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Abstract:  
 

This paper presents the design, simulation, and investigation of a fundamental structure 

for capacitive MEMS switches in a shunt configuration. The main objective is to select 

materials that achieve low actuation voltage while maintaining RF and dynamic 

performance, especially for mm-wave applications. The proposed design consists of a 

Fixed-Fixed flexure beam with dimensions of 260 μm in length, 100 μm in width, and 

0.5 μm in thickness. Considering the impact of squeeze film, 60 holes are integrated into 

the beam membrane, each measuring 64 μm² (8µm x 8µm), and a final gap of 1.9 μm is 

implemented. The suitability of materials for the beam membrane and dielectric layer in 

capacitive MEMS switches has been thoroughly examined through a combination of 

theoretical analysis and software simulations. Aluminum (Al) has emerged as the ideal 

choice for the beam membrane in mm-wave applications. This preference is defensible 

by its simulated results to offer a low pull-in voltage of 4V, a quality factor of 1.18, and 

a switching time of 67 microseconds. Similarly, Si3N4 has been identified as appropriate 

material, offering a upstate capacitance of 91fF and a downstate capacitance of 7.1pF. 

 

1. Introduction 
 

The millimeter-wave band, typically spanning from 

30 GHz to 300 GHz has gathered increasing 

significance across diverse applications due to its 

distinct characteristics [1]. Their primary application 

in 5G cellular networks, where its frequencies 

facilitate significantly elevated data rates, helps in 

achieving faster and more efficient communication 

for developing technologies[2]. 5G networks make 

use of mm-wave frequencies for their potential to 

handle higher number of connected devices 

simultaneously. By implementing technologies such 

as MIMO (Multiple Input, Multiple Output) and 

efficient spectrum utilization, 5G systems are aimed 

to accommodate the demands of the modern age, 

supporting a multitude of Internet of Things (IoT) 

devices[3,4]. 

RF MEMS switches adopt a strategic part for 

ensuring consistent connectivity and maximizing the 

overall efficiency of the 5G network by providing 

the adaptability to operate across a spectrum of 

frequency bands[5]. The high isolation and low 

insertion loss, offered by the RF MEMS switches 

ensures the prevention of signal leakage, safeguards 

signal strength thereby preserving the reliability and 

performance of 5G devices[6]. Thus, RF MEMS 

switches constitute integral part of the 5G 

ecosystem, providing the necessary flexibility, 

speed, and competence to navigate between diverse 

frequency bands and support the demands of modern 

communication systems.  

RF MEMS switches have proved greater 

effectiveness than conventional mechanical and 

semiconductor switches, particularly in millimeter-

wave frequency range [7,8].  

http://dergipark.org.tr/en/pub/ijcesen
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The ohmic contact type are resistive coupled, 

encounters issues related to excessive current flow, 

resulting in a shortened switch lifespan and 

weakened reliability[9]. In contrast, despite 

comparable power handling capabilities, capacitive 

contact type switches are preferred for high-

frequency applications, such as 5G and potential 6G, 

due to their superior capacitance ratio between ON 

and OFF states[10].RF MEMS switches employ 

various actuation mechanisms, such as thermal, 

electromagnetic, piezoelectric, and electrostatic 

methods. Even though the electrostatic mechanism 

requires higher actuation voltages, its extensive 

implementation is acceptable by its lower power 

consumption and favourable linearity [11,12].  

 The series configuration, incorporating a cantilever 

structure, achieves higher switching speeds and 

lower actuation voltages but is suitable for lower 

frequencies.In contrast, the shunt type with a fixed-

fixed structure proves more suitable for high-

frequency applications, better stability, simplified 

fabrication, improved stress management capability, 

and minimized parasitic effects in continuous 

transmission lines[13].  

