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Abstract - This paper presents the design, simulation, and analysis of two fundamental configurations aimed at implementing
capacitive MEMS switches in a shunt arrangement. The objective of this systematic electromechanical modeling approach is to
create MEMS switches with a low actuation voltage while preserving their RF and dynamic performance, especially for mm-
wave applications. The switch’s dynamic performance was analyzed utilizing COMSOL Multiphysics software, while the radio
frequency (RF) properties were acquired through the employment of the HFSS software. The structure of Design 1, without
flexure, results in a spring constant of 1.57 N/m and a resonant frequency of 54 kHz. Conversely, Design 2, incorporating a
Fixed-Fixed flexure, demonstrates a spring constant of 0.80 N/m and a resonant frequency of 38 kHz, accomplished through
meticulous adjustment of the thickness-to-length ratio. Both designs employ Aluminium as the material for the beam, with
specifications of 260 um for length, 100 um for breadth, and 0.5 um for thickness. Taking into account the influence of squeeze
film, a finalized gap of 1.9 um between the upper electrode and dielectric layer leads to a pull-in voltage of 7 V for Design 1 and
4.4 V for Design 2, respectively. A thorough investigation of incorporating 60 &oles, each measuring 64 um? (Sum x Sum), in
the beam membrane of Design 2 has been conducted. The inclusion of these holes reduces the pull-in voltage to 4 V and the
switching time to 28 us. Additionally, it effectively mitigates most of the stress experienced by the structure. Finally, the addition
of a dielectric layer measuring 0.1 um, utilizing SisN4 as the dielectric material, further justifies the optimized structure of Design
2 as suitable for operating throughout the frequency range of 15 to 40 GHz

Keywords - mm-wave, RF MEMS switch, Shunt capacitive switch, ICT, loT.

1. Introduction

The research community within electronics, Radio
Frequency (RF) components/platforms, system integration
and engineering, and Information and Communication
Technology (ICT) has been significantly influenced by key
drivers, encompassing the Internet of Things (lIoT), Internet of
Everything (IoE), Tactile Internet, and the advent of 5G in
mobile communications [1, 2]. The 5G network is anticipated
to accommodate various paradigms, ranging from widespread
Machine-to-Machine (M2M) communications related to
household and personal appliances to substantial multimedia
data streams for Extended Reality (XR) [3, 4].

The ultimate goal is to achieve cities, industries, farms,
and automobiles inside a fully interconnected and unified
framework, which is more accurately described as the 5G
ecosystem [5]. Given the necessitated capabilities of this
communication standard, which include high data rates,
expanded allocated spectrum, utilization of massive Multiple-
Input-Multiple-Output (MIMO) systems, as well as beam
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steering and beam forming, the emphasis will be placed on
devices such as switches, phase shifters, attenuators, filters,
and their associated packaging and integration. Radio-
Frequency Microelectromechanical Systems (RF MEMS)
technology is increasingly recognized as a crucial facilitator
for meeting the rigorous demands imposed by the evolving
communication standards on passive devices and networks [6,
7]. These demands include high operating frequencies,
extensive tunability, minimized hardware redundancy, and
low power consumption [2, 8].

RF MEMS switches surpass traditional mechanical and
semiconductor switches in the millimeter-wave frequency
range, addressing various limitations and offering the
additional advantage of functioning at elevated power levels
[9]. While semiconductor switches exhibit faster switching
times, smaller sizes, lower actuation voltages, and reduced
losses, they face challenges in power handling capacity, power
isolation, and insertion rate [10]. Switches are categorized as
capacitive (metal-dielectric-metal) or ohmic (metal-metal)
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based on electrode contact modes [10]. The resistive coupled
ohmic contact type switch allows excessive current flow,
resulting in a shortened switch lifespan, reduced reliability,
and operational limitations within 15 GHz [11]. Although both
contact types have similar power handling capabilities,
capacitive contacts are preferred for high-frequency
applications like 5G and prospective 6G applications due to
their superior capacitance ratio between ON and OFF states
[12].

