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Abstract:  

In this work, a MEMS based capacitive switch is designed and analyzed for reduced pull-in voltage. The 

major flexures like cantilever and clamped-clamped structures are studied and it is found that serpentine 

spring produces lowest spring constant and therefore it is utilized in the design to make spring loaded proof 

mass. The designed switch consists of serpentine spring and proof mass to allow the displacement required 

for the electrostatic actuation. In the bottom of the proof-mass an air gap of five micrometer is kept a 

dielectric layer of thickness three micrometer is deposited and finally a metal layer of gold is deposited as a 

ground line.  The material used for the proof mass is polysilicon. The variation in the Pull-in voltage is 

studied by changing dielectric layer thickness and with other dielectric materials also. The switch is 

simulated based on the FEM method to validate the design in terms of numerical simulations. The pull-in 

voltage and figure of merit is calculated theoretically and the compared with the simulated results. The 

simulation results ae in line with the analytical results. 
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1. Introduction 

Micro Electromechanical systems (MEMS) are 

the integrated micro devices or systems relating 

electrical and mechanical components developed 

by using Integrated Circuit (IC) which are usually 

compatible to batch-processing fabrication 

techniques ranging in size from micrometers to 

few millimeters. These systems are accomplished 

to have sensing and actuation at the micro level or 

acting like an additive sensor array to produce 

things at the macro scale. MEMS has been 

emerged as the state-of-the-art technology to 

produce sensors for different applications related 

to biological, chemical or any physical 

phenomenon. This technology sometimes permits 

to fabricate mechanical sensor and interface 

electronics on the same wafter. Even though 

MEMS technology emerges from IC fabrication 

techniques, test methods of both technologies 

significantly differ from each other. RF MEMS 

switches are one the important device which have 

been greatly discussed after the development of 

the MEMS based processes. They are used to 

perform ‘ON’ and ‘OFF’ like any switch but the 

main difference that theses switches use to 

facilitate the contact in the radio frequency range. 

RF Switches are mostly based on the capacitance 

change which is measure for ‘OFF’ and ‘ON’ 

stare differently. Therefore, capacitive coupling is 

mainly utilized in the working of RF MEMS 

switches. The primary parameter in RF switches is 

pull-in voltage which should be smaller after the 

optimization of other parameter like response 

time, current handling capabilities etc. A detailed 

review of RF MEMS switches is presented by 

taking into consideration the important features 

like actuation mechanism, design of mechanical 

flexure and the design of the contact mechanism 

by utilizing different spring-mass systems [1]. 

Usually capacitive type with clamped-clamped 

structure is utilized in the RF MEMS switches. 

The theoretical and numerical analysis of pull-in 

voltage is reported in 2015 [2], where figure-of-

merit and pull-in voltage are optimized in the 

analysis of MEMS based RF switch. The effect on 

pull-in voltage due to different dielectric materials 

like Silicon Dioxide, Silicon Nitride, Aluminum 

Oxide, Tantalum Pentoxide and Titanium Dioxide 

is discussed in details. It is observed that 

aluminum oxide suit as the best dielectric material 

to improve figure-of-merit of the capacitive RF 

MEMS switch. The RF MEMS switch reported in 

[3], three different RF shunt MEMS switches are 

discussed and for Multiphysics simulation 

COMSOL software is used. The pull-in voltage 

and switching time study is reported in this work. 

After reviewing some of the previous works on 

the RF MEMS switches [4-14] it is observed that 

pull in voltage is the most essential parameter in 

the design of the RF MEMS switch and it is 

observed that many people are trying to design RF 

MEMS switch with lower pull-in voltage. In this 

work we have designed RF MEMS switch with a 

very low pull-in voltage compared to existing 

models it is achieved because the specific 

placement of the serpentine meanders at the end 

corners of the beam it is observed that the pull-in 

voltage in this switch is around(7-8V) which is 

very low compared to existing designs discussed 

above. 

 

2. Proposed switch design 

The proposed switch is a shunt capacitive switch 

with silicon substrate and mechanical structure of 

polysilicon due its excellent mechanical 

performance and access to advance to 

microelectronics processes. The optimized 

parameters for the switch are given in the table I. 

As shown in the figure 1, the proposed switch 

consists of a serpentine spring-mass system on the 

top and by following an air gap dielectric is placed 

along with the bottom electrode. The main 

interesting fact in the design perspective is the 

placement of the serpentine springs, it is a novel 

type of placement used first time in this particular 

configuration. The primary advantage of this 

configuration is that the motion of the proof-mass 

is constrained in the sensing direction only. 

Therefore, it will not go in other direction is the 

one advantage and other thing the ohmic contact 

will be proper with good contact area. 

 

Table 1. Design Specifications of Switch Parameter 
Parameter Length (μm) Width (μm) Thickness (μm) Material 

Substrate 500 400 5 SILICON 

Electrode 500 400 1 GOLD 

Dielectric 500 400 2 Al2O3 

Sacrificial 2000 800 2 Si3N4 

Structure 1000 800 5 POLYSILICON 
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(a)                                                                         (b) 

Figure 1(a) Proposed switch 2D layout of the proposed switch 1(b) 3D model 

 

3.1. Microcantilever 

Spring constant is key factor for analysing 

mechanical behaviour of proposed switches. 

