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Abstract This paper presents a dielectric material selec-

tion methodology for RF-MEMS switch used for radio

frequency applications. Here Ashby’s material selection

approach is used to optimize the performance indices of

RF-MEMS switch such as dielectric charging, stability,

hold down voltage and RF performance. In this work,

dielectric constant (er), electrical resistivity (q), thermal

conductivity (k), thermal expansion coefficient (a),

Young’s Modulus (E) are chosen as material indices of

dielectric layer in RF-MEMS switch to evaluate the various

performance indices. The Ashby’s material selection charts

shows that Al2O3 and SiN are the best suitable material for

dielectric layer in RF-MEMS switches to exhibit improved

performance for radio frequency applications.

1 Introduction

With immense growth in the field of modern satellite

communication and radar communication, the demand for

reconfigurable communication devices is always essential.

Therefore, the reconfigurable antennas (RA) have received

significant attention in satellite communication because a

single RA is capable of altering its radiation pattern char-

acteristics as per different geographical coverage. Recent

advancements in MEMS based RF switches offer less

mass, reduced size, improved RF performance (insertion

loss and isolation) at GHz frequencies and low RF power

handling capabilities (Yao et al. 1999; Jung and Lee 2006;

Jung et al. 2008; Vinoy and Vardan 2001). These MEMS

based RF switches are widely used in satellite RA to

change their radiation pattern coverage area by changing its

geometrical structure for various frequency bands. Satel-

lite-based RA are generally developed with RF-MEMS

capacitive switch based fed-networks due to their low

insertion loss and low power requirements as compared to

semiconductor switches (PIN diode & FET) (Muldavin and

Rebeiz 2000).

RF-MEMS capacitive contact switches are most critical

component in micro-electromechanical systems (MEMS)

devices for wireless applications. A RF-MEMS switch

utilizes mechanical movement of switch beam (MEMS

bridge) to attain an open or short circuit with transmission

line (Cetiner et al. 2010). When the switch beam is in up-

state, the CPW central conductor and switch beam creates

small capacitance, thereafter an applied RF signal trans-

mitted from one end to the other side of CPW. However,

the actuation voltage is applied on pull-down electrode, the

MEMS bridge touches the dielectric layer and RF signal in

GHz range blocked for further transmission (Jung and Lee

2006; Jung et al. 2008). Therefore the MEMS-bridge is

touched with dielectric layer having high dielectric con-

stant (er) and enables high capacitance to the ground

(Sharma and Gupta 2012). The RF-MEMS switch perfor-

mance significantly degraded due to less down-state

capacitance, when MEMS bridge and dielectric layer are

not perfectly smooth. Several researchers have proposed

the use of high dielectric-constant materials to gain a high

capacitance ratio with lower insertion loss and return loss

in down state position (Rebeiz 2003). Vinoy and Vardan

(2001) described a RF MEMS switch based pattern

reconfigurable fractal antenna design, and concluded that

thin dielectric layer of BST has impetus importance on
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isolation in on state and insertion loss in off state. A

detailed survey of different types of RF MEMS switches

based reconfigurable antenna have been made in various

articles, which indicates that these RF-MEMS switches

have slower response, limited RF performance and relia-

bility due to their dielectric charging mechanism.

Papaioannou (2010) described that dielectric material of

capacitive RF-MEMS switches increases the pull-out

voltage, which leads to stiction and device failure. Sharma

and Gupta (2012) described the various RF MEMS switch

design parameters, which improves the switch perfor-

mance, and these design parameters ultimately improves

the RA performance for beam scanning and pattern

reconfigurable antenna.

However, the major challenging part of RF-MEMS

switch design is choosing an appropriate dielectric material

for pattern reconfigurable antenna application (Sharma and

Gupta 2012; Rebeiz 2003; Papaioannou 2010). Several

material selection approaches have been implemented in

the past, the methodology for choosing the dielectric

material for RF-MEMS switches especially for reconfig-

urable antenna has not implemented. Ashby provides a

comprehensive material selection strategy with less com-

putation. So the Ashby approach is utilized in this work to

prefer appropriate dielectric layer material utilized for RF-

MEMS switch (Ashby 1999).

In this research work the possible dielectric materials

utilized as dielectric layer in fixed–fixed beam RF-MEMS

capacitive shunt switch are SiO2, SiN, Al2O3, AlN, ZrO2,

HfO2, TiO2, BST, Ta2O5 (Muldavin and Rebeiz 2000;

Cetiner et al. 2010; Rebeiz 2003; Papandreou et al. 2008).

