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ABSTRACT Movable suspended microstructures are common features of sensors and devices in the field
of micro electro mechanical systems (MEMS). This paper addresses the study of approach to model the
capacitance for the crab-type meander-based RF MEMS shunt switch with etching holes on the beam. The
presented paper evaluates the parallel-plate capacitance and fringing-field capacitance caused by the etching
holes on the beam and introduces empirical formulae. From the literature study, an accurate empirical
formula is presented. The capacitance involves a parallel plate and a fringing field. The parallel-plate
capacitance term is proposed by the authors of this work; the fringing-field capacitance term is adopted
from previous work. The proposed accurate empirical capacitance formulae are derived by curve fitting
the simulated values through the commercially available FEM solver. The two existing benchmark models
of fringing-field capacitance are used to modify the perforated MEMS switch to obtain the proposed
formula. With the existing models and presented formula, the capacitances are computed for a wide range
of dimensions; the simulated results of the presented formula are validated with the calculated results. The
deviation of the presented formula has an error estimation of ±0.1%. The variation of the capacitance with
different deictic thicknesses and errors is estimated and analyzed for the presented formula. TheMejis model
is found to be satisfactory for a lower air gap and a 1-µm-thick beam. The Yang’s model is sufficient for
a higher air gap and a large number of etching holes. The proposed formulae are good for the ligament
efficiency µ ≤ 0.5, with thickness >1 µm, and the deviation of error estimation is within ±5%.

INDEX TERMS Fixed-fixed beam, etching holes, ligament efficiency, RF MEMS, parallel-plate capaci-
tance, fringing-field capacitance.

I. INTRODUCTION
The RF MEMS switch replaces traditional devices such as
PIN and FET switches because of additional features such
as high linearity and less power consumption [1]–[3]. The
beam is modified using the meander structured and per-
forations [21], [23]. A switch with perforations improves
the overall switching time of the device, but the capaci-
tance becomes affected. To suspend the deforming beam,
it is necessary to etch the sacrificial layer. Specifically, few
microstructures appear large, and the microstructures must
have many holes to uniformly enhance the etchant [4], [5].

The literature shows that etching holes have greater effect
on the electrical and mechanical characteristics of the
switch [6], [7]. For some micro structures, etchant holes
decrease the parallel-plate capacitance but increase the
fringing-field capacitance because of the inner perimeters
of the holes [8]–[12]. The perforations make the capaci-
tance evaluation more difficult. Some studies in the literature
are related to the fringing capacitances of two- and three-
dimensional devices without etching holes. In RF devices,
one of the modeling aspects is the capacitance. Fewworks are
related to the evaluation of capacitancemodelingwith etching
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holes [13]–[16].Therefore; the authors of this work present
an empirical formula with the consideration of etching holes
to evaluate the fringing-field capacitance. [17], [18].The
micro structural range is too narrow for practical application
in sensors and MEMS devices [19], [20]. In the literature,
few works are related to the parallel-plate capacitance, and
no literature evaluates the parallel-plate capacitance using
the ligament efficiency. Therefore, by modifying the previous
literature, this work presents the accurate empirical formula
to compensate the parallel-plate capacitance for etching holes
with different ranges of validity. Modeling is an important
aspect for the advancement of the switch. Thus, the capaci-
tance modeling has a prominent role because holes are etched
on the beam to release the sacrificial layer during fabri-
cation. Distinctive types of capacitance models have been
discussed for various parameters, but few studies discussed
the following areas. (1) The combination of Palmer’s equation
and a hybrid formula represents the edge fringing effect for
the capacitance computation [21]. (2) Yang’s formula [22]
represents the fringing effect by accounting for the beam
thickness, but it does not consider the etching holes on the
beam; thus, the fringing because of the perforations is not
considered. (3) Mejis Fokkema showed a changed approach
considering etching holes for the switch, but the oxide layer
on the bottom plate is not considered [23]. (4) Iannacci et al.
built a semi-empirical equation to represent the fringing effect
on the edges of the beam and edges of the etched holes
because of the finite-plate dimensions in 6-DOF and 4-DOF
rigid models; however, in the 4DOF model, the finite dimen-
sions of the top plate were ignored [24]–[26]. Among these
models, Yang and Mejis’ models indicate good consistency
for the beam-type structure with etched holes, but they do
not consider the ligament efficiency. The fringing capacitance
relies on various components such as the beam thickness,
air gap, dielectric thickness, hole dimensions and number of
holes, which incorporates the ligament efficiency. Therefore,
the authors of this work frame a new analytical model for the
capacitance.

