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Ever increasing demand for microwave operated applications has cultivated need for high-performance universal 
systems capable of working on multi-bands. This objective can be realized using Multi-Dielectrics in RF MEMS 
capacitive switch. In this study, we present a detailed analysis of the effect of various dielectrics on switch 
performance. The design consists of a capacitive switch and performance is analyzed by changing the dielectric layers 
beneath the switch. The results are obtained using three different dielectrics including Silicon nitride (7.6), Hafnium 
dioxide (25) and Titanium oxide (50). Testing of proposed switch yields high isolation (- 87.5 dB) and low insertion 
loss (- 0.1 dB at 50 GHz) which is substantially better than the conventional switches. The operating bandwidth of the 
proposed switch (DC to 95 GHz) makes it suitable for wide band microwave applications.
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1. INTRODUCTION

RF MEMS has seen an exponential growth in last decade due 
to its immense commercial and defense potential. These switch-
es provide high isolation, low insertion and excellent linearity 
that are hard to achieve in semiconductor devices. Other key ad-
vantages include - the ability to reduce the sample size of mea-
surands and ability to integrate sensing, analysis and response 
in a miniature package [1]. But this technology suffers from low 
switching speed, high actuation voltage, reliability issues and 
low power handling capabilities [2]. These switches are of two 
broad categories:- including the metal-to-metal contact (series) 
switch and shunt switch. The shunt switch is placed in shunt 
(perpendicular) between the T-line and ground; and depend-
ing on the applied bias voltage, it either leaves the T-line undis-
turbed or connects it to the ground. Therefore, the ideal shunt 
switch results in zero insertion loss when no bias is applied (up-
state position) and infinite isolation when bias is applied (down-
state position). Contact shunt switch provides excellent isolation 
between 10 - 120 GHz [3]. High values of dielectric materials are 
preferred to achieve sound isolation between 0 - 10 GHz. Con-

ventional RF MEMS switches encompass a bridging membrane 
suspended over the dielectric layer that offers low insertion loss 
and average isolation in a single band. The MEMS shunt switch 
can be integrated into a Coplanar Waveguide (CPW) or in a mi-
cro-strip topology. 

RF MEMS switches are applicable in the testing equipment 
of RF instrumentation, military tactical radio and telecom in-
frastructure. MEMS technology has revolutionized the field 
of electronics since it facilitates devices and applications that 
have high potential to upgrade the performance of communica-
tions systems and circuits. The realization of micro size electro-
mechanical switches in electronics devices has led to reduction 
in the size thereby making them more flexible and suitable for 
little/light space applications.

In this study, we present a novel approach of using more than 
one dielectric for designing a robust low-loss MEMS switch that 
operates in multi-bands. Developing a switch by using differ-
ent dielectric materials with a considerable difference in their 
dielectric constants will provide isolation at various frequencies 
enhancing multi-band operation. Gold (Au) has been proposed 
which due to its anti-stiction property achieves the constraint 
of operating on low voltage. The switch has been designed over 
a silicon substrate of thickness 100 μm with the Coplanar Wave-
guide (CPW) of dimensions - 55/90/55 (μm). 
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2. SPECIFICATIONS & MATERIALS

A typical shunt switch can be used to obtain isolation in a 
desired frequency band. In this paper, a switch is designed with 
different dielectrics to enhance isolation and switch opera-
tion in multiple bands. The switch is based on 50 Ω CPW line of 
55/90/55 (μm) over a 100 μm substrate. 

Gold material is used to design the CPW due to its better st-
iction with Silicon nitride as dielectric over the substrate [4]. 
Titanium oxide with relative dielectric constant of 50, Hafnium 
dioxide (to provide isolation between 0 - 10 Hz) with relative di-
electric constant of 25, Silicon Nitride (to provide good isolation 
at higher frequencies) with relative dielectric constant of 7.6 has 
been used. Using different dielectrics will result in different val-
ues of down-state capacitance. Hence, the switch would perform 
in different frequency bands. The dielectric thickness has been 
kept as low as 0.1 μm.

Bridge membrane of thickness 1 μm has been laid over an-
chors of height 3 μm each. Care should be taken to optimize 
the thickness of the membrane to avoid breakage due to stress 
produced during bending. Gap height between dielectric and 
membrane is kept as 2.9 μm. It is necessary to optimize pull-
down voltage and gap to avoid self-biasing and external vibra-
tions on the membrane. Therefore, membranes are united with 
the anchor to achieve high recovery force thus aiding to recover 
the membrane’s position [5].