The RF MEMS switch utilizes thermal, piezoelectric,
electromagnetic, and electrostatic actuation mechanisms [13].
Despite the electrostatic mechanism requiring higher
actuation voltages, it is widely employed due to its lower
power consumption and favourable linearity [14]. Alternative
actuation mechanisms suffer from increased power
consumption and the inability to manage intricate circuits
[15].

RF MEMS switches are further classified as series and
shunt based on their beam configuration. A typical series
switch configuration, employing a cantilever structure,
achieves higher switching speeds and lower actuation voltages
but is only suitable for lower frequencies. This is due to issues
such as stiction, increased power consumption, self-latching
from interfacial stress, and complex fabrication steps
associated with open-contact transmission lines [16]. In
contrast, the shunt arrangement with a fixed-fixed structure is
better suited for high-frequency applications, offering
stability, simpler fabrication, enhanced stress management
capability, and fewer parasites in continuous transmission
lines [17].

Many researchers have used various frameworks,
materials, and strategies to optimise the performance of RF
MEMS switches and make them more suitable for specific
applications. A comprehensive evaluation of RF-MEMS
switches used in 5G scenarios is carried out by [5], and the
specific requirements needed for RF MEMS switches are
described. The frequency range is as follows: low-frequency
band: below 6 GHz; high-frequency band: between
24.25~27.5 GHz and 37~43.5 GHz for China; 27.5~28.28
GHz for Japan; 26.5~29.5 GHz for Korea; 27.5~28.35 GHz,
37~40 GHz and 64~71 GHz for the US; and 24.25~27.5 GHz
for Europe.

Isolation is better than -30/ -40 dB at frequencies as high
as possible. Expecting less than 1dB of insertion loss
throughout the broadest frequency range; Switching time:
lesser than one millisecond. Actuation voltage: between 2-3
volts; reliability or lifetime: over one billion (10°) switching
cycles; compatible with typical CMOS technology in terms of
packaging and integration. Many switch designs and
implementations for 5G applications are found in the
literature.

90

In [6], the RF MEMS switch design operates at a central
resonant frequency of 3.6 GHz and 3.4 GHz. This switch can
be used in mobile communication devices and the design of
5G mobile network architecture, especially in the arrays of
integrated antennas and radio-frequency interface modules.
The shunt capacitive RF MEMS switch designed in [18] is in
the frequency range of 24.25 GHz to 27.5 GHz (5G frequency
band). At 26 GHz, the proposed switch reached an isolation of
up to -41 dB, with a return loss below -14 dB and insertion
loss below -0.20 dB.

In [19], a MEMS switch was designed specifically for
millimetre wave 5G applications and needed an actuation
voltage of 4.8 V. The mechanical resonant frequency, quality
factor, and switching time were 8.35 kHz, 1.2, and 33
microseconds, respectively. In [20], a bridge-type RF MEMS
switch was proposed for applications in 5G and 6G
communications. Double-Diagonal (DDG) beam
suspension with two or three anchoring points and a window
was developed and optimised to minimise membrane
deformation caused by residual stresses and coupling with the
bottom electrode.

Section 2 of the manuscript outlines the operational
mechanisms and configurations of design 1 and design 2
within the framework under investigation. In Section 3, an in-
depth analysis of the theoretical underpinnings essential to
switch design is provided. This examination encompasses key
aspects, including pull-in voltage, switching time, capacitance
analysis, and the methodology employed in material selection-
subsequently, Section 4 proceeds to elucidate and analyse the
results acquired from the simulation. Finally, Section 5
provides a summary of the study’s findings and prospects for
future exploration.

2. Working and Design
2.1. Working

The switch configuration entails a shunt capacitive bridge
characterized by a fixed-fixed beam structure, where the beam
is designed to mimic two cantilevers arranged in a back-to-
back configuration, as shown in Figure 1 [10].

