/GO composite beam. The graphene/GO composite beam
resonates at lesser frequency than the other two cases.

Graphene double clamped beam Graphene/rGO double clamped beam _ Graphene/GO double clamped beam
///\

Eigen frequency =24.6 MHz|| .~ "///Eigen frequency = 17.4 MHz

Eigen frequency = 14.4 MHz

X

— A

~ Eigen frequency = 48.2 MHz : Eigen frequency =39.7 MHz,

S
~L -

7 Eigen frequency = 100 MHz Eigen frequency = 75.4 MHz || / Eigen frequency = 71.7 MHz

Figure 53: Eigenfrequency analysis of single material beam and composite beams

Switching time is the time required by the switch to come in the off state from on
state. Release time is the time taken by the bridge to come to its initial unactuated state
after removing the voltage. The switching time (ts) and release time (t;) are expressed
by equation 19, 20 [167][168]:

t,=3.67 2L (19)

sWo

1
b= 1o (20)

Where V,; is the actuation voltage, Vs= 1.3Vpi, and oo is the angular resonant
frequency. For the beam length of 2 um, width 0.3 um, thickness 5 nm and air gap of
40 nm, the obtained switching time and release time of graphene NEMS switch is 114
ns and 10 ns, respectively. The switching time and release time for composite beams
are obtained as shown in table 18. For the same dimensions, the switching time and
release time of graphene/RGO NEMS switch are 162 ns and 14 ns, respectively. The
switching time and release time of the composite beam graphene/GO are 196 ns and 17
ns, respectively. From the above simulated results, it is evident that single material
graphene is the fastest switch as it has the lowest switching time but requires high pull-

in voltage for actuation.
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Table 18: Single material beam and Composite beam Performance Parameters

Beam material Beam Pull-in Restoring Switching time  Release time
length (um)  Voltage (V) force (nN) (nsec) (nsec)
2 12.2 101 114 10
25 8.5 49.2 180 16
Graphene 3 6.5 28.8 261 23
35 4.9 16.4 355 31
4 4 10.9 465 41
2 9.7 64.2 162 14
25 6.7 30.6 254 22
Graphene/RGO 3 5 17 363 32
3.5 3.9 104 493 43
4 3.15 6.74 643 56
2 8.3 47 196 17
25 5.7 22.2 307 27
Graphene/GO 3 4.3 12.6 440 39
35 3.4 7.88 598 52
4 2.7 4.9 780 69

The variation in the single material graphene beam length from 2 um to 4 um leads
to the variation in the pull-in voltage and switching time. Figure 54 (a), 54 (b), and 54
(c) show the effect of changing the beam length of the single material graphene beam

on pull-in voltage, switching time, release time and restoring force.
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Figure 54: Effect of variation of beam length of single material graphene beam on (a) Switching time
and pull-in voltage (b). Release time and pull-in voltage (c). Restoring force and pull-in voltage

The variation in the composite beam length from 2 um to 4 um leads to the variation
in the pull-in voltage and switching time. Figure 55 (a), 55 (b), and 55 (c) shows the
effect of changing the beam length of the graphene/RGO composite beam on pull-in

voltage, switching time, release time and restoring force.
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Figure 55: Effect of variation of beam length of graphene/RGO composite beam on (a) Switching time
and pull-in voltage (b). Release time and pull-in voltage (c). Restoring force and pull-in voltage

The variation in the graphene/GO composite beam length from 2 um to 4 pm is
simulated. Figure 56 (a), 56 (b), and 56 (c) shows the effect of changing the beam length
of the composite graphene/RGO beam on the performance parameters like pull-in

voltage, switching time, release time and restoring force.
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Figure 56: Effect of variation of beam length of graphene/GO composite beam on (a) Switching time
and pull-in voltage (b). Release time and pull-in voltage (c). Restoring force and pull-in voltage