Spring constant 𝑘 of the serpentine spring utilized 

in the proposed switch is given by equation (1) 

[15]. 

 

𝑘 =  𝑛𝑏

𝐸𝑤𝑡3

𝑙3
                                                        (1) 

 

Where 𝐸 is the Young’s modulus, 𝑡 represents the 

 

thickness of the spring, 𝐿 represents the length of 

the spring and 𝑛𝑏 represents the number of 

meanders in the serpentine spring. The value of 

the spring constant is optimized on the basis of the 

above-mentioned parameters. The primary 

perspective in deciding spring constant is the 

targeted natural frequency of the spring-mass 

system which is the primary source of the 

mechanical displacement. Therefore, all the 

parameters are optimized to get the desired value 

of the spring constant shown in the figure 2. 

 
(a)                                                           (b)                                                 (c) 

Figure 2. (a) Spring constant vs thickness (b) Spring constant vs width (c) Spring constant vs length 

 

Figure 2(a) shows the variation of the spring 

constant with the thickness of the serpentine 

spring, it is clear that variation is linear. 

Therefore, a value of the thickness can be selected 

based on the fabrication limitations of the foundry. 

Figure 2(b) shows the variation with the width of 

the serpentine spring and it is clear that 

relationship is non-linear. Therefore, width of the 

serpentine spring play’s major role in deciding the 

spring constant and selection of the thickness 

depends on the limitation of the fabrication 

processes and second is the requirement of the 

spring constant. Figure 2(c) shows the variation of 

the spring constant with the length of the spring 

and this length of the spring should be less so that 

design space can be minimized. Overall, these all 

three parameters of selecting spring constant 

depends on the available design space, targeted 

natural frequency and the fabrication limitations. 

The optimized parameter for serpentine spring i.e., 

length, breadth, width is 400µm, 7µm and 5µm 

respectively. 

 

3. Results and analysis 

3.1. Modal analysis 

The primary design property of the switch is the 

natural frequency which decide the maximum 

permitted mechanical displacement for a given 
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load. The mechanical displacement of the single 

degree of freedom system is magnitude of the 

input load, duration of the input load and the 

natural time period or natural frequency of the 

responding structure [19]. Therefore, it becomes 

very important to select natural frequency of the 

switch. In the proposed design our aim is to allow 

this spring-mass system to displace under the 

influence of electrostatic force only in one 

direction i.e., toward bottom electrode, in all other 

direction it should be less sensitive. In order to 

realize this, we are proposing a novel placement 

of the serpentine spring with the proof-mass to 

facilitate only unidirectional motion under the 

influence of the electrostatic force. Therefore, 

modal analysis becomes very important in this 

case and in this work, we have simulated the 

switch to find about the natural modes of this 

switch. Table 2, listed the value of natural 

frequency for first six modes and the 

corresponding modes shapes is shown in the 

figure 3. It can be observed that the first natural 

mode of the designed switch is allowing mode 

displacement towards the bottom electrode only 

and the value of natural frequency is 2.23 kHz, 

therefore the switch is more sensitive in this 

direction only. 

 

Table 2. Simulated results of Frequency of modes 
Sr. No. Frequency (kHz) 

1 2.23058 

2 3.86115 

3 5.028559 

4 15.17949 

5 15.82281 

6 15.92871 

 

   
(a)                                                   (b)                                        (c) 

   
(d)                                                (e)                                                  (f) 

Figure 3 (a) First mode (b) Second Mode (c) Third mode (d) Fourth mode (e) Fifth mode (f) Sixth mode 

 

3.2. Pull-in voltage and simulation 

After selecting the natural frequency second 

important parameter in the design process of 

switch is the pull-in voltage. It is the minimum 

applied voltage applied between two electrodes 

after which the actuation happens under the 

influence of the electrostatic force. During the 

optimization process, researchers are focusing to 

reduce the pull-in voltage. The analytical formula 

for the pull-in voltage is given by 𝑉𝑝 equation (2) 

[2]. 
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𝑉𝑝 =  √
8 𝑘 𝑑3

27 ℰ0ℰ𝑎𝐴𝑝

                                                     (2) 

 

Where 𝑘 represents spring constant, ℰ0 is the 

relative permittivity of the air, ℰ𝑎 represents the 

relative permittivity of the dielectric material, 𝑑 is 

the initial gap between electrode and 𝐴𝑝 is the 

area of the contact electrode. By varying these 

parameters pull-in voltage can be calculated and 

since low pull-in voltage is the primary target and 

the above-mentioned parameters can be optimized 

for the pull-in voltage. The variation of the pull-in 

voltage with these parameters is shown in the 

figure 4. 

 

   
(a)                                                     (b)                                                 (c) 

    
(d)                                                                 (e) 

Figure 4. (a) Pull-in voltage vs dielectric thickness (b) pull-in voltage vs air gap (c) pull-in voltage vs 

actuation area (d) pull-in voltage vs contact force (e) pull-in voltage vs displacement. 