Electrostatic actuation is employed to control the state of
the switch. The thin metal beam is suspended over a coplanar
waveguide (CPW), forming a bridge-like structure. In its
initial or “upstate” position, the beam remains stiff, allowing
the signal to flow through the CPW without hindrance [10].

This condition corresponds to the switch being in an ON
state. To enhance the Radio Frequency (RF) performance of
the switch, a thin layer of dielectric material is applied to the
signal line of the coplanar waveguide. This dielectric layer
serves the purpose of augmenting capacitance, thereby
contributing to an improved performance of the switch in RF
applications [21].
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Fig. 1 Cross-sectional view of capacitive shunt switch

The specific selection of this design underscores its
applicability to millimetre-wave (mm-wave) scenarios,
emphasizing its suitability for high-frequency RF signals [22].
The beam is in its original position, and there is no contact
between the signal line and the ground lines. When an
actuation potential is applied across the beam, and the signal
line, an electrostatic force of attraction is induced, pulling the
beam downward. The mechanical stiffness of the beam
structure counteracts the electrostatic force, maintaining
balance. As the applied potential is increased, it reaches a
point known as the pull-in voltage. At this voltage, the induced
electrostatic force overcomes the mechanical restoring force
of the beam [23].

The beam snaps down, making contact with the central
signal line of the CPW (Coplanar Waveguide). This action
terminates the signal flow in the central signal line, effectively
putting the switch in the OFF state. The RF signal is then
coupled to the ground lines. The switch is now considered
actuated or in the OFF state, isolating the central signal line.
When the applied actuation voltage is removed, the
mechanical stiffness of the beam causes it to move back to its
original position. The switch returns to its initial state,
allowing the signal to flow through the central signal line
again.

2.2. Design
This study analyses two basic pre-existing geometric

configurations. Design 1 represents a beam structure without
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meanders, as depicted in Figure 1. Similarly, Figure 2
illustrates the beam structure with fixed-fixed flexures,
referred to as design 2. The spring constant is calculated using
the formula illustrated in Equations 1 and 2.

For design 1,
3
k= 326w (%) 0
For design 2,
¢ 3
k= 4Ew (%) @)

Fig. 2 Beam structure of design 1
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Fig. 3 Beam structure of design 2

Where E stands for Young’s modulus of the beam, w is

the width of the beam, t, and [ are the thickness and length of
the beam, respectively [10].

3. Theoretical Analysis
3.1. Spring Constant and Pull-in Voltage

The spring constant of the beam membrane plays a crucial
role in the mechanical functioning of the RF MEMS switch.
The structure’s stiffness is determined by the spring constant
of the fixed-fixed beam and quantifies the external force F' (N)
required to induce small deflections Ag (m) within the beam,
as shown in Equation 3 [10].

F =kAg 3)

The effective spring constant of the beam dictates the
pull-in voltage required for switching operations. The
application of voltage between the bridge membrane and the
bottom electrode generates electrostatic force within the
beam. By treating the beam and lower electrodes as a parallel
plate capacitor, the induced force can be calculated [24].

The electrostatic force (applied) F, necessary to bring the
beam into the ON or OFF states is expressed as,

goWyV?2

E =
e 2g2

(4)

The stiffness-induced mechanical restoring force E. of the
beam is expressed as,

F. = k(go—9) ®)

Where, g, is the zero bias beam height.
The electrostatic force rises with the applied voltage as a

result of charge accumulation, causing a decrease in the
beam’s height [25]. As the voltage is further increased, the
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beam becomes unstable at 2/3 g,, where the increasing
electrostatic force surpasses the restoring force. The pull-
down voltage (1},) is calculated as,

8k 3
27ggWw 9o

V, =V(290/3) = (6)

The relationship described in Equation 6 indicates that 1/,
is directly connected to both the spring constant (k) and the

gap (g,). If the values of k and g,are decreased, it will result
in a corresponding drop in the pull-in voltage [26].

