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Abstract

The performance of radio-frequency microelectromechanical systems (RF-MEMS) is based on the material and geometry
of the switching device. The first step of any design process is material selection. Thus, this work is directed towards select-
ing the best materials for the actuating layer and dielectric of RF-MEMS capacitive switches. Material selection is aimed
at increasing the switching speed and power handling of the MEMS switch. TOPSIS (Technique for Order of Preference by
Similarity to Ideal Solution) and VIKOR (Vlsekriterijumska Optimizacija Kompromisno Resenje) decision-making tech-
niques are utilized to select suitable materials for the structural and dielectric layers. The material indices for selecting the
optimum dielectric are relative permittivity, resistivity, thermal conductivity, Young’s modulus (YM) and thermal expansion
coefficient (TEC). For the structural layer, the YM, thermal conductivity, TEC, melting point (MP) and density-to-YM ratio
are selected as material indices. Results obtained from TOPSIS and VIKOR are validated by simulating the electromagnetic
and electromechanical characteristics of the shunt RF-MEMS capacitive switch. Investigation and validation results show
that graphite and Al,O; are the best materials for the switch structure and dielectric, respectively, to ensure high switching
speed, with a pull-in time of 15.2 s, release time 6.53 ps and high potential for power handling, with self-actuation power of
27.1 W. The simulated switch is found suitable for X and Ku band applications, offering insertion loss of less than —0.7 dB

and isolation greater than —20 dB.

Keywords Dielectric - FEM - MADM - Pull-in voltage - RE-MEMS - Switching speed

1 Introduction

Today, radio-frequency microelectromechanical systems
(RF-MEMS) are at the cutting edge of technology, as they
offer wideband operation with good RF performance. These
devices find wide application in RF components and systems
design, wireless sensor networks, biomedical fields, defense
and satellite communication [1]. Devices based on RF-
MEMS technology can extend their performance and pro-
ductivity by using MEMS components in the design. MEMS
devices have the unique ability to perform both mechanical
and electrical operations. Among various MEMS devices,
the RF-MEMS switch is the basic component employed in
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almost all wireless communication systems. RF-MEMS
switches have replaced nearly all the existing common
switches such as PIN diodes, field-effect transistors (FET)
and tunnel field-effect transistors (TFETs) due to their
unique electromechanical functionality [2, 3]. Solid-state
switches consume more power, while RF-MEMS switches
show outstanding RF performance and low power con-
sumption, along with their small size. However, RE-MEMS
switches suffer from lack of reliability, high power handling
capability and switching speed [4]. Much research has been
conducted to deal with these issues, and studies suggest that
these can be remarkably improved. To improve switching
speed and RF power handling with better electromagnetic
and electromechanical performance of switches, careful
selection of the material for different components is critical.
Different material selection methodologies have been devel-
oped where suitable material properties for the desired per-
formance are derived to select the best material out of a pool
of materials. TOPSIS (Technique for Order of Preference by
Similarity to Ideal Solution) and VIKOR (Vlsekriterijumska
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Optimizacija Kompromisno Resenje) [5—7] are the two most
common quantitative techniques which provide direct rank-
ing of the materials for various components of the device.
There are a variety of RFE-MEMS switches categorized based
on their switching structure movement and arrangement,
contact type and actuation applied. In the present work, a
shunt RF-MEMS capacitive switch with an electric actuator
is analyzed. The main components of a capacitive MEMS
switch determining its performance are the switching struc-
ture and dielectric layer. Figure 9 shows the conventional
design of a shunt capacitive RF-MEMS switch [8].

A shunt RF-MEMS capacitive switch is formed by a sub-
strate, generally of silicon or glass material, followed by
a SiO, insulating layer over which a coplanar waveguide
(CPW) transmission line is formed. A thin dielectric layer
is deposited on the central conductor line of the CPW, which
is responsible for the capacitive action of the switch. After a
gap of a few micrometers (0.5-5 um), the structural layer is
hung using meanders and anchors made of the same mate-
rial. This structural layer performs the on and off action
when the switch is actuated by applying a biasing voltage
between the signal line and structural layer. Normally, in
the absence of bias, the switch is in the on position and the
signal line allows the signal to be transmitted from one port
to another port. When actuation voltage is applied between
the RF line and actuating membrane, an electrostatic force
develops as a result of capacitive action, and the bridge col-
lapses on the dielectric layer and provides a ground path to
the incoming signal. This turns the switch off, as the sig-
nal flow through the transmission line is interrupted by the
bridge. Here, it is clear from operation of the switch and
from the literature that a two-component dielectric layer and
switching element is most effective in improving switch per-
formance. In the process of material selection, material indi-
ces are the basic building blocks of all the multiple-criteria
decision-making (MCDM) techniques. For the dielectric
layer, a material with high Young's modulus (YM) ensures
a highly rigid structure which can be maintained longer with