The pull-in voltage and restoring force of the composite beam based NEMS switch
is decreased by increasing the length of the double clamped beam. While the switching
time and release time of the composite double clamped beam gets increased on
changing the beam length. Figure 57 (a), 57 (b), 57 (c), 57 (d) shows the variation in
the performance parameters by varying the beam length for single material and
composite beam. In figure 57 (a) and 57 (b), the variation in pull-in voltage and
restoring force is plotted against variation in beam length for graphene, graphene/RGO,
and graphene/GO beams. While in figure 57 (c) and 57 (d), the variation in switching
time and release time is plotted against variation in beam length for graphene,

graphene/RGO, and graphene/GO beams.
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Figure 57: Single material vs Composite material (a) Beam length vs pull-in voltage (b). Beam length
vs Restoring force (c). Beam length vs switching time (d). Beam length vs release time

It is clear from the plots that an increase in the beam length reduces the actuation
voltage and restoring force while increasing the switching time and release time.
Graphene beam exhibits high pull-in voltage, high restoring force with less switching,
and release time. while graphene/GO beam requires less pull-in voltage, less restoring
force with high switching, and release time. The performance parameters of
graphene/RGO beam lies in between the graphene and graphene/GO beam.

For ease of comparison and analysis, the obtained results in this study are
summarized in table 19. For 2 um beam length, the pull-in voltage is reduced by 20%
and 31%, and restoring force is reduced by 36% and 53% for graphene/RGO and
graphene/GO beams, respectively, as compared to graphene. The switching time is
increased by 29%, 41%, and release time gets increased by 28%, 41% for
graphene/RGO, and graphene/GO beams, respectively, as compared to graphene beam.
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Comparing the results of a single material beam and two composite beams,
graphene/GO beam offers very low actuation voltage and high switching time.
Comparing the results of 2 um and 4 pm long composite beam shows that changing the
device dimensions reduces the actuation voltage with high loss in restoring force. Thus,
it can be concluded that a composite beam based NEMS switch is an ideal choice to
achieve low actuation voltage without much fall in restoring force, and graphene beam
based NEMS switch can be a good choice when faster switching speed is required. The
varying section composite beam approach can be used to lower the pull-in voltage

without much drop in restoring force.

Table 19: Comparison of device performance parameters

% Reduction/Increment
Beam Type Vi (V) Fr(nN) ty(ns) t,.(ns) Vii (V) FrR(NN)  tg(ns)  t.(ns)

L=2 pm, W=0.3 um, t=5 nm (2.2/2.8 nm), g= 40 nm

Graphene 12.2 101 114 10
Graphene/RGO 9.7 64.2 162 14 20()) 36() 29(1) 28(D)
Graphene/GO 8.3 47 196 17 31()) 53() 41(D) 41 (D
L=4 pum, W= 0.3 um, t=5 nm (2.2/2.8 nm), g= 40 nm
Graphene 4 10.9 465 41
Graphene/RGO  3.15 6.74 643 56 21()) 38() 27(1) 26(1)
Graphene/GO 2.7 4.9 779 69 32(]) 55() 40(1) 40(D)

7.8 Summary
In this study, the comparative analysis of graphene, graphene/RGO, and graphene/GO
NEMS switches was illustrated using COMSOL Multiphysics.

e The restoring force changes non-linearly on increasing the beam length as
compared to the change in elastic modulus. The studies show reduction in
actuation and restoring force for graphene/RGO and graphene/GO beam when
compared with graphene beam. But this is observed at the expense of an
increase in switching time and release time.

e Thus, graphene-based NEMS switch can be used when low switching time is
required and graphene/GO NEMS switch can be used when low actuation

voltage without much fall in restoring force is desired.
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e The performance of the NEMS switch highly rely on pull-in voltage and
switching speed and can be further improved by using varying section

composite beam structures.
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Chapter 8
GRAPHENE CANTILEVER BASED DIGITAL LOGIC GATES

In this chapter, universal logic gates NAND and NOR along with NOT and XOR
are successfully implemented using graphene cantilever structures (section 8.3,8.4). 3D
modelling of different graphene cantilever structures is demonstrated using COMSOL
Multiphysics software. The high electrical conductivity of graphene makes it a better
choice as a cantilever beam for this study. The cantilever based simulated logic gates
could enable the implementation of different digital circuits.

