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Abstract: A one-dimensional three-stage static model for analyzing RF MEMS clamped-clamped
capacitive switch was used to calculate the capacitance of the switch in the different states. This model is
based on the small displacement assumptions of the clamped-clamped beam and divides the deformation
of the clamped-clamped beam subjected to the electrostatic force into three stages: The first is a
clamped-clamped beam subjected to electrostatic force without any constrain at the center; The second
is a beam subjected to both a concentrated force and a moment and with a constraint at the center; The
third is a beam subjected to both the electrostatic force and a concentrated force with a given
displacement and a zero angle of rotation over the central part of the beam. With the model the
capacitance of the switch in different states can be obtained and therefore the relation between the
capacitance and the hold-on voltage and the relation between the capacitance and the contact region can
be analyzed. From analysis the effect of some geometry dimensions, such as the length of the beam, the
length of the pull-down electrode, the initial gap and the depth of the beam, on the capacitance can be
understood and some conclusions may be useful to the design of the MEMS clamped-clamped
capacitive switch. Copyright © 2012 IFSA.

Keywords: Capacitance, Clamped-clamped beam, Electrostatic force, RF MEMS switch.

1. Introduction

Since the first MEMS switch was reported by Petersen in 1979 [1], different kinds of MEMS switch
have been developed by a number of companies and universities. These switches can be classified as
direct metal-metal contact [2-4] or capacitive type [5-8].Among these MEMS switches, RF MEMS
(Radio Frequency Micro Electro Mechanical Systems) capacitive switches show great potential for use
in wireless communication and radar systems. Desirable aspects are low insertion loss, high isolation,
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and very low, near-zero power consumption. RF MEMS switches are the specific micro mechanical
switches designed to operate at RF to mm-wave frequencies (0.1 to 100 GHz). The development of RF
MEMS switches using metal membranes with capacitive coupling has also been reported [1-3]. Some
theoretical calculation of insertion and isolation, which are two of the most important microwave
parameters of a RF MEMS capacitive switch and primarily dominated by the switch capacitance, were
presented!’’.In the calculation, insertion is defined by a transmission coefficient in up-state, and isolation
is defined by the coefficient in down-state. The switch capacitance in down-state contains two portions:
the parallel-plate capacitance and the fringing capacitance, and the parallel-plate capacitance is only
dependent on the area of the parallel-plate, the relative permittivity of the dielectric layer, and the depth
of the dielectric layer, which is too simple to consider the effect of some geometry dimensions of a
switch (such as the initial gap, the length of the switch beam, and so on) on the capacitance. In practice,
because the determination of the contact area between the two plates is quite difficult and the contact
area between the two plates cannot be expressed with a simple formula such as that in [7], in which the
capacitance value is approximately given by the well-known parallel plate formula, the switch
capacitance in down-state is quite different even to the same switch, depending on the actuation voltage
and the structure of the switch. Therefore the isolation is not only dependent on frequencies but also
dependent on actuation voltages and the structure of the switch. The behavior of electrically actuated
microbeams has been studied using different models and approaches. Zavracky et al. [9] studied the
static behavior of a cantilever microswitch by numerically solving the second-order differential equation
of a beam and by using a spring-mass model. Chan et al. [10] utilized the finite-element package
ABAQUS to study the static behavior of a fixed-fixed microbeam. Grtétillat et al. [11] studied the
electromechanical behavior of asymmetric fixed-fixed microbeams using the MEMCAD system. Hung
and Senturia [12] used a macromodel to simulate the dynamics of a fixed-fixed microbeam proposed as
a pressure sensor. Soleymani et al. [13] used a distributed model to investigate the pull-in instability of
circular plate subjected to nonlinear distributed electrostatic force using finite difference method. In this
paper, a one-dimensional three-stage static model [14] for analyzing MEMS clamped-clamped
capacitive switch is used to calculate the capacitance in the different states. With the model the relation
between the capacitance and the hold-on voltage and the relation between the capacitance and the
contact region are given in a graphic manner. From analysis the effect of some geometry dimensions on
the capacitive can be understood and some conclusions may be useful to the design of a RF MEMS
clamped-clamped capacitive switch.