Structural Layer

Meander
< Anchor Vbias (I) Gap (g,)
Ground Signal Line Ground

Substrate

Fig. 1 Shunt capacitive RF-MEMS switch

high-power RF signals, high dielectric permittivity increases
the capacitance ratio and thereby improves the RF response,
high resistivity results in lower dielectric charging and
leakage currents, and high thermal conductivity and a low
thermal expansion coefficient (TEC) make the design more
robust under high-power operations [9]. Similarly, high YM,
thermal conductivity and melting point (MP) and a low TEC
value of the material for a structural layer are required to
avoid spring softening, self-actuation and thermal runaway
problems when the switch deals with high RF power signals.
A low value for the ratio of density-to-YM for a structural
layer material is desired to keep switching speed high [10].
Therefore, accordingly, these performance parameters are
selected as material indices for the dielectric and structural
layers to enhance the RF signal power handling and switch-
ing speed. With a brief introduction in the first section,
this paper is organized as follows: Section 2 discusses the
multiple-attribute decision-making (MADM) techniques of
material selection and Sect. 3 covers the material database
and indices selected for the dielectric and structural layers.
Section 4 contains the results of material selection method-
ologies, and verification of these results is presented through
the electromagnetic and electromechanical analysis of the
switch. The conclusion is presented in Sect. 5.

2 Material selection methods

Material selection is a systematic process that requires
complex steps, as material for each component has differ-
ent properties. MCDM methodologies offer many tech-
niques based on providing a solution by analyzing the
selected properties of multiple materials to improve the
device performance in the desired manner. In this paper,
two very simple and effective quantitative approaches,
TOPSIS and VIKOR, are used.

2.1 TOPSIS approach

TOPSIS is a technique that follows a principle in which the
material closest to a “positive ideal solution” (Apg) and
farthest from a “negative ideal solution” (Ay;g) is kept at
position 1 [11]. A list of all possible suitable materials is
created, and material indices are selected to form a funda-
mental decision matrix. Weights are calculated and multi-
plied with a normalized decision matrix. From this matrix,
on the basis of cost and benefit, criteria Ap;g and Ay;g are
determined. Finally, closeness to the positive ideal solu-
tion (Ci) is calculated, and based on this, rankings are
assigned to the materials. Ci is given as
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'T Qiw

ey
where Qy, is the distance of the criterion from Apg and Q,,
is the distance of the criterion from Ayyg. A step-by-step
detailed mathematical flow of TOPSIS and Eq. (1) can be
found in the literature [5, 6, 9-11].

2.2 The VIKOR method

VIKOR, developed by Serafim Opricovic, is a MADM
method for the optimization of material selection using a
compromise solution [12]. This technique is more effective
as it also considers the impact of the relative distance of
an attribute from Apg and Ayyg, and in the end, it provides
compromise solution sets. Most of the basic steps in TOPSIS
and VIKOR are the same, such as formation of the decision
matrix, normalization and weight determination. VIKOR is
also known as a modified version of TOPSIS. The process
steps of VIKOR have been explained in detail in [5, 6, 9-13].
Ultimately, VIKOR also provides direct ranking of the mate-
rials on the basis Qi (quotient) matrix and also calculates the
compromise solution if the performance of two attributes is
found to be very close to each other. Both methods converge
to the same results and thus help to select the best material
out of a pool of materials.

3 Material database and indices

A material data set of the 15 most commonly used metals
for the structural layer and 10 dielectrics for the dielectric
layer were selected from the literature [1, 5-10, 14-16]
and are listed in Tables 1 and 2. A state-of-the-art review
of materials, MCDM methods and fabrication techniques
was reported in [1]. The authors screened out Al, Au and
Cu, using the Ashby method for low pull-in voltage and
RF losses at high frequencies. These materials were found
suitable at high temperature for longer lifetime. The authors
also determined that AIN, Al,O; and Si;N, were the pre-
ferred choice for fabricating a stiction-free, reliable switch
with longer lifetime. The authors in [5] reported TiO, as the
best dielectric material for low-power applications and AIN
for high-power applications on the basis of Ashby, TOPSIS
and VIKOR algorithms. Using the same algorithms with
criteria of pull-in voltage, RF loss, thermal conductivity and
displacement, Au, Al and Cu were described as the best
materials in the literature [6, 14]. However, Au is costly and
not suitable for commercial applications. Recently [7], Au
and Al,O; were found to be the most preferred choice for
the bridge and dielectric of a high-performance switch in
the frequency range of 50-100 GHz. Furthermore, TiO, [9]
was observed as the best material out of a list of materials,
based on capacitance ratio, leakage current, heat dissipa-
tion and thermal expansion. In [10], the authors analyzed
different materials using TOPSIS and VIKOR and recom-
mended tungsten and iridium as the most suitable for high-
power RF-MEMS switches. The study is focused on a sin-
gle domain (high power); however, RF-MEMS switches are