8.1  Background

The development of microfabrication technology has empowered the production of
outstanding micro and nanodevices. NEMS switches are one of the remarkable
nanodevices that can replace the already existing switches due to properties like high
efficiency, low actuation voltage, high switching speed, etc. [21][8]. The switching
action can be achieved by either cantilever or double clamped bridge-based structure
[169][170]. A cantilever beam is fixed at one end and another end freely moves when
it is under some external stress. For the sensing application like physical, biological, or
chemical sensing, microcantilever structures are used. The sensing is achieved by
detecting the changes in cantilever bending [171]. The double clamped bridge-based
structure is fixed at both ends. The bending of the beam is achieved by applying
actuation in the middle of the structure [45]. NEMS switches can be used for switching
applications [172], data storage [54], low power digital computing [173], and logic
gates [174], etc. The implementation of compact XOR/XNOR gates was reported using
only two laterally-actuated double-gate NEMS switches [175]. The logic gate
implementation using microplasma was performed with high operating voltage [176].
Also, AIN based switches were implemented as NAND and NOR gate functions with
an operating voltage of 2V [177]. Various NEMS switch structures for applications
like wireless sensors [178] and addressable memory component [179] have been
reported.

Graphene beams have been an intriguing area of research from the last two decades
[180]. The thermal stress coefficient of expansion of graphene paper-based cantilever

structure was studied [181]. The fabrication of a cantilever-based graphene structure is
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difficult than fixed beam structures. But graphene cantilever is a promising candidate
for different NEMS devices [16]. Graphene cantilever as nano switch was fabricated
and the mechanical properties of graphene cantilever were studied using atomic force
microscopy [182]. The interesting mechanical [18], thermal [183], and electrical [57]
properties of graphene make it suitable for various applications. Multilayer graphene
[184] is always preferred over monolayer graphene due to high conductivity and high
stiffness [144].

In this study, the implementation of graphene cantilever-based different logic gates
like NOT, NOR, NAND, and XOR using electrostatic actuation mechanism has been
done. Different cantilever structures in a different configuration are used to implement

various logic gates.

8.2 Device dimensions and operating principle

The device dimensions of the simulated cantilever structure are given in table 20. A
2 um long, 0.2 um wide, and 5 nm thick graphene cantilever is modelled in COMSOL
Multiphysics. The Young’s modulus of 860 GPa and Poisson’s ratio of 0.17 is taken
for multilayer graphene for all FEM simulation [148]. The air gap between the

cantilever and the actuation electrode is taken as 50 nm.

Table 20: Dimensions of graphene cantilever

Parameters Values
Beam width 0.2 um
Thickness 5nm
Length 2 um
Gap between beam and bottom electrode 50 nm
Actuation electrode area 200*200 nm

The electrostatic actuation mechanism is used for the operation of the cantilever. At
the fixed end, the signal line is connected. For the successful implementation of
digital logic gates, the signal line carries a positive voltage signal. Because of the
high signal line, the cantilever always acquires some positive potential. The
operation of cantilever depends upon the polarity of the voltage applied at the
bottom actuation electrode. When the applied voltage is +ve (high), due to
repulsion between the cantilever positive polarity and actuation electrode positive

polarity, the beam remains in upstate as shown in figure 58. But when the applied
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voltage is OV (low), the actuation electrode will attract the cantilever in downward
and the cantilever touches the output port as shown in figure 59. Hence signal
passes from input to output and high voltage is obtained. If the signal line is at 0V,
the output signal will be zero always irrespective of the polarity of the actuation
electrode.

The actuation voltage of cantilever beam can be increased or decreased by

changing the beam dimensions or by changing the air gap.
T Ve

Input signal Output signal

| ;
Figure 58: Cantilever operation in Upstate

+ ve
Input signal N Output signal
E— —

Figure 59: Cantilever operation in Downstate

8.3 Logic gate implementation
8.3.1 NOT gate

For NOT gate implementation, one graphene cantilever and one actuating electrode
(V1) are used. The input signal is applied at the fixed end of cantilever while the output
is taken at the free end as shown in figure 60. The truth table of NOT gate is given in
table 21.