Section 2 of the manuscript explains the operational 

mechanisms and configurations characteristic in the 

examined design. In Section 3, a detailed analysis of 

the essential theoretical foundations governing 

switch design is furnished, covering critical aspects 

such as switching time, pull-in voltage, and 

capacitance analysis. Section 4 delivers a detailed 

explanation of the methodology applied in material 

selection. Following this, Section 5 explore the 

results derived from simulations. Section 6 

summarises the study's findings and outlines 

prospects for future exploration. 

Design And Working 

The switch configuration discussed employs a shunt 

capacitive bridge with a fixed-fixed beam structure. 

In its initial state, the beam remains uncontacted, 

enabling signal flow through the CPW, representing 

the ON state. Actuation potential induces an 

electrostatic force, resisted by the mechanical 

stiffness of the beam. When the pull-in voltage is 

reached, the electrostatic force surpasses the 

mechanical restoring force, resulting in the beam 

snapping down and establishing contact with the 

central signal line of the CPW. This transition puts 

the switch in the OFF state, terminating signal flow 

and connecting the signal to the ground lines. Once 

actuated, the switch effectively isolates the central 

signal line. 

Upon removal of the applied actuation voltage, the 

mechanical stiffness of the beam facilitates its return 

to its original position. Consequently, the switch 

reverts to its initial state, enabling signal flow 

through the central signal line to be resumed.  

 

 
 

Figure 1. Top View of beam membrane 

 

The proposed RF MEMS switch uses 500 μm thick 

silicon as substrate, covered by a oxide layer of 0.1 

μm thickness. The signal line of coplanar waveguide 

(CPW) with 50Ω impedance is coated with 0.1 μm 

thick dielectric layer to enhance the switch's RF 

performance and reliability. Figure 1 illustrates the 

beam structure, whose spring constant (𝑘) can be 

determined using the formula provided in Equation 

(1) [14]. 

𝑘 =  4𝐸𝑤 (
𝑡

𝑙 
)

3

 
   

(1)  

 

Where, 𝐸 denotes Young’s modulus of the beam, 𝑤 

denotes the width of the beam, and 𝑡 and 𝑙 represent 

the thickness and length of the beam, respectively. 

 

2. Material and Methods 

 
2.1 Theoretical Analysis 

 

Pull-in Voltage 

The spring constant of the beam membrane plays a 

critical role in switch's mechanical operations and in 

the computation of the pull-down voltage (𝑉𝑝) given 

by Equation (2)[15]. 

 

𝑉𝑝 = 𝑉(2𝑔0 3⁄ ) =  √
8𝑘

27𝜀0𝑊𝑤
𝑔0

3 

          

(2) 

 

 

Equation (2) represents  the relationship between the 

pull-down voltage (𝑉𝑝), the spring constant (𝑘), and 

the initial gap (𝑔0). The pull-in voltage decreases 

proportionally when either 𝑘 or 𝑔0  is reduced [16]. 
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Switching and release time 

An The switching time of an RF MEMS switch  is 

the duration necessary for the downward movement 

of the bridge membrane to descend and contact the 

dielectric layer during actuation[17]. Equation (3) 

governs the determination of switching time 

(𝑡𝑠) switch’s release time 𝑡𝑟. 

 

𝑡𝑠 = 3.67
𝑉𝑝

𝑉𝑠 𝜔0

  ;  𝑡𝑟 =
𝜋

2
 √

𝑚

𝑘
 

          

(3)  

 

 

Where, 𝑉𝑠 denotes the supply voltage, and 𝜔0 (where 

𝜔0 = √𝑘 𝑚⁄  )represents the beam’s resonant 

frequency.  

 

2.1.3 Capacitance and RF performance 

 

A well-designed capacitive switch delivers efficient 

isolation in the downstate while minimizing 

insertion loss in the upstate. The relationship 

between upstate and downstate capacitance governs 

the magnitude of both insertion and isolation losses. 

Equation (4) represents the ratio of capacitance 

(𝐶𝑟) between the upstate and the downstate [18].  