Table 1 Structural layer

. . . Materials  Young’s Thermal conduc- Thermal expansion Melting point (K) Density/YM
.mat.erlals with corresponding modulus tivity (W/m-K)  coefficient 10°% m/ (g cm’/GPa)
indices values [1, 6, 7, 10, 16] (GPa) (m K))

Graphene 1000 165 4.8 3970.15 0.002267

Rh 380 150 8 2237 0.032657895
Fe 211 73 9.71 1811 0.037317536
Au 79 315 14 1336 0.244303797
Cu 117 386 16 1357 0.076581197
Ag 83 407 19 1234 0.126385542
Al 70 237 21 933 0.038571429
w 411 163 4.5 3673 0.046836983
Ir 525 147 6.4 2739 0.042971429
Ru 447 120 9.1 2607 0.027852349
Co 209 69 12 1768 0.042583732
Pt 168 71.6 8.8 3221 0.127678571
Mo 329 143 5 2893.15 0.031246201
Sn 16 354 22.5 1042.15 0.16875

Re 463 48 6.2 3459 0.045399568
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Table? Dic?lectr ic lefyer . Materials Dielectric Resistivity ~ Thermal conduc-  Thermal expansion coef-  Young’s
materlals with corresponding permittivity (Q m) tivity (W/m K) ficient 10~° m/(m K)) modulus
index values [1, 5, 7, 9] (GPa)

Si;N, 7 10% 29 3 304

AlL,O;, 8.4 10% 39 7 378

Si0, 4.1 10 1.4 2.3 100

HfO, 25 107 1.1 6 57

TiO, 80 10'° 11.7 9 230

7r0, 22 10%° 2.2 12.2 200

AIN 9 10" 140 4.5 330

STO 29 108 36 3.8 150

ZnO 8.5 10" 60 5.3 40

Ta,05 25 101 54.4 6.4 186
truly multidisciplinary in nature. Thus, optimum material Pipu = ViF /Zo )
selection would not reflect the clear-cut selection of materi-
als. Sawant et al. in [15] analyzed different materials using 5
the Ashby technique and selected a contact material for RF-  Pseit = Voyi_in/Zo (3)
MEMS switches for high-power applications. It has been .. . .

grp PP where Py, is input power, P is self-actuation power, Z,

reported that because of its high elastic modulus, hardness,
electrical resistivity and MP, graphene is preferred over Au
and rhodium. In the above-discussed papers, materials are
selected based on their parameters of interest according to
the specific applications. Thus, in the present work, the pool
of materials was formed by collecting materials from the
literature, and then selection of the best materials was per-
formed and verified under conditions of optimized power
and speed.

3.1 Material indices for the structural layer

Five material indices were selected for the structure of the
RF-MEMS switch in order to increase its power handling
capability and switching speed.

3.1.1 Power handling capability

A RF-MEMS shunt capacitive switch is capable of handling
a certain amount of RF power, and if this power is sufficient
to provide a voltage equal to or greater than the pull-in volt-
age of the switch, then a phenomenon called self-actuation
occurs. Under this condition, the actuating electrode will
establish a connection with the signal line without apply-
ing any actuation voltage to the device. In order to omit
false actuation, the self-actuation power must be increased
to a level such that the RF signal power will not be able to
provide sufficient actuation voltage to the switch [17]. Math-
ematically, input power corresponding to self-actuation can
be calculated as

is the characteristic impedance of the CPW line and Vg is
the root-mean-square value of the RF signal. It is clear from
Egs. (13) and (14) that the self-actuation power should be
increased more than the input signal power to minimize the
possibility of false actuation. Appropriate switch materi-
als, which may result in higher pull-in voltage and have the
thermal conductivity, TEC and MP to withstand high-power
operations, can serve the desired objective of enhancing the
power handling. Further, this can be done by selecting suit-
able parameters as material indices in MCDM techniques.
These indices are given as follows:

1. Pull-in voltage is a key parameter of the electrostatic
switch [18], which is shown in Eq. (3). It depends upon
the amount of power a switch can handle. In the case
of high power handling, when a high-frequency signal
passes through the CPW line, high pull-in voltage is
required to avoid false actuation of the switch. Pull-in
voltage is a function of material parameters as well as
structural parameters as can be seen in the equation
given below:

8kd’
= 4
=\ 2764 @

where k is the spring constant, d is the distance between
the metallic structure and micro-actuator, €o is the die-
lectric constant of free space and A is the area of the
plates in the switch. It is clear from the expression that
here the parameter under control is k, which is directly
proportional to YM. Thus, to determine the impact of
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power handling on the structural layer of the switch, the
first index of interest, Mlg,, is YM denoted by E.

2. Whenever a device has to handle high power, parameters
that deal with heat play a very important role. One such
parameter is thermal conductivity (1), which is respon-
sible for the conduction of heat through the material. It
ensures a longer device lifetime under the condition of
high power. When heat is generated in the structure, it
should flow away from the device immediately without
affecting its performance [7, 19, 20]. For this purpose,
the conduction of heat through the material should be
very high. Hence, 4 is selected as the second material
index, Mlg,

3. Under the impact of high-power signals, many times the
thickness of the material changes due to thermal stress.
This is not desired for any of the devices. The heating
effect due to dc bias causes thermal stress, which may
also result in breakdown and poor stability. It has been
found in the literature [5, 9, 21] that thermal stress is
directly proportional to the coefficient of thermal expan-
sion (a). Thermal stress can be easily reduced by using
a material with a very low expansion coefficient [22].
Thus, the third material index, Mlg;, is a.

4. For high-power RF signals, the temperature of the metal-
lic membrane increases. To handle this high tempera-
ture, the MP of the metallic membrane should be maxi-
mal [10]. Thus, MP is selected as the fourth material
index, Mlg,.

3.1.2 Switching time

Large switching time is again an important issue to be
addressed. Because of the involvement of mechanical func-
tionality, RF-MEMS shunt switches lack speed and need
further research and development in this area. The switching
speed of the MEMS switch depends on various mechanical
and electrical parameters, including the natural frequency of
the device, spring damping, and pull-in and applied voltage.
Therefore, in MCDM techniques, speed is also considered
as a criterion, and the corresponding parameter of interest is
selected as a material index. Switching time is the total time
taken by the structural layer to collapse on the dielectric layer
(pull-in time) and return to its initial state (release time). The
smaller the value of pull-in and release time, the greater the
speed of switching [14, 19, 23]. The pull-in time of the mem-
brane is given as

3.67 g

t, = 3.

P V.0, ©)
Vo [wdp

t =3.67—=

o v K (6)

S
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where I, w, t are the length, width, and thickness of the
bridge, p is the density of the membrane material, m is mass
of structure, Vjand Vg are pull-in voltage and switching volt-
age [14]. The equation to calculate the release time is given
as

L=z N

where f is the natural frequency of the switch. Here, switch-
ing time is a direct function of the density of the material
and is an inverse function of k. Furthermore, k is a direct
function of YM. Thus, #/ (ratio of material density to YM)
is taken as the fifth material index, Mlgs.

3.2 Material indices for the dielectric layer

Material selection for the dielectric layer was performed
by considering the criteria of increasing power handling
and improving RF response. Five material indices were
selected using corresponding performance parameters.
These are given as follows:

1. Insertion loss and isolation are the two main param-
eters responsible for good RF response. These can be
expressed in terms of up-state and down-state capaci-
tances of a RF-MEMS capacitive switch, as given
below:

Up-state capacitance (insertion parameters)

c = EA £ A
£

where ¢, is the dielectric constant for vacuum, ¢, is
dielectric permittivity, A is the overlap area of the
membrane and central conductor, gl is the gap between
the dielectric and bridge, and t, is the thickness of the
dielectric [24]. The up-state capacitance should be low
to obtain low insertion loss. Then the down-state capaci-
tance (isolation parameters) [25]
c,= £,6.A
td

€))

A high down-state capacitance is required to obtain
high isolation. The overall RF response is defined in
terms of the capacitance ratio, which is defined as

_as

C.. =
ratio td (10)

From the above equation it is clear that material with
a high dielectric constant is desired to improve the RF
response of the switch.
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Furthermore, it reduces the hold-down voltage, and
thus lower dielectric charging occurs, which also elimi-
nates the sticking problem and increases the reliability
of the switch. The hold-down voltage can be given as [7]

2
2K td
Vi = lfofj“ (0 —8) + <g+ :) ] (11

T

Based on these facts, €, is selected as the first material
index, MID1, for the dielectric.