3.2. Switching and Release Time

The switching time is characterized as the period required
for the bridge membrane to move downward and reach the
dielectric layer upon actuation. This time is dependent on the
applied voltage, where a higher voltage results in a larger
electrostatic force, consequently influencing the switching
time. Equation 7 is utilized to calculate the switching time.

t, = 3.67 2

oo )

Where, V, is the supply voltage and wq (w, = v k/m) is
the resonant frequency of the resonant beam. It is evident from
Equation 7 that the switching time decreases as the applied
actuation voltage increases. Consequently, by applying V,
which is 1.4 times higher than 1, the time required to pull
down the beam can be decreased [19].

When the switch is in an unactuated state, following the
cessation of the actuation voltage, the duration it takes for the
beam to traverse within 10% of the gap is denoted as the
release time of the switch. The switch’s release time is
influenced by the mechanical restoring force, which functions
to pull the beam back to its undeflected position.

T |m
24 k

According to Equation 8, the release time of the switch is
inversely proportional to the spring constant of the beam
structure. Therefore, to enhance the switch’s release time, it is
crucial to ensure that the beam possesses an appropriate spring
constant [27].

ty

®)

3.3. Quality Factor Analysis and Holes in the Beam

As these switches typically operate under atmospheric
pressure, the activation of the MEMS beam involves collisions
with the surrounding air and the electrode. This collision
results in an increase in air viscosity, influencing key fluid
mechanics factors such as the Knudsen number, squeeze
number and damping coefficient. The Knudsen number
represented in Equation 9 plays a role in determining the
viscosity of the gas beneath the MEMS beam. The flow is less



R. Karthick & S.P.K. Babu / IJECE, 11(4), 89-101, 2024

viscous and there are few collisions when the Knudsen
number is high [10].

A
Ky =2 )
Where A defines the mean free path, which is the distance
traveled by a molecule in a gas between consecutive
collisions, the squeeze number depicted in Equation 10 is a
parameter that characterizes how quickly the gas escapes from
the gap during actuation. If the squeeze number (o < 3) is low,
the gas exits the gap without compression. Conversely, when
the squeeze number is high, viscosity cause the gas to become
trapped within the gap [28].

_12pl?
- 2

(10)

Pag

Where p coefficient of viscosity of gas. For ideal gas like
air at STP, viscosity is 1.854X 10~°kg/ms.

The primary concern with the squeeze number is that it
contributes to an increase in the spring constant of the beam.
The squeeze number may decrease with an increasing gap, but
Knudsen’s number decreases as well with an increasing gap.
Thus, there is a trade-off between adjusting the gap to manage
the squeeze number and maintaining an adequate Knudsen
number [29].

Switching and settling time is directly proportional to the
system’s damping coefficient and quality factor. In MEMS
switches, squeeze film damping has a significant impact on
the quality factor [30].

A higher quality factor (Q) doesn’t significantly impact
the switching time but has a notable effect on the settling time.
For switches with a quality factor less than 1, the switching
time tends to be lower, while a Q greater than 2 results in a
higher settling time. Hence, it is advisable to maintain a value
close to Q = 1.The quality factor is calculated as,

_ k
" (wob)

Q (12)

Where, b - damping coefficient

It is suggested to introduce holes in the top membrane of
the switch to maintain an appropriate damping coefficient,
particularly for MEMS switches with lower heights [31]. The
equation for the damping coefficient can be expressed as,

12 uA?
"~ Nmogd

(E_P_Z_M_E) (12)

2 8 4 8

Where A is the area of the plate, u is the coefficient of
viscosity, N is the total number of holes in the beam, and P
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is the total area covered by the holes. Therefore, by
introducing holes in the membrane with precise sizes and
intervals, the switching dynamics of the device can be
improved. Although introducing holes in the membrane can
mitigate squeeze film damping, it is recommended to limit the
number and coverage of holes to maintain the reliability and
RF performance of the switch [20].