 

𝐶𝑟 =
𝐶𝑑

𝐶𝑢

=  
(

𝜀0 𝜀𝑟𝐴
𝑡𝑑

)

(
𝜀0 𝐴

𝑔 +
𝑡𝑑

𝜀𝑟

)

 
   (4) 

 

 

Where, 𝐶𝑢 represents the upstate capacitance, 𝐶𝑑 is 

the downstate capacitance, 𝑡𝑑is the dielectric layer’s 

thickness, 𝜀𝑟 denotes the dielectric constant, and 𝜀0 

accounts for the reduction in capacitance due to the 

roughness of the dielectric-metal interface.  

 

2.2 Material Selection 

 

Material for bridge membrane  

Optimizing essential characteristics including pull-

in voltage, residual stress, and RF loss involves 

carefully selecting materials for the switch 

membrane[19]. Figure 2 (a) and (b) depicts the 

variations in Poisson's ratio with thermal expansion 

coefficient and electrical resistivity with thermal 

conductivity concerning Young's modulus for the 

various materials recommended for beam design 

[20-22].  

 

Pull-in voltage 

The pulldown of the bridge membrane requires a 

designated voltage, and optimizing the design is 

essential to reduce this pull-in voltage requirement. 

From equations (1) and (2) it is inferred that, to 

 
 

Figure 2. (a) Comparison of Poisson's ratio and 

Thermal expansion coefficient with Young's modulus[23] 

 

 
 

Figure 2. (b) Comparison of Electrical resistivity and 

Thermal conductivity with Young's modulus[24] 

 

effectively reduce the pull-in voltage, select a 

material with  lower Young's modulus[21]. When 

accounting for residual stress, the spring constant is 

expressed by Equation (5). 

 

K =  
8𝛾(1 − 𝜐)(𝜎0 − ∆𝜎)𝑡𝑤

𝐿
 (5) 

 

Where, 𝛾 is the geometric factor,𝜐 denotes Poisson’s 

ratio, 𝜎0 indicates initial residual stress, ∆𝜎 

represents variation in residual stress. The 

relationship between the variation in residual stress 

(∆𝜎) and temperature is defined by Equation (6). 

 

∆𝜎 =  E∆𝜶∆𝑇 (6) 
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Where,  ∆T denotes change of  temperature in the 

membrane material and ∆α represents difference in 

the thermal expansion coefficient between the 

membrane and substrate[22]. From equations (5) and 

(6) it can be inferred that  material with a higher 

Poisson's ratio and thermal expansion coefficient 

will support to reduce the spring constant of the 

beam membrane. 

 

RF losses and resistivity 

When the RF signal traverses through the 

membrane, Equation (7) expresses a notable power 

loss as a result of dissipation, 

 

𝑃𝑙𝑜𝑠𝑠 = 𝐼2𝑅  (7) 

 

Where 𝐼 represents the current flowing through the 

beam, and 𝑅 denotes the resistance of the bridge 

membrane given by Equation (8). 

 

R =
ρβL

4tw
 (8) 

 

The constant β reflects current accumulation in the 

membrane, whereas ρ denotes the material's 

resistance. Adopting of a low resistivity material for 

the bridge membrane is a viable approach to lower 

power loss. 

 

Thermal effects due to RF signal 

When the device is exposed to high levels of RF 

signals, it produces a significant amount of heat, 

impacting the stability of the switch.  

The primary adverse effect resulting from the self-

heating of the switch is the occurrence of thermal 

residual stress, as expressed by Equation (9). 

 

Δσ = EΔα PlossRTH (9) 

 

The self-heating experienced in the system can be 

calculated by multiplying the electrical resistivity 

(R) and thermal resistivity 𝑅𝑇𝐻 of the bridge 

material, given by Equation (10). 

 

R × RTH =  
1

K
 ρ (10) 

According to Equation (10), undesired thermal 

effects can be mitigated by using materials with high 

thermal conductivity and low resistivity values. 