2. In the case of capacitive switches, when actuation volt-
age is applied, the dielectric material starts charging.
Then, as soon as actuation is removed, decay of polari-
zation P(t) occurs. This is given as [5, 26]

P()=P, - exp <—£) (12)

Equation (12) shows that polarization decay depends
upon P, (polarization in steady state), t (discharging
time of capacitor) and t (relaxation time constant for
electrical discharge). Relaxation time constant further
depends on dielectric permittivity (g, ) and resistivity (p)
of dielectric material. This can be seen from the equa-
tion given below:

T=6.p (13)

The decay of polarization should be low in order
to minimize dielectric charging and leakage current.
However, high resistivity will increase the relaxation
time constant, which will further decrease P(t). Thus,
a dielectric with very high resistivity (p) is desired to
reduce the leakage which may cause stiction in switches.
In the case of high-power RF signals, there is a greater
possibility of stiction due to dielectric charging. Thus,
under this condition, high-resistivity materials will lead
to good power handling capability. Thus, p is selected as
the second material index, MID2.

3. High-power RF signals flowing through a device gener-
ate heat. In such cases, heat should flow away from the
device. For this, the thermal conductivity of the materi-
als used in the device should be high. The higher the
thermal conductivity, the greater the heat transfer and
lower the effect of temperature, which also enhances the
life of the system. Thus, for longer lifetime [24], thermal
conductivity (A) is also considered one of the material
indices, Mlyy;, for the dielectric layer.

4. Again, when a device deals with high power, heating
effects cause thermal stress, which may also result in
dielectric breakdown and poor stability [5, 7, 15]. There-
fore, TEC (w) is taken as an important material index,
MI,,,, for dielectric material selection.

5. High dielectric rigidity is a parameter required to boost
the power handling capability of devices [27]. It is given
as

E

e 14

where E is YM and v is Poisson’s ratio. A large value of
YM gives improved rigidity [28]. Thus, the fifth mate-
rial index, Mlys, for the dielectric is E.

This work deals with high power handling capability and
RF response; thus, all parameters taken as material indices
were equally preferred and were assigned equal weights of
W=[0.2,0.2,0.2,0.2,0.2].

4 Material’s analysis and verification

4.1 Material analysis of the structural layer
via MCDM techniques

After applying all the algorithmic steps discussed above on
the decision matrix, a ranking list is generated by TOPSIS
as shown below in Table 3, where Q;; is the distance of the
criterion from the positive ideal solution, Q;,, is the distance
of the criterion from the negative ideal solution and C; is the
calculated closeness to the positive ideal solution.

The result shows that graphene followed by iridium and
tungsten are ranked at the top position for high-power-han-
dling and high-speed applications. All of these materials
have high values of YM, MP and thermal conductivity, and
very low values for TEC and switching time (density/YM).

Table 3 TOPSIS result for high power and high speed

Materials Qip Qi C; Rank
Graphene 0.0614 0.2103 0.7740 1
Rh 0.1132 0.1424 0.5571

Fe 0.1450 0.1269 0.4668 9
Au 0.1919 0.0799 0.2941 14
Cu 0.1435 0.1301 0.4755 8
Ag 0.1614 0.1148 0.4156 12
Al 0.1616 0.1217 0.4295 11
W 0.1029 0.1538 0.5993 3
Ir 0.0976 0.1508 0.6071

Ru 0.1098 0.1462 0.5711

Co 0.1481 0.1205 0.4487 10
Pt 0.1567 0.0990 0.3873 13
Mo 0.1149 0.1493 0.5651 5
Sn 0.2076 0.0405 0.1631 15
Re 0.1187 0.1486 0.5560 7
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VIKOR similarly generates a ranking with a set of com-
promise solutions. These are shown in Table 4, where U;,
R; and Q; represent utility, regression and quotient matri-
ces, respectively. VIKOR confirms the result generated
from TOPIS by assigning almost the same ranking to the
materials, as shown in Table 4. Graphene is ranked at the
first position, followed by tungsten and iridium. VIKOR
also provides a range of solutions which lie under the
minimum distance criterion condition of VIKOR [9-13].
Power handling capability and speed are enhanced at the
same time. Both parameters rely on the common prop-
erty of the materials which is YM, as seen from Eqs. (4)
and (6). The three top-ranked materials by TOPSIS and
VIKOR are taken into consideration for simulation and
validation.