3.4. Capacitance and RF Performance Analysis

A typical capacitive MEMS shunt switch resembles a
parallel plate capacitor, where the thin beam switch membrane
acts as the upper electrode, and the signal line of the Coplanar
Waveguide (CPW) functions as the lower electrode [32].

The capacitance in the unactuated state of the switch is
determined by the switch membrane while it is in its upstate
position, representing the upstate capacitance. Conversely, the
capacitance during the actuated state is influenced by the
switch membrane in its downstate position, indicating the
downstate capacitance of the switch.

An optimal shunt capacitive switch demonstrates
effective isolation in the downstate and minimal insertion loss
in the upstate position. The ratio between upstate and
downstate capacitance determines the extent of both insertion
and isolation loss [33].

The capacitance ratio between the upstate and the
downstate can be expressed as,

(13)

The impedance of a switch is represented through a
CLR circuit, where the circuit parameters include variable
capacitance(C = C; + C,), inductance (L) and resistance

(R).

. 1
Zs= Rs+jwL +jou_C (14)

The impedance of a switch is influenced by its resonant
frequency, as illustrated in Equation 15.

1

ocf <fo
Rs,f=f0
iwL, f > f,

Z (15)

The CLR circuit functions as a capacitor at frequencies
below the resonant frequency and as an inductor at frequencies
above it. Series resistance is introduced by CLR at the
resonant frequency [34].
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3.5. Material Selection for Beam and Dielectric

The optimization of the physical properties and
performance of a switch is subject to diverse constraints. The
effectiveness of switch design is evident only when employing
materials with characteristics that are well-suited for the
intended purpose [35].

0.45
© Gold, 0.42
0.4 5
¢ Platinum, 0.39
Aluminium
z oxide, 0.33 Molybdenum,
2 035 032
k]
2 53 Y
ke X o
S 3  Aluminium,0.33 ONickel, 0.31
g Copper, 0.33
Silicon Nitride,
0.25 0.3
0.2
0 50 100 150 200 250 300 350
Young's Modulus (E)
Fig. 4 Material specifications of the beam membrane
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c
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0 <&
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Dielectric Constant (er)

Fig. 5 Material specifications of the dielectric layer

Pull-in voltage can be decreased by selecting a material
with a higher Poisson’s ratio and thermal expansion
coefficient. By employing materials that have lower electrical
resistivity and Young’s modulus values, RF losses may be
minimized [36]. Materials exhibiting higher thermal
conductivity and lower electrical resistivity result in minimal
thermal residual stress. The graph depicted in Figure 4
demonstrates the characteristics of various materials suitable
for beam membranes. Considering all these parameters,
aluminum is determined to be the appropriate material for the
design of the bridge membrane [37].

Selecting a dielectric material characterized by high
electrical resistivity and dielectric constant contributes to an
increased stiction relaxation time [38]. This, in turn,
accelerates the decay of polarization, consequently
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diminishing the impact of dielectric charging. The use of a
material with a higher dielectric constant lowers the hold-
down voltage and augments the downstate capacitance,
thereby enhancing the RF performance of the switch [39].

To achieve reasonable stability of the dielectric layer, it is
crucial to select a material with a suitable Young’s modulus
value (neither too low nor too high), along with a lower
Poisson’s ratio and thermal expansion coefficient [40]. Figure
5 illustrates the properties of different materials appropriate
for a dielectric layer.

4. Result and Discussion
4.1. Effect of Thickness-to-Length Ratio of the Beam
4.1.1. Spring Constant

The spring constant can be characterized by the beam’s
Young’s modulus, width, and thickness-to-length ratio, as
depicted in Equations 1 and 2. The most suitable material for
the design of the bridge membrane is aluminum, with a
Young’s Modulus (E) of 69 GPa, as elaborated in section 3.6.
Altering the width of the beam is not advisable, as it could
have an impact on the switch’s RF functionality.