Material for dielectric layer 

Selecting an appropriate dielectric material 

characterized by specific properties shows promise 

in augmenting switch performance without 

undesirable effects on other relevant parameters. 

Figure 3 (a) and (b) depicts the variations in Young’s 

modulus, Thermal expansion coefficient, electrical 

resistivity and thermal conductivity concerning the 

dielectric constant for the various materials proposed 

for the dielectric layer. 

 

 
 

Figure 3. (a) Analogy of  Thermal conductivity and 

Electrical resistivity with Dielectric constant[23,24]  

 

 
 

Figure 3. (b) Analogy of Thermal expansion coefficient 

and Young’s modulus with Dielectric constant 

 

Charging of dielectric layer 

When the actuation voltage is applied, dielectric 

charging induces stiction between the beam 

membrane and the dielectric layer, affecting the 

device's reliability [25]. Equation (11) expresses the 

decay of polarization after removing the actuation 

voltage. 

P(t) = Pp ∗ exp (
−t

τ
) (11) 

Where, 𝑃𝑝 denotes Steady state Polarization, 

𝑡 represents electrical discharge time and 𝜏 is the 
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Stiction relaxation time which is given by the 

product electrical resistivity of (𝜌) and dielectric 

constant(𝜀𝑟). Equation (11), concluds that the 

utilization of a dielectric material with high electrical 

resistivity and dielectric constant contributes to an 

increased stiction relaxation time. This expedited 

decay of polarization serves to alleviate the effects 

of dielectric charging. 

 

Hold –on voltage 

When capacitive-type switches are actuated to snap 

down the bridge membrane, a hold-down voltage is 

imperative to maintain the beam layer in the down 

state for a specified duration as described by 

Equation (12).  

 

Vh = √
2K

εε0A
 (g0 − g) (g +

td

εr

)  (12) 

 

Where, 𝑉ℎ represents hold down voltage and 𝑔 

represents overall gap which is the sum of dielectric 

thickness and air gap (𝑔0+𝑡𝑑). Equation (12) shows 

that a lower hold-down voltage can be achieved by 

adopting a dielectric material with a high dielectric 

constant. 

 

Stability of dielectric layer 

Reliability of an RF MEMS switch can be figured 

out by its ability to withstand extended operational 

cycles, which is quantified by parameters such as 

dielectric rigidity given by Equation (13) and 

dielectric breakdown represented by Equation (14) 

[26].  

G =
E

2(1 + υ)
  (13) 

Δσ = Eα ΔT (14) 

 

Based on Equation 13 and 14, it can be inferred that 

achieving a sensible stability in the dielectric layer 

necessitates the choice of  material with a significant 

Young’s modulus (neither excessively low nor 

high), lower thermal expansion coefficient and low 

value for Poisson’s ratio [27]. 

 

3. Results and Discussions 

 
3.1 Material İmpact on Bridge Membrane 

 

Spring constant and pull-in voltage 

Pull-in voltage is a critical factor when customizing 

the switch for millimeter-wave applications. Figure 

4 depicts how the suggested structure responds to 

spring constant and pull-in voltage across various 

materials with varying Young's modulus values. The 

switch membrane was designed and simulated using 

the Finite Element Method (FEM) software tool 

COMSOL Multiphysics (version 5.6) with 

aluminum as beam material, achieving a 

displacement of 1.9 μm. 

 

 
Figure 4. Pull-in voltage and spring constant response 

of proposed design across different materials. 

 

Figure 5 presents the outcomes of the analysis, 

indicating that Aluminum, possessing a Young's 

modulus of 69 GPa in the designated structure, 

exhibits a reduced spring constant of 0.80 N/m2 with 

a low pull-in voltage of 4.45 V. 
 

 
Figure 5. Pull-in voltage and displacement response of 

proposed design with aluminum as beam material. 

 

Resonant frequency 

Resonant frequency holds significance in 

determining key switch parameters like switching 

time and quality factor. Figure 6 depicts the 
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discrepancy in resonant frequency response 

concerning the density of different beam materials 

for the proposed beam structure.  