This report presents an improved capacitance model of the
one-degree-of-freedom parallel-plate capacitance consider-
ing the ligament efficiency. The capacitance plays vital role in
RF MEMS switches. Because of the capacitance, the switch
charging and discharging vary, and the switching speed of the
switch may be affected. Therefore, capacitance modeling is
an important factor for RFMEMS switches. According to the
literature, two models are adopted for the presented model.
Yang andMejis’ models have limitations in certain conditions
because they do not consider the ligament efficiency, which
depends on the hole dimension. The capacitance includes
parallel-plate and fringing field capacitances. The authors of
this work propose an accurate model for the parallel-plate
capacitance using the ligament efficiency. The fringing-field
term is adopted from the existing Mejis model because it
shows better results than Yang’s model. The error is less than
0.1% for the presented model.

II. METHOD
A. MODEL DESCRIPTION
The structural schematic of the RF MEMS shunt switch in
the CPW design is shown in Fig. 1. The switch consists of a
movable beam; the signal line of the CPW design has a thin
dielectric td with relative permittivity to avoid the contact of
the beam with the signal line when the switch is in actuation
mode. [16], [22], [24].

FIGURE 1. RF MEMS shunt switch with etching holes on the beam and
crab-type meanders.

Furthermore, this switch is a critical factor in enhancing
the capacitance of the structure. [35], [36]. When a force is
applied to the beam because the voltage switch exceeds the
spring restoring force, the beam begins to deform towards the
signal line. The following section discusses the switch and a
top view of the switch with the configuration. Four crab-type
meanders are presented for all sides of the switch over the
signal line.

TABLE 1. Specifications of the switch.

The parameters in Table 1 are discussed in detail.

W =Width of the beam
w = Length of the beam or width of the signal line
L = Total length of the beam including the meander

section
d = Distance between the top and bottom electrodes
Wh =Dimension of the etched hole on the beam along

the length and width
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nl = Number of etched holes along the beam length
nw = Number of holes along the beam width
td = Thickness of the dielectric
tb = Thickness of the plate

The existing formula for the analytical model of the
capacitance for the shunt switch with parallel-plate thickness
t [12], [14], [15] was proposed by Yang and is discussed in
the following section.

C =
∈ w
d

1+ 2d
πw

ln
(πw
d

)
+

2d
πw

× ln

1+
2t
d
+ 2

√(
t
d
+

t2

d2

) (1)

C = Capacitance per unit length
d = Air gap between the electrodes
t = Thickness of the plate
γr = Dielectric constant of the dielectric medium

∈w
d : Parallel-plate capacitance
∈w
d ×

2d
πw ln

(
πw
d

)
: Fringing because of the finite dimension

of the beam
∈w
d ×

2d
πw ln

(
1+ 2t

d + 2

√(
t
d +

t2
d2

))
: Fringing because

of the thickness of the beam.
The parallel-plate capacitor is formed by the overlapping

of the signal line and the beam in capacitive shunt switches.
The perforated holes on the beam can be modeled as indi-
vidual capacitor. The total capacitance of the switch can
be estimated by subtracting the perforated hole capacitance
from the total beam capacitance of the switch considering
the fringing effect. Thus, the empirical formula has three
terms: (a) parallel-plate capacitance due to the edge of the
beam and the thickness between the plate and the signal line;
(b) capacitance due to the holes on the beam; and (c) fringing
capacitance due to the holes. To model the total capacitance
of the beam, the modified Yang formula is

C = a− b+ c

where

a =
∈ wW(
d + td

εr

) + 2 ∈ w
π
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 πw(
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εr

)
+ ln
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 .

b = nl × nw ×
∈ w2

h(
d + td

εr

)
c =

2× nl × nw× ∈0 ×wh
π

FIGURE 2. Top view of the switch with perforations on the beam.