Hence, it is recommended to maintain a width within the
range of 80 um to 120pum. The intended spring constant may
be achieved by experimenting with different t/1 ratios. Figure
6 illustrates the variation of the spring constant and stress for
different thickness-to-length (t/1) ratios, considering a
constant thickness of 0.5 um. Similarly, Figure 7 depicts the
changes in spring constant and stress for various t/1 ratios
with a fixed length of 260 um.

2.8F | 67— T T : : : T
5.0
2.6E + 6
——S(ress 5
2 4F + 64 —8—Spring Constant 14
K -40 —
22E 1 64 E
2E 1 64 1% 2
g 1.8F 1 64 1 g
s O
é 1.6E + 6 142 :D
w1 o=
L4F + 64 1290 &
[72]
1.2F + 6+ 115
1E 1 6 41.0
8F+5 T T T T T T T 05
0.0016 0.0018 0.0020 0.0022 0.0024 0.0026 0.0028
t/l (with t=0.5 um )

Fig. 6 Stress and spring constant v/s ratio of thickness to length (with
t=0.5 pm

Figures 6 and 7 emphasise that maintaining a thickness-
to-length (1) ratio within the range of 0.0015 to 0.0020 yields
a better spring constant while keeping stress at an acceptable
level. A shorter beam length can withstand more compressive
stress, but it introduces a trade-off in the form of a
significantly higher pull-down voltage. Hence, an optimal
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configuration is identified with a beam thickness of 0.5 um, a
width of 100 pm, and a length of 260 pum for both design 1 and
design 2.

Furthermore, design 2 of the switch incorporates specific
meander structures to minimize the spring constant,
consequently resulting in a reduction of the pull-in voltage.
The spring constant for the beam structure in design 1 is
determined to be 1.57 N/m. Conversely, in design 2, which
incorporates a distinct meander, the effective spring constant
is calculated to be 0.80 N/m.

45E+6 T T T T T T 10
4.0 + 6 —— Stress
—m— Spring Constant 18
3.5F + 6+
3.0E + 6 J6 5
. 2.5E+ 6+ &
£ z
% 2.0E+64 14 £
g g
@ 1.5E | 6 %
42 g
1.0E + 64 =
5.0E + 54 do
0.0F+0 T T T T T T
0.0010 0.0015 0.0020 0.0025 0.0030 0.0035
t/1 (with 1 =260 pm )

Fig. 7 Stress and spring constant v/s ratio of thickness to length (with
1=260 pm

4.1.2. Resonant Frequency

The mechanical response of a switch under DC voltage is
defined by its resonant frequency. This frequency, directly
related to the square root of the spring’s stiffness and the mass
of the beam, holds significant importance in determining key
switch characteristics such as switching time and quality
factor.

The beam’s mass, calculated as the product of the volume
of the beam structure and the density of the chosen beam
material, is determined to be 0.135 mg for Aluminum. Design
1 provides a resonant frequency of 54 kHz, while Design 2
offers a resonant frequency of 38 kHz.

4.2. Effect of Gap
4.2.1. Damping Coefficient and Pull-in Voltage

As indicated by Equation 6, a practical method to
decrease the pull-in voltage, apart from modifying the spring
constant, involves adjusting the gap (g,)-

Expanding the area (A) of the beam membrane is not
recommended, as it results in an enlargement of the overall
switch size. Conversely, reducing the gap (g,) between the
lower electrode and the switch beam membrane has the
potential to contribute to a reduction in the pull-in voltage.
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Fig. 10 Displacement of beam membrane for design 1

However, the theoretical examination presented in
section 3.4 illustrates that reducing the gap forces the damping
coefficient to increase and the Knudsen number to decrease,
both of which are considered undesirable. Therefore, it is
essential to maintain a gap that is neither too high nor too low
between the bottom dielectric layer and the top beam structure.
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Figure 8 graphically illustrates in variation of Knudsen
number and Viscosity with respect to variation in Gap.