Here, the basic dielectric material indices such as dielectric

constant, Young’s modulus, electrical resistivity, thermal

conductivity, thermal expansion coefficient are considered

for Ashby’s approach.

The main objective of this paper is to show the out-

comes of our research on dielectric layer material selection

process. This paper is discussed as follows: The Ashby

material selection approach is described in Sect. 2. The

RF-MEMS switch design and performance are explained in

Sect. 3. Section 4 describes the performance indices

required for Ashby’s approach. Results and discussion are

explained in Sect. 5, and at last Sect. 6 concludes the study

of dielectric layer material selection.

2 Ashby material selection approach

The Ashby material selection strategy suggests how to

characterize the appropriate material for desired perfor-

mance depending upon their attributes (mechanical, elec-

trical and thermal properties of the material). A design

demands a certain profile of these attributes. The

identification and short listing of these attribute profile will

be done by screening and ranking (Ashby 1999).

Ashby material selection approach involves five steps, as

illustrated in Fig. 1. In the first step of the design require-

ment for a structural component will be derived based on

function, objectives and constraints. The next step of Ashby

methodology shows that the immense wide choice is nar-

rowed, first by applying property limits which screen out the

material which cannot meet the design requirements. Fur-

ther narrowing is achieved by ranking the candidate based

on their ability to provide best performance. Then the

detailed supporting information for each shortlisted candi-

date provides the final choice of material (Parate and Gupta

2011). Material indices a combination of material properties

which maximize the performance of a component for a

given requirement. These material indices are derived from

the design requirement for a device through an analysis of

function, objectives and constraints. A performance index is

group of material properties which governs some aspect of

the performance of a component. A material selection using

performance indices is best achieved by plotting one

material property on each axis of material selection

chart (Reddy and Gupta 2010). The design properties of a

device can be considered in mathematical model to define

All Possible Materials

Derivation of Property limits and 
Material Indices

(Analysis of Function, Objectives and 
constraints)

Screening based on property limits
(Screen out the material which cannot 

meet the design requirement)

Ranking: Apply Material Indices

(The candidate which have ability to 
maximize the performance)

Supporting Information

(To find the detailed profile of the 
selected candidate)

Prime Candidates

Final Material choice

Fig. 1 Material selection chart
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the performance of considered material. Here the perfor-

mance of device is expressed through functional require-

ments, geometric properties and material indices. The

performance of device is described by

P ¼ f ½ðFGMÞ� ð1Þ

Here P expresses the optimized performance of a device

and f shows the function of the functional requirement (F),

geometrical properties (G) and material indices (M)

respectively. The device performance may be defined in

separate function of F, G, and M as follows.

P ¼ f1ðFÞf2ðGÞf3ðMÞ ð2Þ

Therefore the device performance may be enhanced for

all functional requirements (F) and geometrical properties

(G) through optimizing the appropriate material indices by

using various plots with axis corresponds to different

material indices (Reddy and Gupta 2010). Here it is

required to identify important key attributes of dielectric

layer material, used in RF-MEMS switch. In this investi-

gation only functional requirements are considered for

various dielectric material properties (indices). Here the

device performance is described by

P ¼ f1ðFÞf2ðMÞ ð3Þ

In this study following attributes have been considered

for dielectric layer material.

• Functional requirements f1(F): Hold down voltage (Vh),

dielectric charging, dielectric stability, RF

performance.

• Material Indices f2(M): dielectric constant (er), electri-

cal resistivity (q), thermal conductivity (k), thermal

expansion coefficient (a), Young’s Modulus (E)

3 RF-MEMS switch design and performance

RF-MEMS capacitive switch consists a thin metal mem-

brane ‘‘bridge’’ suspended over the center conductor of a

coplanar waveguide (CPW) and fixed at two ends to the

ground conductors of the CPW line as shown in Fig. 2a, b.

A dielectric layer is used to separate dc actuation volt-

age of the switch to that of CPW center conductor. When

the switch membrane is in up-state, the switch presents

small capacitance, and when it is in down-state due to the

applied actuation voltage, the switch experiences a high

capacitance (Yao et al. 1999; Rebeiz 2003).