4.2 Material analysis of the dielectric layer
via MCDM techniques

A decision matrix [Xij];y.s Which contain ten materials
and five material indices, as shown in Table 2, is used for
the dielectric layer material selection in both the TOPSIS
and VIKOR algorithms. Results obtained from these tech-
niques are shown in Tables 5 and 6.

TOPSIS and VIKOR converge with Al,O5 at the first
rank, AIN at the second rank and TiO, at the third rank.
These materials are prioritized over others by assigning
high values of permittivity, resistivity, thermal conductiv-
ity and YM and a low value of TEC.

Table 4 VIKOR result for high power and high speed

Materials U; R; Q; Rank
Graphene 0.1336 0.1302 0

Rh 0.4425 0.1383 0.2517 5
Fe 0.5692 0.1798 0.6283 10
Au 0.7157 0.2000 0.8653 14
Cu 0.5520 0.1795 0.6154 8
Ag 0.6302 0.1864 0.7140 12
Al 0.6939 0.2000 0.8516 13
w 0.3074 0.1313 0.1168

Ir 0.3723 0.1399 0.2192 3
Ru 0.4289 0.1545 0.3589 6
Co 0.6044 0.1819 0.6658 11
Pt 0.5504 0.1805 0.6219 9
Mo 0.3789 0.1421 0.2388 4
Sn 0.9304 0.2000 1.0000 15
Re 0.3906 0.1932 0.6126 7

Table 5 TOPSIS result for dielectric materials with high power han-
dling capability

Materials Qi Qi G Rank
SizN, 0.2827 0.1199 0.2978 4
Al 04 0.1944 0.2312 0.5433 1
Si0, 0.3108 0.0966 0.2372 8
HfO, 0.2969 0.0739 0.1993 9
TiO, 0.2605 0.1697 0.3945 3
710, 0.3024 0.0583 0.1616 10
AIN 0.2498 0.1948 0.4382 2
STO 0.2645 0.1085 0.2909 5
ZnO 0.2836 0.0955 0.2519 7
Ta,05 0.2594 0.1023 0.2828 6

4.3 Material analysis of the dielectric layer
via finite element method (FEM) simulation
(electromagnetic response)

Material selection was performed using TOPSIS and
VIKOR considering different material properties for both
the structural and dielectric layers. To validate the tabu-
lated materials, the RF-MEMS shunt capacitive switch
was simulated using these materials. Electromagnetic anal-
ysis was performed on the Ansys HFSS (high-frequency
structure simulator) solver by employing graphite (a thick
layer of graphene, > 100 nm) for the structural layer and
the first three recommended materials from Table 5 or
6 for the dielectric layer. RF analysis is mainly used to
determine the impact of a dielectric material on insertion
loss, return loss and isolation. Scattering parameters S;,
and S, observed during the on-state of the switch are
called insertion and return loss, and during the off-state
S,, results in isolation. Results obtained for insertion loss,
return loss and isolation with the recommended dielectric
materials are shown in Figs. 1, 2 and 3, respectively. Al,0;

Table 6 VIKOR result for dielectric materials with high power han-
dling capability

Materials U; R; Q Rank
SizN, 0.6101 0.2000 0.7118 4
Al O, 0.4290 0.1887 0 1
SiO, 0.7640 0.2000 0.8918 7
HfO, 0.8096 0.2000 0.9451 9
TiO, 0.6077 0.2000 0.7089 3
71O, 0.8566 0.2000 1.0000 10
AIN 0.4599 0.2000 0.5361 2
STO 0.6493 0.2000 0.7576 5
ZnO 0.7642 0.2000 0.8920 8
Ta,0; 0.6646 0.2000 0.7755 6
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Fig.4 Isolation of MEMS capacitive switching for the three best die-
lectric materials

as a dielectric material of the switch provides an isolation
peak of —32.74 dB at 17 GHz. When AIN is used in place
of Al,Oj, an isolation peak of —32.53 dB is recorded at
18 GHz, and for TiO,, peak isolation of —31.69 dB is
observed at 6.5 GHz. From the above analysis, it can be
concluded that materials selected by TOPSIS and VIKOR
result in good and almost identical RF performance. These
performance parameters are summarized in Table 7. It is
observed that a RF-MEMS switch with dielectric materials
Al O3 AIN and TiO, shows good response for X and Ku
band applications.