 

In the figure 4(a), the variation between pull-in 

voltage and thickness of the dielectric layer. It is 

observed that pull-in voltage is decreasing with 

the increase of the oxide thickness and both 

analytical and simulated results are matching with 

each other. In figure 4(b), the variation of the pull-

in voltage with air gap between the dielectric and 

the proof-mass by keeping thickness of the 

dielectric to 3µm. It is observed that both 

theoretical and simulation value are matching with 

each other and the pull-in value is increasing with 

the increase in the gap. The pull-in voltage varies 

exponentially with the actuation area, as shown 

the figure 4(c). The value of the actuation area 

should be large enough to reduce pull-in voltage 

but at the same time the value of the actuation area 

should be as per design space utility. It can be 

observed that after pull-in voltage the contact is 

happening and the value of the contact force is 

above 100 µN which can be considered good for 

the ohmic contact analysis. The variation of the 

pull-in voltage and contact force is shown in the 

figure 4(d). The simulated displacement response 

of the top electrode with the voltage as shown in 

the fig 4(e). It can be observed in the graph that 

displacement starts increasing with the increase of 

the applied voltage, as the proof-mass travel 5µm 

gap then contact formation is there. Therefore, 

after achieving the pull-in voltage further 

displacement is restricted due the contact with the 

bottom part. The contour plot of the displacement 

is shown in the figure 5(a) and it can be observed 

that the proof-mass is having the maximum 

displacement. Mises stresses are useful in 

predicting the reliability of the switch and the 

contour plot for stress is given by figure 5(b). For 

this design the maximum value of the mises stress 

is 20MPa observed in the serpentine spring which 

is far away from the ultimate tensile strength 

which is around 7000MPa. Therefore, this design 

is robust in terms of mechanical reliability. In this 

design the obtained values of stress around 20MPa 
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(mega pascals) and the stress on the silicon is 

around 7000MPa where there is so much different 

and very large gap in between stresses obtained. 

The values of the stress can be seen in bottom the 

contour plot by observing colours upon the switch 

it is proven that the switch design has very less 

stress compared to other switch design that are 

already existed. 

 

      
(a)                                                                                          (b) 

Figure 5. Simulated (a) Displacement contour plot (2) stress contour plot. 

 

3.3. Capacitance Ratio 

The capacitance between the top and bottom 

electrode of the switch when no input voltage is 

applied is termed as the off-state capacitance 

represented by 𝐶𝑜𝑓𝑓 is given by equation (3). 

Whereas when a voltage greater than the pull-in 

voltage is applied between top and bottom 

electrode of the switch then the measured 

capacitance is called on-state capacitance (𝐶𝑜𝑛) 

given by equation (4) [2]. Where each terms have 

their usual meaning. 

 

𝐶𝑜𝑓𝑓 =  
ℰ0𝐴𝑝

𝐺 + 𝑇𝑑(
2

ℰ𝑑
− 1)

                                      (3) 

 

𝐶𝑜𝑛 =
ℰ0ℰ𝑑𝐴𝑝

𝑇𝑑
                                                      (4) 

 

Therefore, the figure of merit (𝐶𝑟) can be 

calculated by the ratio of on-state capacitance to 

the off-state capacitance and given by equation 

(5). 

 

𝐶𝑟 =
𝐶𝑜𝑛

𝐶𝑜𝑓𝑓
                                                             (5) 

 

Thus, after putting all the design values into the 

equation (3), (4) and (5), the figure of merit is 135 

which indicates great isolation between on-state 

and the off-state. The results of the current work 

are compared with the existing work is tabulated 

in the table 3. It is evident that by using this novel 

design of the MEMS based switch have the low 

pull-in voltage in comparison to the existing 

switches [9,10, 12-13]. 

 

Table 3. comparison table between existing work and proposed work 
Parameter Ref. [19] Ref. 20 Ref. [21] Ref. [3] Proposed switch 

Pull-in voltage 50V 20.4 V 20.4 V 16.9 V 9.33 V 

Stress analysis - - - 1.286 MPa 20 MPa 

Up state capacitance - 137 fF 137 fF 7.46 fF 4.72fF 

Down state capacitance - 3.9 pF 3.9 pF 1.25 pF 3.49pF 

Capacitance ratio - - - 16.75 135.33 

 

5. Conclusion 

This work presented a MEMS based switch with 

the reduced pull-in voltage. A novel geometrical 

design of serpentine spring with proof mass is 

taken for this switch. This design allows proof 

mass to move in singe direction only i.e., in the 

sense direction. Therefore, pull-in voltage 

becomes very low for this. Further the figure of 

merit is calculated by taking the ratio of the on-

state capacitance to the off-state capacitance 

which is 136. analysis of effect of dielectric layer 

thickness in order to reduce the pull-in-voltage 

and increase the capacitance ratio value using 

materials such as Silicon Dioxide, Silicon Nitride, 

Aluminium Oxide, Tantalum Pentoxide and 

Titanium Dioxide. 
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6. Data Availability Statement 

All the simulation data which is used in the 

manuscript is present with the corresponding 

author. 
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