FIGURE 3. Electric field lines because of the parallel-plate capacitance.

FIGURE 4. Effect of the fringing field on the top view of the beam with
etched holes.

×

ln
 πwh(
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εr

)
+ ln

1+
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d + td
εr
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+ 2
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 (2)

Total capacitance C = Capacitance of the fringing field
with non-perforated plate-capacitance because of the holes
without a fringing field + Fringing field capacitance because

27028 VOLUME 6, 2018



K. S. Rao et al.: Generalized Capacitance Model of RF MEMS Switch by Considering the Fringing Effect

FIGURE 5. Inner view of the etched hole with the effect of the fringing
field.

FIGURE 6. Parallel-plate capacitance calculation by adding parts 1 and 2.

FIGURE 7. Different areas in the calculation of the parallel-plate
capacitance.

of the holes.

CTotal = ε0W

 w(
d + td
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) + 0.77+ 1.06

 w(
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 1

2
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 1
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FIGURE 8. Different areas in the calculation of the parallel-plate
capacitance.

FIGURE 9. Defining percentage of area using the ligament efficiency.

+ nlnw ∈0 wh

0.77+ 1.06

 w(
d + td

εr

)
 1

2

+ 1.06

 tb(
d + td

εr

)
 1

2
 (3)

B. CAPACITANCE COMPENSATION TERMS
FOR ETCHING HOLES
The cross-section view of the shunt capacitive switch is
shown in this section. The electric field is composed of two
parts: a uniform field under the bottom surface of the plate
and fringing field because of the top surface and sidewalls
of the structure. Therefore, the total capacitance is the sum
of the parallel-plate capacitance of the bottom surface of
the structure and the fringing capacitance of the sidewalls
and top surface of the structure. Etchants are uniformly dis-
tributed on the beam to remove the sacrificial layer in the
fabrication process. The entire structure can be divided into
no square modules, and we analyze the fringing capacitance
of each square module. The capacitance can be expressed
as C = Cp + Cf.
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TABLE 2. Estimation of the error analysis with the ligament efficiency.

TABLE 3. Comparison of different models for different air gaps and
dielectric thicknesses in the up state with µ = 0.41 and tb = 2 µm.

C. PARALLEL-PLATE CAPACITANCE
In the parallel-plate capacitor, charges are carried by the
charge-carrying plate. The parallel-plate capacitance depends
on the area. The total area of the beam depends on the
ligament efficiency. The area of the beam is directly pro-
portional to the capacitance but inversely proportional to the
ligament efficiency. If the observed increase in ligament effi-
ciency area can be reduced, the capacitance also reduces. The
parallel-plate capacitance is formed under the bottom surface

TABLE 4. Estimation of the error analysis with the ligament efficiency,
beam thickness 0.8 µm, td (d = 3 µm) and hole size of (3-8µm).

TABLE 5. Comparison of the up-state capacitance with various air gaps
and dielectric thicknesses of the proposed model; µ = 0.3; tb = 2 µm.

of the structure. Cp is calculated by the ideal parallel-plate
capacitance formula.

D. FRINGING FIELD CAPACITANCE
It is necessary to maintain the smallest capacitance to pass the
high frequency for the switch. The fringing field capacitance
purely depends on the etched holes on the beam, which are
related to their sizes. In the perforated shunt capacitive shunt
switch, the electric field passes through the etched holes
and alters the total capacitance of the beam. The fringing
capacitance appears because of the sidewalls and top surface
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TABLE 6. Error deviation with the ligament efficiency, beam thickness
1 µm, td = 0.1-0.5 µm, d = 3 µm and wh = 3-8µm.