When 0 V is applied voltage at the actuating electrode and cantilever voltage is equal
to pull-in voltage/actuation voltage, the electrostatic actuation mechanism pulls the
cantilever in the downward direction, and the beam touches the output port. Hence the
input from the cantilever beam is taken at the output port.

When the applied voltage at actuating electrode is equal to pull-in voltage (Vi) and
cantilever voltage is equal to pull-in voltage/actuation voltage, the positive polarity of
both actuating electrode and cantilever beam will repel each other and the beam remains

in up direction. No output is obtained at the output port.
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Figure 60: NOT gate structure

Table 21: Truth table of NOT gate

Input V1 Output
1 0 1
1 1 0

8.3.2 NOR gate

For NOR gate implementation, two graphene cantilevers and two actuating
electrodes (V1,V>) are used. Both cantilever structures are connected in series. The input
signal is applied at the fixed end of the first cantilever while the output is taken from
the free end of the second cantilever as shown in figure 61. The truth table of NOR gate
is given in table 22.

When both inputs (00) are at 0 V, the first cantilever is closed first due to electrostatic
actuation and high output is generated. The output of the first cantilever is applied as
input to the second cantilever and still the second actuating electrode is at OV then high
output is obtained at the second cantilever port.

When one of the inputs is high (01), the cantilever one obtains high output. But the
second cantilever obtains O output because the second actuating electrode is at high
potential. When the input applied at the actuating electrode is, one is high and another
low (10). The first cantilever remains in the upward direction and zero output is
obtained at the output port of the first cantilever. Since the second actuating electrode
is at 0 V, the overall output obtained is 0.

When pull-in voltage is applied at both the inputs (11), the first cantilever remains
in the upstate. Since no output is obtained at the output port of the first cantilever, the

overall output obtained is OV.

Graphene Cantilever \
Input — Output
signal signal
— — E——

Figure 61: NOR gate structure
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Table 22: Truth table of NOR gate

Input V1 V2 Output
1 0 0 1
1 0 1 0
1 1 0 0
1 1 1 0

8.3.3 NAND gate

For NAND gate implementation, two graphene cantilevers and two actuating
electrodes (V1,V2) are used. Both cantilever structures are connected in parallel. The
input signal is applied at the fixed end of both cantilevers while the output is taken from
the free end of both cantilevers as shown in figure 62. The truth table of NAND gate is
given in table 23.

When both inputs (00) are at 0 V, both cantilevers are closed due to electrostatic
actuation and high output is generated. When one of the inputs is high (01, 10), one of
the cantilevers remains in downstate and obtains high output. When pull-in voltage is
applied at both the inputs (11), both cantilevers remain in upstate and no output is

obtained at output port.

/Graphene Cantilever

Input Output
signal signal
Figure 62: NAND gate structure
Table 23: Truth table of NAND gate
Input Vi1 V2 Output

1 0 0 1

1 0 1 1

1 1 0 1

1 1 1 0
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8.3.4 XOR gate

For XOR gate implementation, one graphene cantilever and two actuating electrodes
(V1,V2) are used. The input single is applied at the fixed end of cantilever while the
output is taken at the free end as shown in figure 63. The truth table of NAND gate is
given in table 24.

When both inputs (00) are at 0 V, both actuating electrodes will try to pull the beam
and as a result, the cantilever remains in the initial position. Hence no output is
obtained. When both inputs are high (11), both actuating electrodes will try to repel the
beam and as a result, the cantilever remains in the initial position. Hence no output is
obtained. But when one of the inputs is low (01,10), the beam will be deflected towards

the actuating electrode at ground potential, and output is obtained.