2. Differential Equation of the Elastic Curve of the Beam
A typical capacitive RF MEMS switch is mainly composed by a clamped-clamped metal beam, the

transmission line, and an insulator or dielectric layer fabricated on the transmission line [9], the side
view of which is shown in Fig. 1. The mechanics model of the switch is shown in Fig. 2.

¢ =

RN insulator

N N X

Transmission line

Fig. 1. Schematic diagram of a RF MEMS clamped-clamped capacitive switch.
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Fig. 2. Model of a clamped-clamped beam subjected to a load with constraint.

The beam and the dielectric length are / and [, respectively The depth and width of rectangle
cross-section of the beam are ¢ and B respectively. The initial gap between the beam and the dielectric is
Gy. The depth and width of the dielectric layer are #;and B respectively. With the original point of the
horizontal x-axial being at the center of the beam, the electrostatic force per unit length is

BU? [
58},30 VRN x‘ < E
q(x)= 2(G v(x)) > (1)
Zl
0 R x‘Z—
2

where, &) is the vacuum permittivity; &; is the relative permittivity of the dielectric between the beam and
the dielectric, if in air it is approximately equal to 1.0; U is the applied voltage; v(x) is the deflection at x;
G=Gytt/e; is the initial equivalent gap between the two electrodes; ¢ is the relative permittivity of the
insulator.

The deformation of the clamped-clamped beam subjected to the electrostatic force as shown in Fig. 2 can
be divided into three stages [14]: the first is a clamped-clamped beam only subjected to electrostatic
force without any constrain at the center, and at the end of this stage the deflection at the central point
reaches Gy; the second is a beam subjected to a concentrated force at the central point besides the
electrostatic force with a constraint at the center, and at the end of the second stage the moment at the
central point is zero; the third is a beam subjected to both the electrostatic force and a concentrated force
with a given displacement and a zero angle of rotation over the central part of the beam.

Suppose the small displacement assumptions are applicable and the clamped-clamped beam is a
symmetrical one. As a result the half of the beam can be seen a cantilever beam, in which the free end of
the cantilever beam with zero angle of rotation is the central point of the clamped-clamped beam. Taking
the right half of the clamped-clamped beam for example, the deformation and the loads are shown in
Fig. 3.

The elastic curve of the beam in Fig. 3 is governed by the fourth-order non-linear differential equation,

dx* D
Bt? . . .
where, D = e . E is the Young’s modulus or modulus of elasticity of the beam, x is the
—u

Poisson’s ratio

78



Sensors & Transducers Journal, Vol. 142, Issue 7, July 2012, pp. 76-86

q(x)
Y 2 -
O X
'I',,
1
- 2 >
Yv

Fig. 3. Cantilever beam subjected to the loads at 1st stage.

3. Calculation of the Capacitance at Different Stages

The insertion loss and isolation dominated primarily by the switch capacitance are two of the most
important microwave parameters of a RF MEMS switch. They are both defined by transmission

coefficient S, : insertion loss is |Sz1| in up-state, while isolation is |Sz1| in down-state [11]. In the paper

we focus only on the calculation of the switch capacitance because of its key role in calculation of the
insertion and isolation.