2.1 Membrane Design 

The membrane designed for the switch has the thickness of 1 
μm and is made of Gold (Au) because its conductivity [0.452.106/
cm] is better than Aluminium (Al) [0.377.106/cm] and better 
conductivity promises lesser skin depth [6]. Also, Gold possesses 
lower Young’s Modulus, thus, lowering the stiffness and leading 
to reduced pull-down voltage.

2.2 Material Selection

As the substrate is the base over which the switch operates, so 
surface needs to be flat and smooth. Uniform electrical proper-
ties and chemical resistance are other considerations during 
fabrication and these requirements are well satisfied by Quartz 
(SiO2). We used Quartz as a substrate due to this property. Quartz 
(SiO2) has a high melting point as compared to Silicon (Si), 
hence, switch designed with Quartz substrate can withstand 
high temperatures than the switch made on silicon substrate [7]. 
Quartz also provides better isolation in RF MEMS switch when 
compared to that of Silicon. 

Hafnium dioxide (HfO2) of 0.5 μm thickness is used as a sub-
strate dielectric. It is always preferable to use materials with high 
dielectric constant (K) [8]. The performance of Silicon nitride 
(Si3N4) (K ~ 7.6), Hafnium dioxide (HfO2) (K ~ 25) and Titanium 
oxide (TiO2) (K ~ 50) as switch dielectrics has been examined 
with the parameters of the evaluation as insertion, isolation 
and switch bandwidth. An attempt has been made to design the 
switch that can operate on multiple frequency bands.

2.3 Switch Specifications 

The switch has been designed using Ansoft HFSS 14 whose 
specifications are cited in Table 1. 

2.4 Switch Working

Figure 1 shows the switch structure when operated in up-state. 
In this case, signals pass through a transmission line with mini-

mum loss. The switch is actuated by applying a pull-down volt-
age. A DC voltage is applied between the MEMS Bridge and the 
microwave line. This results in an electrostatic force that causes 
the MEMS Bridge to collapse on the dielectric layer, thereby 
increasing the bridge capacitance by a factor of 30 - 100 (Fig. 
2). This capacitance connects the T-line to the ground and acts 
a short circuit at microwave frequencies, resulting in a reflec-
tive switch. When the bias voltage is removed, the MEMS switch 
returns to its original position due to the restoring spring forces 
of the bridge (Fig. 1). Down-state capacitance value increases 
due to the reduction in the gap leading to greater isolation. The 
capacitance in the up-state is kept as low as possible to maintain 
the high capacitive ratio. The bridge membrane has dimension of 
230 × 80 μm which may be modified depending on the required 
switch capacitance. The length is rarely shorter than 200 μm due 
to the sharp increase of the actuation voltage with decreasing 
bridge length. The width is practically limited to 200 μm so as to 
result in a flat contact area between the MEMS Bridge and the T-
line.

3. FABRICATION FLOW

The fabrication of the proposed switch is relatively easy. The 
Low-stress thin-film process of development for the membrane 
material is the only critical step. Prerequisites for the membrane 
are low biaxial residual stress and a low-stress gradient in the 
vertical direction [9].

Figure 3 shows the complete fabrication process that is similar 
to the standard fabrication flow. 

·  To obtain semiconductor grade finish, it is mandatory to pol-
ish the surface of the substrate.

Table 1. Hardware specifications of Switch.

COMPONENT L W D MATERIAL
Substrate 1,000 600 100 Quartz

Dielectric 90 80 0.1

Silicon nitride, 

Hafnium dioxide, 

Titanium dioxide
Gap ------ ------ 3.0 ------

Substrate Dielectric 1,000 600 0.5 Hafnium dioxide
CPW (GSG) 55 90 55 Gold
Membrane 230 80 0.5 Gold

Anchors 30 80 3.1 Gold

All measurements are in μm.

CPW: Coplanar Waveguide, GSG - Gap-Signal Line-Gap 

Fig. 1. Switch in Up-State (Insertion).

Fig. 2. Switch in Down-state (Isolation).
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·  To produce cavity, a mask is placed on the substrate. It is illu-
minated by UV light to transfer the pattern on the photo resist 
that can be further etched using an etchant. 

·  The Substrate dielectric layer is deposited on the etched sub-
strate.

·  Gold is evaporated to produce ground and signal line. 
·  A Mask is used to pattern the signal line and grounds.
For Hafnium dioxide (HfO2) - Based on the reaction mecha-

nism, there are two techniques namely CVD (Chemical Vapor 
Deposition) and PVD (Physical Vapor Deposition). CVD based 
approaches are used in the literature [10-13]. The low cost and 
relative flexibility of these growth methods make them more 
common for depositing Hafnium dioxide. 