v Displacement magnitude (um) Electric potential (V) jm
4445 Al1.89
200100
A 18
1.6
3
14
2 1.2
|
1
0.8
0 0.6
04
p 02
v-1.26 ’
z
Yofox 0
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Fig. 11 Displacement of beam membrane for design 2
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2 1.0E-6- 1066 2
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£ B8OE-7A 4807 8
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Fig. 12 Pull-in voltage v/s displacement (design 1 and 2)

Similarly, Figure 9 graphically depicts the variation of the
damping coefficient and pull-in voltage in response to changes
in gap (g,). Both Design 1 and Design 2 are recommended
with a 1.9 um gap to enhance the damping coefficient while
maintaining a lower pull-in voltage.

The switch membrane is designed and simulated using the
FEM tool COMSOL Multiphysics (version 5.6), incorporating
a spring constant of 1.57 N /m for Design 1 and 0.08 N /m for
Design 2. Figures 10 and 11 visually represent the relationship
between beam displacement and applied voltage for Design 1
and 2, respectively. Figure 12 provides a comparative analysis
of the pull-in voltage for both designs, aiming to achieve a
displacement of 1.9 um.

4.3. Effect of Incorporating Holes
4.3.1. Quality Factor

The switch’s beam membrane is enhanced by
incorporating an array of perforations, each measuring 64 um?
(8um x 8um), with the aim of improving switching dynamics
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and minimizing squeeze film damping. Table 1 delivers a
thorough examination of diverse array sizes, revealing their
respective quality factors.

The bold numbers in Table 1 indicate the recommended
array of holes designed to enhance the quality factor (Q~1)
for both Design 1 and Design 2.

Table 1. Quality factor for different arrays of holes

Array of Damping Quality Factor
Holes Coefficient Design 1 | Design 2

6X6(36) | 3.267E-05 0.8 0.6
7X6(42) 2.707E-05 1.07 0.76
8X6(48) | 2.297E-05 1.26 0.88
9X6(54) | 1.986E-05 1.46 1.04
10 X 6 (60) | 1.743E-05 1.66 1.18
11 X6 (66) | 1.547E-05 1.87 1.3

4.3.2. Pull-in Voltage

An array of 60 holes, each with a size of 64 um?, is
integrated into the beam of Design 1. To achieve a
displacement of 1.9 pm, the beam’s pull-in voltage must be
4.4 V without any holes and 4 V with holes, as illustrated in
Figures 11 and 13, respectively.

4.3.3. Stress Analysis

A Von Mises stress analysis is conducted for the beam
structure of Design 1 with holes. In Figure 14, the beam
structure without holes experiences a maximum stress of 77.5
MPa, while the beam structure with holes, shown in Figure 15,
encounters a reduced maximum stress of only 37.6 MPa.

Therefore, the presence of holes’ aids in releasing Von
Mises stress around them without compromising the reliability
of the switch.

4.3.4. Switching Time

An RF MEMS switch’s switching time can be
characterized as the duration it takes for the bridge membrane
to descend and make contact with the dielectric layer when a
pull-in voltage is applied.

Analyzing the switching behavior of the beam membrane,
this study compares the membrane with holes and without
holes for Design 2. Figure 16 visually presents the results of
this investigation.
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Fig. 13 Displacement of beam membrane with holes for design 2
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Fig. 14 Von mises stress analysis of the beam membrane without holes
for design 2
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Fig. 15 Von mises stress analysis of the beam membrane with holes for

design 2

4.4, Effect of Dielectric Layer

Dielectric materials with different thicknesses are
employed in MEMS switches between the bottom electrode
and the beam. Equation 13 implies that considering the impact
of dielectric thickness and its relative dielectric constant is
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essential, as these factors become inevitable when calculating
the capacitance of a MEMS switch. Enhancing radio
frequency performance necessitates raising the capacitance
ratio, which may be accomplished by laying a thin dielectric

layer with a high dielectric constant.
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Fig. 16 Switching analysis of the beam membrane with holes and
without holes for design 2
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Fig. 18 Insertion loss in the upstate for different dielectric thickness
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Fig. 19 Return loss in downstate for different dielectric thickness

