
Copyright    2011 KIEEME. All rights reserved.                                                                                                           http://www.transeem.org129

† Author to whom all correspondence should be addressed:
E-mail: santanu.ece@nitap.in

Copyright ©2016 KIEEME. All rights reserved.
This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial 
License (http://creativecommons.org/licenses/by-nc/3.0) which permits unrestricted noncommercial use, 
distribution, and reproduction in any medium, provided the original work is properly cited.

pISSN: 1229-7607                        eISSN: 2092-7592
 DOI: http://dx.doi.org/10.4313/TEEM.2016.17.3.129

 OAK Central: http://central.oak.go.kr

TRANSACTIONS ON ELECTRICAL AND ELECTRONIC MATERIALS

Vol. 17, No. 3, pp. 129-133, June 25, 2016

Analysis of Pull-in-Voltage and Figure-of-Merit of 
Capacitive MEMS Switch

Rajesh Saha, Santanu Maity†, Ngasepam Monica Devi, and Chandan Tilak Bhunia
Electronics and Communication Engineering, National Institute of Technology, Arunachal Pradesh, Yupia 791112, India

Received March 31, 2015; Revised December 4, 2015; Accepted December 15, 2015

Theoretical and graphical analysis of pull-in-voltage and figure of merit for a fixed-fixed capacitive Micro 
Electromechanical Systems (MEMS) switch is presented in this paper. MEMS switch consists of a thin electrode 
called bridge suspended over a central line and both ends of the bridge are fixed at the ground planes of a coplanar 
waveguide (CPW) structure. A thin layer of dielectric material is deposited between the bridge and centre conductor 
to avoid stiction and provide low impedance path between the electrodes. When an actuation voltage is applied 
between the electrodes, the metal bridge acquires pull in effect as it crosses one third of distance between them. In 
this study, we describe behavior of pull-in voltage and figure of merit (or capacitance ratio) of capacitive MEMS switch 
for five different dielectric materials. The effects of dielectric thicknesses are also considered to calculate the values 
of pull-in-voltage and capacitance ratio. This work shows that a reduced pull-in-voltage with increase in capacitance 
ratio can be achieved by using dielectric material of high dielectric constant above the central line of CPW.
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1. INTRODUCTION

RF MEMS switches play a very crucial role in the rapid de-
velopment of communication systems. They have tremendous 
applications in areas such as defense, radar, and satellite com-
munications [1]. MEMS switches are highly advantageous due to 
their low loss, high isolation, high linearity, low power consump-
tion, and ease of integration compared to conventional PIN and 
field effect transistor (FET) switches [2]. MEMS switch can be 
series or cantilever type and shunt or fixed-fixed type depend-
ing on path length of the signal. However, shunt switch is more 
beneficial as it involves optimum parasitic element and can also 
handle more power compared to series switches [3-8]. A general 
structure of fixed-fixed MEMS switch with bottom central line 
and top bridge is depicted in Fig. 1 [9]. To achieve switching op-
eration, application of an optimum actuation voltage is required 

between the electrodes. Saucedo-Flores et al. [10], reported that 
pull-in-voltage is reduced with increase in thickness of dielectric 
layer. M. Maheswaran et al., described the behavior of actuation 
voltage for two different dielectric materials (SiO2 and Si3N4) by 
varying the thickness of dielectric layer. Another performance 
parameter of MEMS switch is figure of merit or performance 
metric [11], which is the ratio of capacitance value in on (Con) to 
off state (Coff). In this paper, the analysis of pull-in-voltage along 
with figure of merit or capacitance ratio (Cr) for five different di-

Fig. 1. general structure of a fixed-fixed MEMS switch.
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electric materials (SiO2, Si3N4, Al2O3, Ta2O5, and TiO2) with varying 
thickness has been studied for MEMS shunt switch. 

2. ANALYTICAL MODELLING AND 
GEOMETRIC DIMENSINS

Figure 1 depicts the model of a fixed-fixed MEMS switch with 
its top and bottom electrodes. The bottom central line is fixed on 
the substrate and the top one is movable made of either Au or Al 
[12]. The 3-D view of MEMS shunt switch with geometric dimen-
sions is shown in Fig. 2. 

When an actuation voltage is applied between the signal line 
and the bridge, then electrostatic charges will be induced on 
both the plates and behave as a parallel plate capacitor. The 
electrostatic force (Fdown) [13] required to pull down the bridge is 
given by equation (1).

        
 (1)

Where Vb is the applied voltage, x is the displacement and d is 
the geometric factor, which can be described by equation (2).

       
  (2)

Where G is the initial gap between the electrodes, Td is the 
thickness of the dielectric layer, εa and εb are the relative permit-
tivities of air and dielectric material, respectively. Mechanical 
restoring force needed to pull up the beam can be defined by 
Hooke’s law [14] and is represented in equation (3).

   
 
      (3)

Where K is the spring constant in N/m. At balanced condition, 
by equating the electrostatic force with the restoring force, the 
required pull in voltage can be obtained to displace the metal 
bridge for ‘x’ displacement, which is expressed in equation (4).