4.4 Material analysis of the structural layer via FEM
simulation (mechanical response)

In mechanical analysis, the parameter of extreme impor-
tance is the spring constant (k). The switch is modeled as
a membrane with four supporting arms, and their spring
constant can be calculated using Eq. (15) as

EWr

k=4 3

as)

where E (1000, 525, 411 GPa) is the YM of structural layer
materials graphene, Ir and W, respectively, and W (10 um) is
the width of the spring, t (2 um) is thickness and L. (200 um)
is the length of the spring. Calculated spring constant val-
ues for graphite, Ir and W are 40, 21 and 16.44 N/m. From
the values of spring constant and density of the material,
the natural frequency of the device can be calculated using
Eq. (16) as

f=51/% (16)
z N m

where mass of structural part is calculated by multiplying

density (d) with volume (I X w Xt). Simulated and mathe-

matically calculated values of natural frequency are shown

in Table 8.

Shapes for dominant-mode eigenfrequencies are shown
for all three materials in Figs. 4, 5 and 6.

Analysis showed that the graphite switch, which had
the highest spring constant value, resonates at the highest
frequency, followed by Ir and W. Further, minimizing the
switching time is useful. It can be seen from Eq. (7) that
the release time is inversely proportional to the natural
frequency of the switch. The switch with the highest fre-
quency will result in minimum release time and will reduce
the overall switching time. The graphite switch with a fre-
quency of 39.1 kHz resulted in a very small release time
of 6.53 ps. The calculated and simulated results for natural
frequency converge, as shown in Table 8.
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Table 7 Simulated response

. . . Dielectric material
with top three selected dielectric

Insertion loss (dB)

Return loss (dB) Isolation (dB)

op thre (8—18 GHz) (8—18 GHz) (8—18 GHz)
materials using MCDM
methods A20, —0.29 to —0.73 ~17.10t0 —=10.35 —19.6 to —32.37
—32.74 (17 GHz)
AIN —0.29 to —0.73 ~17.09 to —10.32 ~18.61 to —32.53
-32.53 (18 GHz)
TiO, —0.29 to —0.75 -16.93 to —10.19 —31.14 to —23.77

—31.68 (6.5 GHz)

Table 8 Natural frequency analysis of the switch with different struc-

tural materials

Parameters Graphene  Iridium Tungsten
Natural frequency (calculated) 38.3 (kHz) 8.8 (kHz) 8.43 (kHz)
Natural frequency (simulated) 39.1 (kHz) 8.92 (kHz) 8.55 (kHz)
Pull-in time (calculated) 15.2 (us) 66.3 (us) 69.2 (us)
Release time (calculated) 6.53 (us) 28.4 (us) 29.7 (us)

Eigenfrequency=39111 Hz Volume: Total displacement (pm)

Fig.5 Graphene switch dominant-mode frequency

Eigenfrequency=8922.1 Hz Volume: Total displacement (um)

z
y\T/'X

Fig. 6 Iridium switch dominant-mode frequency

4.5 Material analysis of the structural layer via FEM
simulation (electromechanical response)

The electromechanical and mechanical response of the
switch is analyzed using the COMSOL Multiphysics tool.
Power handling and switching time are the functions of
the pull-in voltage and natural frequency of the switch which
depend upon YM and density of the structural layer material.

@ Springer

Eigenfrequency=8550.1 Hz Volume: Total displacement (um)

Fig.7 Tungsten switch dominant-mode frequency

Table 9 Pull-in voltage and spring constant of the switch with differ-
ent structural materials

Parameters Graphene Iridium  Tungsten
Spring constant (calculated) 40 (N/m) 21 (N/m) 16.4 (N/m)
Pull-in voltage (calculated) 38.93 (V) 28.93 (V) 25.59 (V)
Pull-in voltage (simulated) 36.8(V) 26.2(V) 23.32(V)
Self-actuation power (calculated) 27.08 (W) 13.7 (W) 10.87 (W)

A switch structure is simulated using the three best materials
from Tables 3 and 4 and Al,O; as a dielectric layer material
to validate the results obtained from MCDM techniques.
The pull-in voltage for a switch using different materials
is calculated using Eq. (4) and tabulated in Table 9 with
simulated values. High pull-in voltage omits the possibility
of self-actuation by increasing the self-actuation power to
a high value such that the RF input signal power will not
be able to provide the required amount of power to attain
pull-in without applying dc actuation. Self-actuation power
for all the materials is calculated using Eq. (3) and is shown
in Table 9 along with pull-in voltage and spring constant.
Transient self-actuation power variation corresponding to
different selected materials is shown in Fig. 7.