 

 
 

Figure 6. Density and Resonant frequency response of 

the proposed structure with different beam materials. 

 

Quality factor 

The beam membrane of the switch is improved by 

integrating a set of 60 perforations, each measuring 

64 μm² (8µm x 8µm). This enhancement is intended 

to minimize squeeze film damping, reduce pull-in 

voltage, and enhance switching dynamics.  

 
 

Figure 7. Change in Quality Factor response as a 

function of spring constant for various beam materials in 

the proposed beam structure. 

 

Figure 7 depicts the change in Quality Factor 

response about the spring constant of various beam 

materials for the proposed beam structure, with and 

without holes. Additionally, the beam structure 

utilizing aluminum as the beam material exhibits a 

superior quality factor, expected to be around 1. The 

simulated results shown in Figure 8 indicate the 

presence of perforations reduces pull-in voltage 

from 4.45V to 4V. Moreover, it is deduced from 

Figure 9 that the inclusion of perforations also aids 

in stress release. 

 

 
 

Figure 8. Response of Displacement and Pull-in Voltage 

for the Proposed Structure with holes 

 
Figure 9. von Mises stress of the proposed structure 

made of Al with holes. 

 

Switching time 

Table 1 illustrates the switching time and release 

time of the beam membrane for the proposed design 
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employing different materials. Despite the superior 

performance of Si3N4, aluminum is favored over 

Si3N4 due to its advantageous low pull-in voltage.  

 
Table 1. Switching time and release time of proposed 

beam membrane 

Material 
Switching time 

(μs) 
Release time(μs) 

Silicon Nitride 34 3 

Nickel 715 68 

Platinum 121 11 

Molybdenum 61 5.8 

Aluminium 67 6 

Copper 95 9 

Gold 171 16 

Silicon Nitride 34 3 

 
 

 
Figure 10. Capacitance variation Vs Switching time for 

different dielectric material of the proposed structure. 

 

3.2 Material impact on dielectric layer 

Equation (4) underscores the importance of 

improving RF performance necessitates increasing 

the capacitance ratio, which is achieved by using a 

thin dielectric layer of  high dielectric constant. On 

the other hand, depositing a dielectric layer thinner 

than 1000 Å presents problems, including pinhole 

formation and manufacturing complications. Figure 

10 illustrates the variation in capacitance of the 

proposed structure for different dielectric materials 

concerning switching time. Figures 11 and 12 

display the simulated capacitance outcomes of the 

designed switch in the up-state and down-state 

respectively, utilizing Si3N4 as the dielectric. 

 

 
 

Figure 11. Capacitance in up state with Si3N4 as 

dielectric layer. 

 
 

Figure 12. Capacitance in down state with Si3N4 as 

dielectric layer. 

 

4. Conclusions 
 

A Fixed-Fixed meandered capacitive shunt MEMS 

switch has been designed, simulated, and analyzed 

using various materials to develop MEMS switches 

suitable for mm-wave applications. The proposed 

physical structure comprises a beam with 

dimensions of length 260 μm, width 100 μm, and 

thickness 0.5 μm. It incorporates a Fixed-Fixed 

flexure design. Additionally, 60 holes are integrated 

into the beam membrane, each measuring 64 μm² 

(8µm x 8µm), with a gap of 1.9 μm. The analysis 

conducted on beam materials indicates that 

Aluminum (Al) surpasses other materials, 

showcasing superior performance with 0.80 N/m² of 

spring constant, resonant frequency of 38KHz, low 
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pull-in voltage of 4V, switching time of 67 μs with a 

quality factor of 1.18. Conversely, Si3N4 

demonstrates superior capacitance values, with 91fF  

of  up-state capacitance and 7.1pF of  down-state 

capacitance. The future scope of this work involves 

implementing serpentine meanders to reduce the 

pull-in voltage and switching time further. Similar 

works were done and reported in the literature [28-

42]. 
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