TABLE 7. Error estimation of the up-state capacitance in terms of
ligament efficiency of the proposed model.

of the structure. The increase in the number of edges, which
increases the fringing field, depends on the number of holes.

The effect of the number of holes and their sizes varies with
the ligament efficiency. If the number of holes on the beam
increases, the hole size decreases; then, there is an increase
in ligament efficiency, which increases the fringing-field
capacitance. The following figures depict the effects of the
fringing-field effects around the sidewalls and a close view
of the etched hole and the fringing field from the inner
perimeters of the etching hole.

TABLE 8. c µ variation, beam thickness 2 µm, td = 0.1− 0.5 µm,
d = 3 µm and wh = 3-8.

E. LIGAMENT EFFICIENCY FOR THE
CAPACITANCE CALCULATION
In the fabrication process, the etched holes on the beam
are used to remove the sacrificial layer. The perforations on
the beam increase the switching speed of the device. The
smaller etched holes on the beam show a weaker effect on
the capacitance. Therefore, it is important to note the effects
of holes on the beam and their size variation on the total
capacitance. The specification of the etched holes on the
beam can be evaluated in terms of ligament efficiency µ
as shown in the figure. Larger ligament efficiency corre-
sponds to a smaller etching hole. The switch is simulated
for different parameter variations of the ligament efficiency.
The variation in the effect is shown in equation number-5
varying the number of etched holes and their size. The error
percentage of the proposed model can be decreased with
decreasing ligament efficiency by decreasing the number of
holes and increasing the hole size. Thus, using the proposed
model, a high accuracy can be achieved for a larger hole
size. The proposed model is satisfactory for stronger fringing
effects.
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TABLE 9. Comparison of all capacitance models for different parameter variations.

F. FORMULA DERIVATION
There are four stages to infer the proposed empirical formulae
for parallel-plate and fringing-field capacitances with etching
holes on the beam. The first two stages involve the parallel-
plate capacitance; the last two stages involve the fringing-
field capacitance. First, the beam area is partitioned into
two sections. From the initial segment, the area where the
ligament efficiency is not affected should be considered; then,
the area where the ligament efficiency is affected must be
subtracted. Second, the area where the ligament efficiency
is affected must be subtracted from (1-(1-µ)2), which is
the area after etching. The sum of the first two sections
of the formulae is the total area to compute the parallel-
plate capacitance. Third, the total fringing field of the beam
without etched holes is adopted from Yang’s model. Finally,
the fringing field of the etching holes is adopted from Mejis’
capacitance model. Combining the last two terms, we obtain
the fringing capacitance (4), as shown at the bottom of this
page.

Area 1- Ligament efficiency of the unaffected part.
Area 2- Ligament efficiency of the affected part, Percent-

age of the etched area.
Area 3- Percentage of the remaining area after etching.
The total beam fringing field should be affected because

the fringing-field term is adopted from (1) Yang’s formula for
the fringing capacitance without etching holes and (2) Mejis
formula for the fringing capacitance with etching holes.

The sum of these two terms includes the total fringing-field
capacitance.

The unit modules can be discussed for the parallel-plate
capacitance by considering the example.

wh = b, l = 7, P = a

a = 10, b = 9

Total area = (a ∗ a)− (b ∗ b) = 91

The total area is calculated in terms of the ligament
efficiency

µ = 0.7

Percentage of area etched (1− µ) = 0.3

Percentage of area after etching (1− (1− µ)2)

= 1− 0.09 = 0.91

µ =
l

pitch
Pitch = l + wh

Therefore, bymultiplying the total areawith the percentage
of remained area after etching, we calculate the final area.