3.1. Capacitance at the First Stage

If the boundary conditions at the free end of the cantilever beam can be obtained in any state. The
deflection at any cross section then can be obtained numerically from the equation (2). The boundary
conditions of the differential equation (2) at the free end are

v(O):vo,M:O

; 3)

d*v(0) _ M, d*w0) _ 0

2

dx? D dx®

where, the moment M, and the deflection vy at the free end are unknown, or the moment M at the free end
and the applied voltage U are unknown (v must be given because the beam is not controllable on the
voltage reaching the pull-in voltage). They can be obtained with a two-fold method of bisection from the
conditions that both the deflection and the slope at the fixed end are zero (the detail can be seen in [14],
although the model in [14] is for a direct metal-metal contact type MEMS switch and the formula of the
electrostatic force per unit length is slightly different). Obtaining the deflection v(x) at any cross section
and considering symmetry of the switch, one can calculate the capacitance of the switch numerically as
follows [12],

1/2
Clst = 2‘c"O‘gr J‘
0

Bdx @)
G —v(x)
The fringing capacitance is neglected in equation (4).
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3.2. Capacitance at the Second Stage

At the beginning of this stage the deflection at the central point reaches Gy, while at the end of the second
stage the moment at the central point is zero. At the stage, the beam is subjected to a concentrated force
at the central point besides the electrostatic force because of the constraint at the center. The deformation
of the beam subjected to the loads is shown in Fig. 4.

Suppose the applied voltage is U, the boundary conditions of the differential equation (2) at the free end
are

v(0) = GO,%:O

d*v(0) _ M, d*v(0) _ 9 ®)

b

dx? D dx® D

where, the shearing force Qp and the moment M, at the free end are unknown. They can be obtained in a
similar way from the conditions that both the deflection and the slope at the fixed end are zero. Similar to
the first stage, the capacitance is

112

B
Cona = 2608, .[ &

y G—v(x) ©

qix)

Py

Fig. 4. Cantilever beam subjected to the loads at 2™ stage.

3.2. Capacitance at the Third Stage

Supposing the contact between the beam and the dielectric is smooth and there is no gap when they are
contacted .At this stage the deflection over the central part A of the beam reaches Gy, and there is no
moment or shearing force over the contact region because of the balance between the reaction and the
electrostatic force over the contact region. The deformation of the beam subjected to the loads at the third
stage is shown in Fig. 5.
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Fig. 5. Cantilever beam subjected to the loads at 3rd stage.

Suppose the applied voltage is U, the boundary conditions of the differential equation (2) at x=A are

W(A) = GO,% -0
o) _ o &) _ 0 2
dx? T odx? D

At the stage, the shearing force Qpand the contact length A are unknown. They can also be obtained from
the conditions that both the deflection and the slope at the fixed end are zero. The capacitance then can
be calculated numerically as follows

oy Gv)

4. Examples

4.1. Example 1

In this example, a general analysis will be made. The material and geometrical parameters in the
example are shown in Table 1.

Table 1. Material and Geometrical Parameters.

Symbol Quantity Value
E Modulus of elasticity of the beam 76.52 Gpa
u Poisson’s ratio of the beam 0.41
o Vacuum permittivity 8.854x10"* F-m’
3 Relative permittivity of the insulator 7.6
& Relative permittivity of air 1.0
B Width of the beam 90 um
t Depth of the beam 1.5 um
/ Length of the beam 280 um
[ Length of the insulator 200 pm
t Thickness of the insulator 0.15 pm
Gy The initial gap 1.5 um
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One can solve the differential equation (2) under boundary conditions at the three different stages and
calculate the capacitance depending on the applied voltage. The relation between the capacitance and the
applied voltage is shown in Fig. 6. The applied voltage at the end of the first stage is about 1.40 V, and
the corresponding capacitance is about 1.20 pF. At the end of the second stage they are about 3.87 V and
1.50 pF, respectively. The pull-in voltage of the switch is about 15.47 V, to which two capacitances
0.15 pF at deflection vp=0.59 pum of the first stage and 6.35 pF at contact length A=69.63 um of the third
stage are corresponding. The relation between applied voltage and the contact length at the third stage is
shown in Fig. 7. It can be seen from Fig. 7 that the pull-in voltage cannot give the maximum contact area,
which is required for the maximum capacitance of a MEMS switch. Under different hold-on voltages,
which are the applied voltage to maintain a RF MEMS switch in down-state, there are different
capacitances unlike a parallel-plate capacitance. So the isolation of a RF MEMS switch is not only
dependent on the frequency of a signal but also dependent on the hold-on voltage applied to the switch,
and because the capacitance increases much more quickly at the third stage than the first two stages with
the applied voltage increasing, the isolation may be quite different from one down-state to another.
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.
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Applied Voltage(V)

Fig. 6. Relation between applied voltage and capacitance.
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Fig. 7. Relation between applied voltage and contact length.