Simulated results for pull-in voltage show good agree-
ment with mathematically calculated results. Using values
of pull-in voltage, applied voltage, effective mass and spring
constant, pull-in time and release time were also calculated
for all three materials using Eqgs. (6) and (7) and are shown
in Table 8. The switching time for the switch was further
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Fig. 9 Pull-in voltage analysis for graphene, Ir and W

approximated using pull-in and release time values. The
switch with graphene was observed as the fastest switch with
the smallest pull-in (15.2 ps) and release time (6.53 ps) val-
ues. Pull-in voltage analysis for the selected best materials
is shown in Fig. 9.

4.6 Result verification

In this work, criteria of high power and high speed were set
for selecting the optimum material. The material proper-
ties showed that YM plays the main role behind high power
handling and the ratio of density-to-YM for speed. Graphite
has the highest YM value and lowest density-to-YM ratio
(Table 1) with respect to other current materials such as W,

Ir, Au, Al, and Cu. Graphite also has good thermal prop-
erties which are needed at high power. Similarly, among
dielectrics, Al,O5 has very high YM which keeps it stable
at higher temperatures under the impact of high power, and
also has the highest resistivity, which helps to avoid stic-
tion (more common at high power). Material analysis for
the structural layer in Sect. 4.1 ranked graphene, iridium
and tungsten as the top three materials for high-speed and
high-power-handling applications. In order to validate the
superiority of graphene over other materials, FEM simula-
tion of a standard switch structure was conducted, as shown
in Sects. 4.4 and 4.5. As per the simulation outcomes, the
resonant frequency of graphite was 38.3 kHz. Since it had
the highest resonant frequency among the three materi-
als, it resulted in a minimum pull-in time of 15.2 pus and
a release time of 6.53 ps. From Table 8, it is observed that
the Ir/Al,O5 switch required 81.33% more time (pull-in and
release) than graphite/Al,0;, and W/Al,0; required 81.98%
more time. Furthermore, under electromechanical behavior
analysis, the graphite switch showed maximum pull-in volt-
age of 36.8 V (Table 9); thus it had very high self-actuation
power of 27.08 W, followed by Ir and W switches, which
validates the results obtained from material selection. From
mathematical observations in Table 9, again it is found that
the graphite/Al,O5 switch can handle 66.40% more power
than the It/Al,O; switch and 71.39% more than the W/Al,05
switch. Material selection analysis results for the dielectric
layer using the MCDM techniques given in Sect. 4.2 was
also validated through FEM simulation of the switch shown
in Sect. 4.3, with the top three dielectric materials selected
in order to ensure good RF response of the device along with
the advantage of high power handling capability. The results
obtained are tabulated in Table 7 and show that all of the top
three selected dielectric materials have good RF response,
with the highest insertion (—0.2 to —0.7) and return losses
(=17.1to —10.1) for 8-18 GHz and maximum isolation with
Al,O5 at —32.74 dB at 17 GHz, followed by —32.53 dB at
18 GHz for AIN and —31.68 dB at 6.5 GHz for TiO,. The
results from material selection analysis are completely vali-
dated through FEM simulations, which confirms the suit-
ability of the selected materials for high switching speed,
high power handling capability and good RF response within
the desired range.

5 Conclusion

Material selection is an important aspect in RFE-MEMS
switch design, since these are multidomain devices and need
to incorporate parameters that apply to multiple domains of
power handling, speed and RF losses simultaneously. This
work selects optimum material for the bridge and dielectric
under conditions of high power and high speed, along with
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good RF performance. To the best of the authors’ knowl-
edge, this has not been investigated simultaneously for mul-
tiple domains in previous studies. Two MCDM methods,
TOPSIS and VIKOR, were used with suitable performance
parameters for selecting the best materials for the dielectric
and structural layers of the switch. Both techniques showed
graphene as the most suitable material for the switching
structure and Al,O; at the top for the dielectric layer to
achieve the desired performance. Furthermore, algorithm
results were verified with mathematical expressions and
FEM simulations to validate the results of the selected
MCDM techniques. It was found from simulation results
that with dielectric material Al,Oj, the switch had insertion
loss of 0.2-0.6 dB and return loss of 17.1-10.3 dB for a fre-
quency range of 8—18 GHz. Maximum isolation of 32.74 dB
was found at 17 GHz. However, the switch with graphite
as a membrane material offered a minimum pull-in time of
15.2 ps and release time of 6.53 ps with natural frequency
of 39.1 kHz. The pull-in voltage of 36.8 V was found for the
switch, which is sufficiently high to limit false actuation of
the switch when dealing with a high-power RF signal. Math-
ematically calculated and simulated values show good agree-
ment and verify the results obtained from material selection
analysis. In the future, selected materials from this work
will be used for the implementation of RF-MEMS switches.
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