Graphene Cantilever Outout
utpu
Input > \ signal

signal

Figure 63: XOR gate structure

Table 24: Truth table of XOR gate

Input V1 V2 Output
1 0 0 0
1 0 1 1
1 1 0 1
1 1 1 0

8.4 Results and discussion
The NEMS switch-based logic gates are designed and simulated in COMSOL
Multiphysics version 5.4. The device dimensions of the simulated cantilever are already
listed in table 20. Structural mechanics and AC-DC modules are used for simulating
the logic gate structures. For all simulations, logic 1 equals the actuation voltage i.e.
157 V.
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8.4.1 NOT gate implementation

The simulation results obtained for NOT gate implementation are shown in figure
64. 3D model of NOT gate is shown, when the actuation voltage is low and when the
actuation voltage is high. In both cases, cantilever is at voltage equals to actuation
voltage (1.57 V). For low actuation voltage, the cantilever touches the output port.
Hence signal passes from input to output and high output is obtained. For high actuation
voltage, the cantilever remains in the upstate and at the output port, no output is

obtained.

Surface: Total displacement (um}

Figure 64: 3D model of NOT gate (a) when V1 =0 (b) when V; =1
8.4.2 NOR gate implementation
The simulation results obtain for NOR gate implementation are shown in figure 65.
The 3D model of NOR gate is shown for the four cases (V1,V2) (00,01,10,11). In all
four cases, the first cantilever is at actuation voltage while the second cantilever attains
actuation voltage only when the output of the first cantilever is high. When the actuation
voltages are V1V = 00, high output is obtained because in this case, both cantilevers

touch their respective output ports. Hence signal passes from input to output. For the
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remaining cases either one cantilever is in upstate or both the cantilevers are in upstate

and zero output is obtained.

Figure 65: 3D model of NOR gate (a) when V1V,= 00 (b) when V1V,= 01 (c) when V1V,= 10 (d) when
ViVo=11
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8.4.3 NAND gate implementation

The obtained simulation results for NAND gate implementation are shown in figure
66. The 3D model of NAND gate is shown for the four cases (V1,V2) (00,01,10,11). In
all four cases, both the cantilevers are at actuation voltage. When both inputs are low
or one of the inputs is low, high output is obtained because in this case, cantilever
touches the respective output ports. Hence signal passes from input to output. When the
actuation voltages are V1,V» =11, the low output is obtained because in this case both

cantilevers are in upstate and zero output is obtained.

Figure 66: 3D model of NAND gate (a) when V1V,= 00 (b) when V1V,= 01 (c) when V1V,= 10 (d)
when ViVo= 11

8.4.4 XOR gate implementation

The simulation results obtain for XOR gate implementation are shown in figure 67.
The 3D model of XOR gate is shown for the four cases (V1,V2) (00,01,10,11). In this
case, cantilever is at actuation voltage for all four cases. When the actuation voltages
are V1,V2= 01 or 10, high output is obtained because in this case, at least one cantilever
touches the respective output port. Hence signal passes from input to output. For the

remaining cases (00,11), the cantilevers are in upstate and zero output is obtained.
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Figure 67: 3D model of XOR gate (a) when V1V,= 00 (b) when V1V>= 01 (c) when V1V,= 10 (d) when
ViVo=11

8.5

Switching speed

The switching time of NEMS switch is approximated by equation 19. The

switching time of 45 ns has been obtained for graphene cantilever NEMS switch.

Since the device dimensions of the cantilever beam is the same in all the cases and

the actuation voltage is also the same hence the same switching speed has been

obtained.

8.6

Summary

In this work, the successful demonstration of the graphene cantilever based
NEMS switch is done. The designed NEMS switches are implemented as
different digital logic gates. The actuation voltage of 1.57 V is obtained for the
5 nm thick graphene cantilever when the cantilever completely touches the
output port.

The proposed NEMS logic gate NAND and NOR are universal gate, using these
any other gate can be implemented. The digital circuit like adders and
multiplexers can be easily realized by the simulated digital logic gates.

The practical realization of XOR gate can be done. The actuating electrodes can
be placed on the both sides of cantilever and lateral actuation can be carried out

to achieve switching mechanism.
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Chapter 9
CONCLUSION AND FUTURE SCOPE

This chapter concludes the research work done in this thesis. This chapter also
elaborates that how the designed and analysed proposed structures can be used to
implement various other structures and their future perspective.