Here, the major limitations of MEMS switch is charging

of dielectric layer during the on-state, thereafter the MEMS

bridge get sticks on the pull down electrode. This dielectric

charging arises due to the presence of dielectric layer,

which ultimately increases the pull out voltages thus leads

to stiction, device failure (reliability) and switch lifetime.

However, by choosing an appropriate dielectric layer

material the above mentioned limitations can be overcome

in the RF-MEMS switch. So that performance of RF-

MEMS switch can be optimized and improved with better

RF characteristics.

4 Ashby approach to the dielectric material
selection

The various dielectric layer material properties of RF

MEMS switches, such as dielectric constant (er), electrical

resistivity (q), thermal conductivity (k), thermal expansion

coefficient (a), Young’s Modulus (E) have been chosen for

Ashby’s approach. The dielectric material properties rela-

ted to the considered dielectric materials are shown in

Table 1.

4.1 Performance indices

4.1.1 Hold-down voltage

The capacitive RF-MEMS switch consists of pull-down

electrode and MEMS bridge, which acts as parallel plate

capacitor with a dielectric material. A low hold down

voltage is required to maintain the MEMS bridge in down

state position, when the mechanical restoration force is

smaller than electrostatic force. This hold-down voltage is

given as (Muldavin and Rebeiz 2000)

MEMS 
Bridge

L

Electrode
Thin dielectric
layer

W

Substrate

(a)

Ground 
Conductor

DC Bias

g

t

W

L

Electrode

(b)

Fig. 2 a Sketch of a typical RF-MEMS design with DC bias. b Sketch of a fixed–fixed capacitive beam model
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Vh ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2Ke

ee0A
ðg0 � gÞ gþ td

er

� �� �2
s

ð4Þ

Here Ke is equivalent spring constant of the MEMS

bridge; g0 is the gap between MEMS bridge and dielectric

layer; g is the height of the beam above electrode, e
accounts for the reduction in the parallel-plate capacitance

due to the roughness of the metal-to-dielectric interface; e0,

td, er, W and w are the permittivity of free space, thickness

of the dielectric layer, relative dielectric constant of the

dielectric layer, length of pull down electrode and width of

MEMS bridge respectively.

From Eq. (4), it is clear that the hold-down voltage

depends on dielectric material properties. Therefore, the

hold-down voltage can be reduced by a dielectric material

with higher dielectric constant.

Here it is observed that hold-down voltage is inversely

proportional to dielectric constant of the dielectric material.

So, the first material index (MI) related to the hold-down

voltage can be given as

MI1 ¼ 1
ffiffiffiffi

er
p ð5Þ

Therefore, the first performance index related to the

hold-down voltage can be given as

PI1 ¼ f
1

er

� �

ð6Þ

4.1.2 Dielectric charging

Second performance index is related to the charging of the

dielectric material. This dielectric charging mechanism can

be minimized significantly by choosing suitable dielectric

layer material having good electrical resistivity. After

removing the actuation voltage, the decay of polarization

can be given as (Papandreou et al. 2008)

PðtÞ ¼ PP � exp
�t

s

� �

ð7Þ

where PP is steady state polarization, t is the time duration

of electrical discharging and s is relaxation time constant

for electrical discharge which is given by (Gallot-Lavallee

2013).

s ¼ erq ð8Þ

where q and er are the electrical resistivity and dielectric

constant of the dielectric material respectively. From the

Eqs. (7) and (8), we can conclude that dielectric charging

can be limited through a higher rate of decay of polariza-

tion after removing the DC bias. Here it is clear that a

dielectric material with high electrical resistivity and

dielectric constant results in less dielectric charging. So,

the second material index is given by

MI2 ¼ q� er ð9Þ

Therefore, the second performance index related to the

dielectric charging can be given as

PI2 ¼ f ðq; erÞ ð10Þ

4.1.3 Stability

Third performance index is related to the stability of

dielectric layer material, ultimately it improves the relia-

bility of the RF-MEMS switch with longer switch opera-

tion. The dielectric layer stability can be characterized

through dielectric rigidity and dielectric breakdown. The

dielectric rigidity can be given as follows (Rebeiz 2003)

G ¼ E

2 1 þ tð Þ ð11Þ

Table 1 Dielectric material properties of the considered materials (Yao et al. 1999; Rebeiz 2003; Papaioannou 2010; Papandreou et al. 2008;

Gallot-Lavallee 2013; Smith 2011; Nirmal et al. 2013; Luo et al. 2006; Kar 2013)