Fig. 20 Isolation in downstate for different dielectric thickness

Table 2. Comparison of proposed work with existing literature

Parameters [19] [41] [42] This Work [Design 2]
Membrane Thickness 05 1 12 05
(1m)
Air Gap (um) 2 3 1 1.9
Dlelectric Ezﬁ; 0.15 0.20 0.10 0.10
Frequency Range (KHz) 20-40 38 4-26 14-40
Pull-in-Voltage(V) 4.80 11.97 18 4
Capacitance Ratio 0.08pF/0.69pF 31fF/0.152pF 20 210
Quality Factor 1.2 - - 1.18
Switching Speed (uSec) 33 190 - 28
Insertion Loss (dB) ‘0'%‘3’3&’; 20- | < 1B @38GHz | -0.650B @ 24GHz _1dB @ 40GHz
Return Loss (dB) Less;gf‘fogﬂ? for | 13dB @38GHz | -22 dB @ 24GHz _46dB @ 38GHz
Isolation (dB) >A0dB1or 2040 | 3108 @ 38GHz | -180B @ 24GHz | "20B oM 1AGH2 40

Nevertheless, difficulties like pinhole formation and
manufacturing complexity make it challenging to adhere to a
dielectric layer thinner than 1000 A. Figures 17 and 18
illustrate the return loss and insertion loss in the “Up” state for
various dielectric thicknesses. Similarly, the isolation and
return loss in the “Down” state are shown in Figures 19 and
20 for different dielectric thicknesses.

4.5. Comparison with Existing Research

The results obtained in this work are compared with the
existing works available in the literature. The comparison is
given in Table 2. The parameters taken for comparison cover
the entire details of the switch where our research shows better
performance in pull-in voltage, Quality factor, Capacitance
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ratio and operating frequency range. It is also found that the
parameters such as return loss and isolation in downstate can
be improved.

5. Conclusion

This paper discusses the design, simulation, and analysis
of capacitive shunt MEMS switches in two different
configurations. Aluminium is chosen as the material for the
beam, and physical optimization is conducted to improve the
spring constant, resulting in a beam structure with dimensions
0f 260 um in length, 100 um in width, and 0.5 um in thickness.
This optimization yields a spring constant of 1.57 N/m and a
resonant frequency of 54 kHz for Design 1 and a spring
constant of 0.80 N/m with a resonant frequency of 38 kHz for
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Design 2. When analysing the Pull-in voltage requirement for
an optimized gap of 1.9 pm, Design 2 outperforms Design 1
by requiring a pull-in voltage of 4.4 V, whereas Design 1
requires 7V. In order to enhance the switching dynamics, 60
holes are introduced into the beam membrane, each measuring
64 pum? in size. Analysis of the dynamic behavior using
COMSOL Multiphysics software on Design 2, with the
incorporation of these holes, demonstrates that a significant
portion of the stress is dissipated through the holes.

As a result, the pull-in voltage is reduced to 4V, and the
switch time is reduced to 28 ps. By employing SizN4 as the
dielectric material with a thickness of 0.1 pum, the radio
frequency (RF) characteristics are assessed using HFSS
software. The analysis validates that the optimized structure
of Design 2 is well-suited for operation within the frequency

In future iterations, refining the optimized design to
achieve lower pull-in voltage and enhanced switching time
would be advantageous. Introducing serpentine meanders into
the structure represents a promising avenue for improvement.
This modification holds the potential for fine-tuning the
performance characteristics of the MEMS switches.
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