9.1 Conclusion

The proposed work on graphene materials-based RF NEMS shunt switches has
been carried out systematically. Different NEMS switch structures and dimensions are
designed and analyzed. The original contributions of the proposed work are discussed
below:

e The pull-in response and mechanical reliability of GO-based NEMS switch
were investigated for both standard and perforated GO beams. The perforated
beam structure is preferred over standard beam structure as it requires low pull-
in voltage. From the von Mises stress analysis, it is evident that von Mises stress
values in GO NEMS switch is less than graphene NEMS switch. This lesser
value of von Mises stress in GO NEMS switch makes it a good choice as beam
material. The variation in capacitance was successfully demonstrated when the
suspended beam actuated towards the bottom graphene electrode. The proposed
structure, GO-based NEMS switch could be used for data storage and memory
applications.

e The pull-in stability and eigenfrequency analysis of gold/GO-based NEMS
switch have been performed for intact and circularly perforated structures. The
circularly perforated structure gets actuated at a voltage less than the intact
structure. By making perforations, the air below the suspended beam is easily
squeezed out through the perforations, hence reducing the actuation voltage. It
is observed that by making perforations, the pull-in voltage and
eigenfrequencies are reduced. The pull-in voltage can be further reduced by
changing the perforation size/shape.

e The performance analysis for GO NEMS shunt switch at RF has been evaluated
for the first time. The S-parameter of monolayer and multilayer GO-based

switches are analyzed for 1-60 GHz. The results show that monolayer GO
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NEMS switch acquires low pull-in voltage, and exhibits high downstate
capacitance. Both the simulated switch structures provide high switching speed
and good RF performance.

Also, graphene-based NEMS switch with different bridge structures has been
designed and simulated to find out which structure requires the least pull-in
voltage. It is clear from the simulated results that hinge structure-based NEMS
switch requires the least pull-in voltage as actuation voltage depends upon the
bridge stiffness. The different bridge structures have different spring stiffness.
The perforations reduce the mass of the suspended beam and make beam less
stiff which in turn changes the actuation voltage.

Further, the detailed analysis of variation in device design parameters such as
length and thickness of the suspended beam, air gap was studied. The effect of
changing the device design parameters on actuation voltage and von Mises
stress was observed. The pull-in voltage was reduced to 50% while increasing
the beam length from 1 pm to 1.6 um. Moreover, it also has been identified
that the pull-in voltage has increased to 313% and 320% on changing the beam
thickness from 2.8 nm to 4.9 nm and air gap from 30 nm to 60 nm, respectively.
The von Mises can be reduced by increasing the length of GO, decreasing the
thickness of GO, and the air gap between the GO and bottom electrode.

The RF performance analysis of the proposed switch exhibited high isolation
and low insertion loss. It can be concluded that the long and thin GO beam
requires less actuation voltage, it can endure less von Mises stress and exhibits
good RF performance.

Also, graphene derivatives i.e. GO and RGO based NEMS shunt capacitive
switches were designed and modelled. The comparative analysis of graphene
NEMS and graphene derivatives composite beam based NEMS switches were
performed in terms of pull-in voltage and restoring force. Two different
methods were used to analyze the impact on restoring force either by changing
the beam length or by changing the elastic modulus.

The studies show the reduction in the actuation voltage and restoring force for
graphene/RGO and graphene/GO fixed-fixed beam structures when compared

with the graphene beam. But this is observed at the expense of increase in
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switching time and release time. However, graphene-based NEMS switches can
be used when low switching time is required and graphene/GO NEMS switches
can be used when low actuation voltage without much fall in restoring force is
desired.

e The performance of NEMS switches highly rely on pull-in voltage and
switching speed and can be further improved by using varying section
composite beam structures.

e The successful implementation of the graphene cantilever based NEMS
switches have been carried out as different digital logic gates. In this work, the
simulated NEMS switch required very low actuation voltage.

e The proposed NEMS logic gates NAND and NOR are universal gate, using
those any other gate can be implemented. The digital circuit like adders and
multiplexers can be easily realized by the simulated digital logic gates.