Material

code

Dielectric

material

Dielectric

constant (er)

Electrical resistivity

(q) (X - m)

Thermal conductivity

k (W/m–K)

Thermal expansion coefficient

(a) (10-6 (�C) - 1)

Young’s

modulus E (GPa)

A SiO2 3.9 1 9 1014 1.4 5.6 71

B SiN 7 2 9 1014 29 3 304

C Al2O3 10 1.4 9 1014 39 7.4 380

D AlN 9.14 1.1 9 1014 16 7.7 330

E HfO2 25 9 9 1013 1.1 6 57

F Ta2O5 22 1 9 107 8 6.3 140

G TiO2 80 1 9 1012 11.7 9 230

H BST 800 10 12 9.4 1000

I ZrO2 25 1 9 1011 3.9 9.2 200
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where E is young’s modulus and t is Poisson’s ratio of

dielectric material. From the Eq. (11), it is observed that

dielectric rigidity is directly proportional to young’s mod-

ulus of dielectric material. From Eq. (11), we can infer that

a dielectric layer material with higher value of young’s

modulus provides a higher dielectric rigidity. So third

material index can be given as

MI3 ¼ Eð Þ ð12Þ

The stability of dielectric layer is also significantly

affected due to the thermal stress of the layer. The thermal

stress is that stress, which occurs in a dielectric layer due to

its temperature change through self-heating when DC bias

is applied for longer duration. Thermal stress in dielectric

layer can be given as (Sharma and Gupta 2012)

Dr ¼ E aDT ð13Þ

where a is the thermal expansion coefficient and DT is the

temperature change of the dielectric material. However the

expansion and contraction of dielectric layer can be pre-

vented through the thermal expansion coefficient (a) of the

dielectric layer material. From Eq. (13), we can infer that a

lower thermal expansion coefficient provides the less

thermal stress in dielectric layer. So fourth material index

can be given as

MI4 ¼ að Þ ð14Þ

From Eqs. (11) and (13) it is clear that for lower value

of a and higher value of young’s modulus (E) must be

significant (neither to low nor to high) to provide better

dielectric stability (rigidity) and less thermal stress.

In down state position of MEMS bridge, the Pull-down

electrode and MEMS bridge exhibit the electrical coupling

and stray capacitance. Therefore the dielectric layer should

have good thermal conductivity (k) to drain away the heat

to improve the switch life time. So fifth material index can

be given as

MI5 ¼ kð Þ ð15Þ

Therefore, the third performance indices related to

dielectric layer stability can be given as

PI3 ¼ f ðE; a; kÞ ð16Þ

4.1.4 RF Performance

RF-MEMS switch radio frequency performance is char-

acterized by electrical parameters (C–L–R) of RF-MEMS

switch through S-parameters in up and down state of

MEMS bridge. These S-parameters S11 and S21 represents

the return loss and insertion loss in down state position

with return loss and isolation in up-state position respec-

tively. In RF-MEMS switch inductance is majorly depends

on the current distribution on the portion of the bridge over

CPW gap not depends on the portion of the bridge over the

central conductor of CPW. Hence the dielectric layer sit-

uated over the pull down electrode does not play any role in

inductance of the RF-MEMS switch. Similarly the resis-

tance of the RF-MEMS switch is majorly contributed

through the bridge resistance (Rebeiz 2003; Sharma and

Gupta 2015). Therefore out of these electrical parameters

only capacitance in down state plays an important role for

dielectric layer material in RF-MEMS switch. These S-

parameters S11 and S21 in down state position can be

improved sufficiently through down-state capacitance (Cd)

by choosing suitable dielectric material. The MEMS switch

down-state capacitance can be given as (Sharma and Gupta

2014)

Cd ¼ e0erA

td
ð17Þ

where e0 is the permittivity of free space, A is capacitive

area between MEMS bridge and pull down electrode and

er, td are the dielectric constant and dielectric layer thick-

ness of thin dielectric layer. The use of high dielectric

constant material improves down-state capacitance which

further improves capacitance ratio. Therefore, the high

capacitance ratio allows the fabrication of very small RF-

MEMS capacitive shunt switches with high isolation and

less insertion loss (Sharma and Gupta 2015)

Therefore, sixth material index related to RF Perfor-

mance of dielectric material can be given as

MI6 ¼ er ð18Þ

Therefore, the fourth performance index related to the

RF performance in dielectric material can be given as

PI4 ¼ f ðerÞ ð19Þ

5 Results and discussion

The optimal performance of dielectric layer varies with

different material indices. The various material indices are

plotted with respect to each other to optimize different

performance indices. These material selection plots are

used to identify the best candidate for dielectric layer

material in RF-MEMS switches and also used to find the

trade-offs between the contrary material indices.