Final area = 100 ∗ 0.91 = 91

III. RESULTS AND DISCUSSIONS
The existing models of Yang and Mejis to compute the total
capacitance of the perforated beam switch, which include

C = Cp + Cf

Cp =
ε0
[
(w×W )− ((w− l)× (W − l))+ ((w− l)× (W − l)× (1− (1− µ)2)

](
d + td

εr

)
Cf =

2 ∈ W
π

ln
 πw[

d + td
εr

]
+ ln

1+ 2tb[
d + td

εr

] + 2

√√√√√
 tb[

d + td
εr

] + t2b[
d + td

εr

]




+ nlnw ∈0 wh

0.77+ 1.06

 w(
d + td

εr

)
 1

2

+ 1.06

 tb(
d + td

εr

)
 1

2
 (4)
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FIGURE 10. Up-state condition of the switch with varying ligament
efficiency with respect to the dielectric thickness for beam thickness
0.5 µm: (a) Yang model; (b) Mejis model; (c) Proposed model.

parallel-plate and fringing-field capacitances, are considered
to compare with and validate the proposed model. The error
analysis performance of the proposed model is validated with
respect to the FEM tool as shown in Tables 2-8, and the
variation in error analysis in terms of the ligament efficiency
is graphically shown in Figs. 10-13.

The proposed model has good accuracy at a smaller air
gap with a smaller dielectric thickness but fails at smaller
beam thickness. The up-state capacitance of the perforated

FIGURE 11. Up-state condition of the switch in terms of the ligament
efficiency with respect to the dielectric thickness for beam thickness
0.8 um: (a) Yang model; (b) Mejis model; (c) Proposed model.

switch is tabulated in Tables 2-8 to discuss the variation
of the beam thickness from 0.5 µm to 2 µm in terms of
µ by varying the dielectric thickness. The capacitance val-
ues and their error deviation for different parameters are
calculated and simulated. The theoretical calculations and
simulated results show that the error deviation with respect
to the previous models is not accurate for different param-
eters such as the beam height, beam thickness, dielectric
thickness, number of holes, hole dimension, and ligament
efficiency. Compared with the existing models, the error
percentage is acceptable at almost every parameter variation.

VOLUME 6, 2018 27033



K. S. Rao et al.: Generalized Capacitance Model of RF MEMS Switch by Considering the Fringing Effect

FIGURE 12. Up-state condition of the perforated switch in terms of µ with
respect to dielectric thickness for beam thickness 1 µm (a) Yang model;
(b) Mejis model; (c) Proposed model.

This proposed model shows good accuracy with respect
to the beam thickness of 1-2 µm with an error estimation
of ±5%.

FIGURE 13. Up-state condition of the perforated switch in terms of µ with
respect to the dielectric thickness for beam thickness 2 um: (a) Yang
model; (b) Mejis model; (c) Proposed model.

IV. CONCLUSION
This report presents a comparative study of the error
performance analysis of the proposed capacitance model,
Yang capacitance model and Mejis model for the shunt
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capacitive switch with consideration of the fringing effect.
All presented models are validated with the FEM tool
and a wide range of variations, including the airgap
between the electrodes, thickness of the dielectric, liga-
ment efficiency and beam thickness in the up-state of the
switch.

In this paper, a new analytical model for the parallel-
plate capacitance has been proposed, and the fringing-field
capacitance has been adopted from the modified Yang and
Mejis models. Only 0.2% error is obtained with ligament
efficiency µ = 0.416. The proposed model shows good
accuracy with the simulated model for the range of ligament
efficiency of 0.7 > µ > 0.45 and beam thickness 1 µm
< tb < 2.5 µm; the error is ±5% for the Up-state condition
of the switch. he values of the proposed model and existing
Mejis model are co-related at few parameters. The existing
Yang model shows good accuracy with a higher air gap
and more holes on the beam. Mejis model appears to be
good under opposite conditions of Yangmodel. The proposed
model shows acceptable accuracy with various parameters.
Finally, we conclude that the proposed model is sufficient
with lower air gap, lower di-electric thickness, higher beam
thickness and more holes with less dimension. This ana-
lytical model is suitable for the analysis of the MEMS
shunt capacitive switch in a given range with acceptable
accuracy.
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