Table 25 summarises the comparison between the results of proposed switches with
the existing work. Based on the results, it can be concluded that GO can be a good
choice as a suspended beam for RF NEMS switch. GO-based NEMS switches can be
preferred in the application that requires low actuation voltage, high switching speed,

and good RF performance. It can also be used for data storage and memory applications.

Table 25: Proposed switch comparison with existing work

References Beam Material/ Pull-in S-parameters
Dielectric Voltage Isolation (S21), Insertion loss (Sz1”)
%
Sharma at al. 2013 Graphene/HfO, <2 Monolayer, Sz1= >10 dB, Sy;’=0.01-0.3 dB
@ 1-60 GHz. Multilayer, S»=>20 dB,
$21°=0.01-0.2 dB @ 1-60 GHz
Ma et al. 2016 Al/SiO, 3.04 S, =24 dB
S»1’=5.65 dB @ 40 GHz
Zhao et al. 2017 AU/SizNg 18.3 S»1 =20.5dB
S21’=0.29 dB @35
Angira et al. 2019 Au-Cr/HfO, 12 Sy =-52.7dB
S»1’=0.06 dB @9 GHz
Proposed work Graphene- 7.5 S, =>70dB
(Monolayer) GO/GO S»1’=0.03-0.05 dB@1-60 GHz
Proposed work Graphene- 9.8 S21=>70dB
(Multilayer) GO/GO S»1’=0.03-0.06 dB@1-60 GHz
Proposed work Graphene- 15 Sz1=>70dB
(Hinge Structure) GO/GO S»1’=10.02-0.03 dB@1-60 GHz
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9.2 Future scope

The work presented in this thesis have shown that how the limitations of RF MEMS

switches can be addressed by taking a novel material as a suspended beam. Further

work can be initiated in the broad areas given below:

In the current study, the performance of designed switches has not considered
the effect of intermolecular forces such as Casimir force and Van der Waals
force. These studies can be carried out in future.

The concept of implementing the high switching speed digital logic gates could
be applied to realization of flip-flops.

The design and modelling of the graphene derivative based NEMS switches as
DRAM or SRAM memory cell can be implemented. Following the concept, the
multiple memory cells, data storage registers can be designed. The implemented
memory cells and registers could acquire high speed that can be used in
communication systems and other applications.

MEMS switches are used in the switching network of the communication
systems for different frequency bands. MEMS phase shifters have low
switching speed and the disadvantage can be overcome by using composite
beam of graphene materials like GO/RGO.

The work presented in this thesis can be extended to simulation, fabrication, and
characterization of GO-NEMS switch for various configurations like SPST
(single pole single throw), SPDT (single pole double throw), etc. These
configurations could have low pull-in voltage, good RF performance and high
switching speed.

RF NEMS switches can be used in the switching network of transceivers
applications for signal routing. The steps for the practical realization (figure 68)
of the proposed RF NEMS switch are:

(a). A low loss Silicon substrate is considered, (b). a cavity is formed by etching
the substrate, (c). deposition of dielectric layer over the etched substrate, (d).
deposition of CPW line over the dielectric layer, (e). sacrificial layer deposition
to fabricate suspended beam at some gap over signal line, (f). deposit suspended

beam over sacrificial layer, (g). sacrificial layer deposition and deposition of top
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electrode over suspended beam, (h). remove sacrificial layer and hanging bridge

structure is released.

C)

(g
(h)

Figure 68: Fabrication Process flow of proposed RF NEMS switch
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©

@

e Cantilever based NEMS switches (XOR gate) can be practical realized (figure
69) by using by two different process technologies:

(). Si substrate (b). Growth of SiO. over the substrate. (c). Deposition and
patterning of gold electrodes. (d). Deposition of amorphous SiO: as a sacrificial
layer and Over sacrificial layer, mechanical exfoliation method is used to transfer
graphene cantilever. By using Focused ion beam technique (FIB), the graphene
layer can be placed on the middle part of the electrode in the vertical direction (e).
Removal of sacrificial layer to get suspended cantilever structure (f). Top view of
the fabricated structure.
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Figure 69: Fabrication Process flow of Cantilever NEMS shunt switch (XOR gate)
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