  

      (4)

Differentiating equation (4) with respect to x and equating to 
zero, the critical value of Xpull at which pull in effect occurs is ob-
tained.

   

       (5)

Now by substituting equation 5 in 4, the expression for pull-in-
voltage at critical value of x is as follows:

 

       
  (6)

When no actuation voltage is applied between the bridges, 
then the switch will be in off condition and the value of off state 
capacitance (Coff) [15] is expressed by equation 7.

      

  
 (7)

Now by substituting equation 2 in 7, the expression for Coff is 
obtained as follows:

 
     

   (8)

When an actuation voltage is applied, the switch is in on con-
dition and the bridge will come in contact with the dielectric 
layer. The value of on state capacitance (Con) can be calculated 
from equation 9 as expressed below:

  

       
 (9)

Figure of merit, which is ratio of capacitance of on to off state 
is given by equation 10.

   

       (10) 

All the above equations have been validated through the design 
of a capacitive switch using the standard geometric dimensions 
by M. Maheswaran et al, as shown in Table 1 and its performance 
has been analyzed. The different dielectric materials with their 
dielectric constants used for analysis have been given in Table 2. Fig. 2. 3-D view of MEMS shunt switch.
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3. RESULTS AND DISCUSSION

In this paper, five different dielectric layers SiO2, Si3N4, Al2O3, 
Ta2O5 and TiO2 are considered over the central line of CPW. The 
variation in pull-in-voltage and capacitance ratio has been 
predicted for different dielectric layer thickness. Maximum 
and minimum thickness of dielectric layer is considered from 
Saucedo-Flores et al. [10]. The effect of variation in dielectric 
layer thickness on pull-in-voltage and figure of merit for SiO2, 
Si3N4, Al2O3, Ta2O5 and TiO2 are calculated and shown in Tables 
3-7. These Tables describe that with the increase in thickness of 
the dielectric layer, displacement of the MEMS beam along with 
pull-in-voltage decreases for different dielectric material. Again, 
for identical value of dielectric thickness, material with higher 
dielectric constant provides low actuation voltage, as compared 
to material with lower dielectric constant. But at 0 μm dielectric 
thickness, the value of pull in voltage and displacement, of the 
beam remains same for different dielectric material and figure 
of merit is infinite, as the value of Con becomes infinite. Theoreti-
cal calculation of figure of merit (Cr) is based on equation 10 and 
dimension of different parameters are described elaborately in 
Table 1. To get better performance of MEMS switch, these di-
mensions are standard, as reported in cited references. 

Graphical representation of effect of variation in thickness 
of dielectric layer on the pull-in-voltage for different dielectric 
material with and without considering dielectric layer thickness 
has been shown in Fig. 3 to 7. The straight lines on the curves de-
scribe the critical values of displacement at which pull-in effects 
occur. Above the critical point, the beam is in unstable equilib-
rium and below this point, the beam attains stable equilibrium. 
This critical point is derived in equation 5 and graphically repre-
sented from Fig. 3 through 7. Above the critical point, the upper 
branches of curves present negative slope and beam becomes 
unstable. MATLAB programming was done to represent the effect 
of dielectric thickness graphically. For every dielectric material, 

Table 1. Geometric Dimensions considered for performance analysis 
of MEMS switch.  

Parameter Symbol Value
Beam width w 20 μm
Beam length L 100 μm
Gap length W 100 μm

Beam and gap thickness T 2 μm
Initial gap G 6 μm

Dielectric thickness Td 0.5 to 3 μm
Permittivity of air εa 1 F/m

Relative permittivity ε0 8.854×10-12 F/m
Young’s Modulus E 100 GPa

Moment of inertia I

Area Ap W×T

Spring Constant K

12
Tw

3

3EI
L

Table 2. Dielectric materials along with Dielectric Constant values 
considered for analysis of MEMS switch behavior.

Dielectric Material Dielectric Constant
SiO2 3.9
Si3N4 7.5
Al2O3 9
Ta2O5 25
TiO2 80

Table 3. Values of pull-in-voltage, displacement and figure of merit of 
MEMS switch with dielectric material (SiO2) of different thickness.

Dielectric layer 

thickness (μm)

Pull-in-voltage 

(V)

Displacement 

(μm)

Figure of Merit 

(Cr)
0 120 2 Infinite

0.5 108.95 1.87 43.65
1 98.64 1.75 21.49

1.5 88.67 1.63 13.73
2 78.28 1.5 9.83

2.5 69.07 1.38 7.48
3 60.26 1.26 5.93

Table 4. Values of pull-in-voltage, displacement and figure of merit of 
MEMS switch with dielectric material (Si3N4) of various thicknesses.