Figure 3 shows the plot between electrical resistivity (q)

and thermal expansion coefficient (a) for all possible

dielectric materials. It is considered that a dielectric

material with high value of electrical resistivity and low

value of thermal expansion coefficient is suitable to mini-

mize the dielectric charging and stability. From the plot it

is observed that material B followed by A shows the high

Microsyst Technol (2018) 24:1803–1809 1807
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value for electrical resistivity ([[1014) with least value of

thermal expansion coefficient as compared to other con-

sidered materials. Hence material B followed by A can be

better choice to improve dielectric layer charging and

stability of RF-MEMs switch.

Figure 4 shows the variation of Young’s Modulus

(E) with respect to thermal conductivity (k). From

Sect. 4.1.3 it is concluded that a dielectric material with

high value of Young’s Modulus (E) and thermal conduc-

tivity (k) improves the dielectric stability and switch life

time with improved switching speed. From the plot it is

observed that there is trade-off between the material H and

C followed by B. Because material H shows a higher value

of Young’s Modulus (E) with lower value of thermal

conductivity (k), but material C followed by B shows a

higher value of k and lower value of E. Here material H is

discarded due to low passion ratio (m), which ultimately

reduces the dielectric stability given in Eq. 10 with extre-

mely low value of k as compared to material C and B.

Therefore it can be concluded that material C followed by

B are best suitable material to improve the switch stability

for longer lifetime.

Figure 5 describes the plot of Young’s modulus

(E) versus thermal expansion coefficient (a) to improve the

dielectric stability. Here it is observed that material B

followed by C shows low value of thermal expansion

coefficient and optimum value of young’s modulus. Here

other material are not considered due to their high thermal

expansion coefficient or their extremely low (\\100)

Young’s Modulus (E).

Fig. 3 Electrical resistivity (q) versus thermal expansion coefficient

(a) for considered materials

Fig. 4 Young’s modulus (E) versus thermal conductivity (k) for

considered materials

Fig. 5 Young’s modulus (E) versus thermal expansion coefficient (a)

for considered materials

Fig. 6 Thermal expansion coefficient (a) versus thermal conductivity

(k) for considered materials

Fig. 7 Thermal conductivity (k) versus dielectric constant (er) for

considered materials
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Figure 6 shows the plot between thermal expansion

coefficient (a) and thermal conductivity (k). This plot

shows that material B followed by C are the best possible

material to reduce the thermal stress and heating effect in

order to improve the switch life time. Here materials B and

C are considered due to better k as compared to other

considered materials.

Figure 7 shows the plot between dielectric constant (er)

and thermal conductivity (k).

From the plot it is observed that there is a trade-off

between material H and C. Because material H shows a

higher value of dielectric constant with a lower value of

thermal conductivity, however C shows higher value of

thermal conductivity with lower value of dielectric con-

stant. Here material H will not be suitable choice to

improve RF performance due to high dielectric constant,

which increases surface wave losses at higher microwave

radio frequencies (Muldavin and Rebeiz 2000; Sharma and

Gupta 2015).

So in order to fulfill the desirable criteria of dielectric

material for RF-MEMS switches, the results shows that C

(Al2O3) is the best possible material followed by B (SiN) of

all possible material taken into consideration for four per-

formance indices. SiN is the most suitable dielectric layer

material used in RF-MEMS switches due to their low

temperature deposition, which significantly improves

switch life time with reduced dielectric charging for RF

application. In order to validate the outcome of this study,

the results are compared with experimental results of var-

ious researchers and found the confirmation of this study

(Papandreou et al. 2008; Pacheco et al. 2000).

6 Conclusion

Dielectric material selection Ashby’s methodology for RF-

MEMS capacitive switches has been discussed in this

paper. Here four performance indices based on various

dielectric material indices are considered to improve the

RF-MEMS switch stability and lifetime. Based on material

indices selection chart, it is observed that Al2O3 and SiN

are the best possible dielectric material for RF-MEMS

switches to obtain better life time and stability with

improved dielectric charging in reconfigurable antenna

application.
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