For Titanium dioxide (TiO2) - No interfacial layer is required 
for effective deposition of Titanium oxide. Chemical Vapor De-
position, sol-gel deposition, and magnetron sputtering are some 
of the various techniques that can be employed to produce TiO2 
films. Among these, the magnetron sputtering technique is con-
sidered superior as they have better adhesion to the substrate 
than evaporated films. DC sputtering leads to higher deposition 
than RF sputter [14].

For Silicon nitride (Si3N4) - Deposition is rather simpler and 
can be achieved using thermal oxidation in a furnace or lamped 
heated rapid thermal oxidation. These methods are inexpensive 
and exhibit good thickness uniformity. 

For the fabrication of the bridge and anchor, a sacrificial layer 
(polyimide) is deposited. The cuts in the sacrificial layer are the 
sites for the deposition of metal (Au).

Gold is evaporated, and it gets deposited in the cuts of the sac-
rificial layer.

Figure 4 shows the proposed switch after the removal of the 
sacrificial layer. To remove sacrificial layer, a buffered HF solu-
tion or plasma etching [17] can be used, and the switch can be 
released using a critical point dryer [2].

Figure 5 shows the top view of the switch and the arrangement 
of the dielectrics. The proposed switch will not suffer mechanical 
failure because the length of the switch is much greater than the 

deflection required for the switch [9]. 

4. ELECTRICAL MODELLING 

The shunt switch is placed in shunt between T-line and ground 
and depending on the applied bias voltage; it leaves the T-line 
undisturbed or connects it to the ground. 

4.1 Up-state capacitance 

In the off-state, switch possesses up-state capacitance, which 
can be calculated as:

(1)

Where ‘ω’ is the width of the metal bridge, ‘g’ is the gap and ‘W’ 
is the width of CPW (Coplanar Waveguide), central conductor. 

 
If the second term of denominator [td/εr] in eq. (1) is neglected 

due to the finite thickness of the dielectric layer, the capacitance 
can then be given by 

(2)

Where ‘A’ is the overlap area between the metal bridge and ‘W’ 
is the width of the CPW central conductor. 

The dielectric constants used for evaluation of switch perfor-
mance are 7.6, 25 and 50, and the dielectric layer thickness is 0.1 
μm with a gap height (go) of 3 μm. So when the second term in 
denominator [td/εr] in eq. (1) is neglected; results in an estima-
tion of the up-state capacitance by 6%. When the voltage is ap-
plied to membranes, the membrane snaps down onto the dielec-
tric, resulting in the diminishing of gap. This leads to increase in 
down-state which can be calculated as: 

(3)

Fig. 3. Fabrication process of the proposed switch.

Fig. 4. Side View of the Proposed Switch.

Fig. 5. Top View (without bridge).
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Low value of up-state capacitance and high value of down-
state capacitance leads to a high capacitive ratio which further 
enhances RF performance of the switch.

4.2 Capacitance Ratio 

It is required to have low value of up-state capacitance (to 
have minimum insertion loss) and high value of down-state ca-
pacitance (to have maximum isolation) which leads to high ca-
pacitive ratio. RF response is the function of the ratio of up-state 
capacitance to the down-state capacitance. Ideally capacitive 
ratio value is 100:1 and can be obtained by

(4)

The calculated values of up-state capacitance, down-state ca-
pacitance and capacitive ratio for different dielectrics are men-
tioned in table 2:

Table 2 clearly shows that capacitive ratio is highest for high 
dielectric (K) material. Thus, higher dielectric constant materials 
are generally employed to achieve excellent performance in RF 
MEMS. 

4.3 Switch bandwidth

The switch bandwidth is calculated from the lower and the 
upper operating frequency. Lower frequency (FL) is limited 
by the minimum isolation, whereas the upper frequency (FU) 
either by maximum insertion or minimum isolation. For band-
width calculation, an acceptable maximum insertion loss of 
0.3 dB and minimum isolation of 20 dB has been chosen. From 
Fig. 6, it is clear that switch spans around large frequency band 
ranging from 5 - 100 GHz with reasonable isolation below - 20 
dB. Thus, the bandwidth of the switch is 95 GHz (range: DC - 95 
GHz) which is much better when compared to conventional de-
signs.