Dielectric layer 

thickness (μm)

Pull-in-voltage 

(V)

Displacement 

(μm)

Figure of Merit 

(Cr)
0 120 2 Infinite

0.5 107.80 1.85 84.07
1 95.28 1.71 39.29

1.5 83.02 1.56 24.38
2 72.09 1.42 16.96

2.5 61.70 1.28 12.45
3 51.18 1.13 9.46

Table 5. Values of pull-in-voltage, displacement and figure of merit of 
MEMS switch with dielectric material (Al2O3) of various thicknesses.

Dielectric layer 

thickness (μm)

Pull-in-voltage 

(V)

Displacement 

(μm)

Figure of Merit 

(Cr)
0 120 2 Infinite

0.5 107.21 1.85 100.63
1 94.44 1.70 46.90

1.5 82.22 1.55 28.96
2 71.34 1.41 19.92

2.5 60.26 1.26 14.55
3 49.83 1.11 10.95

Table 6. Values of pull-in-voltage, displacement and figure of merit of 
MEMS switch with dielectric material (Ta2O5) of various thicknesses.

Dielectric layer 

thickness (μm)

Pull-in-voltage 

(V)

Displacement 

(μm)

Figure of Merit 

(Cr)
0 120 2 Infinite

0.5 106.35 1.84 265.20
1 92.78 1.68 121.55

1.5 79.85 1.52 73.63
2 65.57 1.36 49.76

2.5 56 1.2 35.39
3 45.2 1.04 25.82

Table 7. values of pull-in-voltage, displacement and figure of merit of 
MEMS switch with dielectric material (TiO2) of various thicknesses.

Dielectric layer 

thickness (μm)

Pull-in-voltage 

(V)

Displacement 

(μm)

Figure of Merit 

(Cr)
0 120 2 Infinite

0.5 106.35 1.84 884.74
1 91.95 1.67 403.41

1.5 79.06 1.51 242.82
2 66.09 1.34 162.47

2.5 54.62 1.18 114.29
3 43.25 1.01 82.12
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at Td =0 um critical point is (120 V, 2 μm) and above this beam is 
unstable. Table 8 describes the comparison of decrease in pull-
in-voltage in terms of percentage for different dielectric material 
of dielectric layer thickness 3 μm with reference to thickness 0 

μm. The percentage reduction of pull-in-voltage is maximum for 
SiO2, which is 50% and 35.89% for TiO2, which is the minimum. 
Therefore, when dielectric layer thickness is increased, pull-in-
voltage and displacement parameter is reduced. 

Figure of merit is another performance parameter associated 
with the switch . The values of figure of merit fall down with in-
crease in thickness of dielectric layer for different dielectric ma-
terial. For equal values of thickness of dielectric layer, materials 
with high values of dielectric constants give high figure of merit. 
Figure 8 is a graphical representation of variation in capacitance 
ratio for different dielectric material with varying dielectric 
thickness. The graphical representation has been shown through 
MATLAB.

Table 8. Percentage evaluation of pull-in-voltage for different dielec-
tric material.

Dielectric 

Material

Pull in voltage for 

dielectric Layer 

Thickness (0 μm)

Pull in voltage for 

dielectric Layer 

Thickness (3 μm)

% Decrease in 

pull-in-voltage

SiO2 120 60.2 50
Si3N4 120 51.18 42.47
Al2O3 120 49.83 41.35
Ta2O5 120 45.2 37.5
TiO2 120 43.25 35.89

Fig. 3. Comparison of pull-in-voltage of MEMS switch with and with-
out considering silicon dioxide (SiO2) layer.

Fig. 4. Comparison of pull-in-voltage of MEMS switch with and with-
out considering silicon nitride (Si3N4) layer.

Fig. 5. Comparison of pull-in-voltage of MEMS switch with and with-
out considering alumiminium oxide (Al2O3) layer.

Fig. 6. Comparison of pull-in-voltage of MEMS switch with and with-
out considering tentalum pentoxide (Ta2O5) layer.

Fig. 7. Comparison of pull-in-voltage of MEMS switch with and with-
out consideration of titanium oxide (TiO2) layer.
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4. CONCLUSIONS

This work presented a detailed analysis of effect of dielectric 
layer thickness in order to reduce the pull-in-voltage and in-
crease the capacitance ratio value using materials such as Silicon 
Dioxide, Silicon Nitride, Aluminium Oxide, Tantalum Pentox-
ide and Tatanium Dioxide. The stability of the movable bridge 
was observed by coupling dielectric layer with the geometric 
parameter(d) in the equation of pull-in-voltage. For 3 μm SiO2 
thickness with reference to 0 μm thickness, maximum percent-
age reduction (50%) in voltage was observed when compared 
individually to higher dielectric materials. However, for different 
materials with identical thicknesses, high dielectric constant 
materials provide maximum degradation in voltage as well as 
increase in capacitance ratio in comparison to lower dielectric 
maerial. Therefore, depending upon the application chosen,the 
dielectric material with necessary dielectric thickness should 
be considered. These predicted behaviors of MEMS switch for 
different dielectric materials will enable researchers and manu-
facturing companies to design appropriate switch for specific 
application.
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