4.2. Example 2

In this example, the effect of some geometry dimensions, the length of the beam, the length of the
pull-down electrode(that is the length of the transmission line), the initial gap and the depth of the beam,
on the capacitance of the RF MEMS switch under a special hold-on voltage—pull-in voltage—will be
analyzed. Note please that in the example, all parameters are the same as the Table 1 except for the
geometry dimension under discussion. The relation between the length of the clamped-clamped beam
and the pull-in voltage is shown in Fig. 8, and the relation between the length of the beam and the
capacitance is shown in Fig. 9. The relation between the length of the pull-down electrode and the pull-in
voltage is shown in Fig. 10, and the relation between the length of the pull-down electrode and the
capacitance is shown in Fig. 11. The relation between the initial gap between the beam and the dielectric
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and the pull-in voltage is shown in Fig. 12, and the relation between the initial gap and the capacitance is
shown in Fig. 13. The relation between the depth of the beam and the pull-in voltage is shown in Fig. 14.
The relation between the depth of the beam and the capacitance is omitted because it is a horizontal line
(the capacitance is about 6.35 pF, and the contact length is about 69.63 um).

=
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Fig. 8. Relation between length of the beam and pull-in voltage.
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Fig. 9. Relation between length of the beam and capacitance.
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Fig. 10. Relation between length of pull down electrode and pull-in voltage.
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Fig. 11. Relation between length of pull down electrode and capacitance.
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Fig. 12. Relation between the initial gap and pull-in voltage.
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Fig. 13. Relation between the initial gap and capacitance.
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Fig. 14. Relation between depth of the beam and pull-in voltage.
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It is found from Fig. 8 and Fig. 9 that increase in the length of the beam will decrease the pull-in voltage
and increase the capacitance corresponding to the pull-in voltage; we can observe from Figs. 10 and 11
that the pull-in voltage will decrease and the capacitance increase with increase in the length of the
pull-down electrode, but the capacitance increases quite slow after the length of the pull-down electrode
is longer than 160 um; we can also observe from Figs. 12 and 13 that the increase in the initial gap has
significant effect on the pull-in voltage and the capacitance corresponding to the pull-in voltage;
increases in the depth of the beam show that the pull-in voltage will increase with the increase in the
depth of the beam significantly but no change in the capacitance corresponding to the pull-in voltage is
found.

5. Conclusions

In this paper a one-dimensional three-stage static model for analyzing RF MEMS clamped-clamped
capacitive switch is used to calculate the capacitance of the switch in the different down-states. With the
model capacitances of the switch in different states are obtained, and therefore the relation between the
contact length and the hold-on voltage and the relation between the capacitance and the hold-on voltage
are analyzed. In addition, the effect of some geometry factors on the capacitance corresponding to the
pull-in voltage is analyzed. From the analysis the effect of hold-on voltage, the length and depth of the
beam, the initial gap, and the length of the transmission line of a RF MEMS switch on the capacitance
can be understood, which may be useful to the design of the MEMS clamped-clamped capacitive switch.
From the view point of the capacitance of a RF MEMS switch, the hold-on voltage is more important
than pull-in voltage because it is the hold-on voltage that determines the capacitance of a RF MEMS
switch, so one should carefully select hold-on voltage according to the requirement to the capacitance of
a RF MEMS switch based on the requirement to the isolation of a RF MEMS switch and frequency of
the signal.
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