4.4 Actuation mechanics: 

The actuation voltage (Vp) of MEMS switch with spring con-
stant, k is given by:

(5)

where ε0 is the permittivity of free space, go is the gap be-

tween membrane and electrode, A is an area of the electrode 
that comes in contact with dielectric. The value of permittivity 
(ε0) and spring constant (k), are fixed, thus the value of actuation 
voltage completely depends on the gap height between mem-
brane and signal line. The analytical value of actuation voltage is 
16.28 V.

5. RF MODELING

The RF Parameters for the design are extracted using S-
parameters. The switch performance is observed between 5 - 100 
GHz. Insertion, Isolation and Return loss are the parameters that 
decide the switch performance. The proposed switch exhibits 
excellent RF performance. Moreover, the switch operates in mul-
tiple frequencies serving as a multi-band switch. It possesses an 
excellent insertion of - 0.4 dB over 0 - 100 GHz. Return loss value 
ranging from 50 dB - 20 dB was observed over 0 - 60 GHz as seen 
in Fig. 7.

The performance of the switch in terms of isolation, when 
simulated for different combinations of dielectric is provided in 
Table 3.

On examination of isolation from Table 3, maximum isolation 
perceived is - 86.5 dB when both are Silicon nitride (Si3N4), which 
is the highest value of isolation obtained by the presented switch. 

Observed isolation occurs at two different points when oper-
ated with high dielectric material, thus rendering switch as a 
multi-band switch. Thus high dielectric material aids in switch 
operation at multiple frequencies. This phenomenon can be well 
observed in Fig. 8.

Table 2. Capacitive Ratio of Dielectrics.

Dielectrics used Cu Cd Cd/Cu

Silicon nitride 20.43 fF 4.8 pF 235
Hafnium dioxide 20.43 fF 15.84 pF 510
Titanium oxide 20.43 fF 31.6 pF 1549

Cd/Cu - Unitless Quantity
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Fig. 6. Insertion Loss of Switch.

Fig. 7. Return loss of switch.
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6. RESULTS & FINDINGS 

To achieve multi-band operability, we can either vary the 
actuation area or can change the dielectric material. Various 
approaches like combination of series and shunt switch that 
provide multi-band functionality in MEMS switch have been 
proposed [15]. In [16], the actuation area was varied by splitting 
the bridge and constructing two unsymmetrical cantilevers. 
But literature clearly indicates the inefficiency of the existing 
switches [15,16] to operate on wide bandwidth. To overcome 
this limitation, proposed switch uses multi-dielectric approach 
and achieves impressive results. Detailed comparison (refer 
Table 4) between conventional switch [16] and proposed switch 
is done on the basis of physical specifications, operable fre-
quency range, isolation, insertion and actuation voltage. Figure 
8. demonstrates the difference of isolation of both the switches. 
It can be easily concluded from the Figure that isolation of the 
proposed switch outperforms the conventional switch with the 
margin of 40 dB.

The results suggested that gap between membrane and di-
electric, dielectric thickness and actuation area are not the only 
factors that affect RF response of switch rather the dielectric ma-
terial employed also played a significant role. 

In this study, three dielectrics - Silicon nitride (Si3N4), Hafnium 
dioxide (HfO2) and Titanium oxide (TiO2) has been used in differ-
ent combinations and some of the main point of inference is: 

·  High dielectric constant provides excellent isolation at lower 
frequencies. 

·  The dielectric layer that is towards the input port asserts the 
maximum effect on the RF response of the concerned switch 
because the first switch blocks the maximum signal. 

·  Low K (dielectric constant) dielectric materials provide isola-
tion in specific band while high K dielectric gives isolation at 
multiple frequencies thus making it work on multi-bands as 

observed in Table 3. [18-20] compares the measured results 
with simulated results and consequently shows that there is 
a little deviation in actual performance and simulated results 
of the switch. So the simulated results presented in the paper 
would be similar to the actual performance.

The earlier proposed methods for obtaining multi-band op-
eration were based on combination of series and shunt switches 
[15] or changing the actuation area [16]. Method proposed in this 
paper is novel as it uses the difference in dielectric constant of 
dielectrics to achieve multi-band operation. 

7. CONCLUSIONS 

The proposed switch utilizes a novel approach to switch de-
sign that lays focus on the role of dielectric in enhancing the RF 
performance and operability of the switch. From the numerical 
calculations and simulations, it is clear that the suggested switch 
exhibits excellent isolation and insertion loss. It is also evident 
that high K dielectric promotes multi-band operations. Due to its 
excellent RF response and multi-band functionality, the switch is 
applicable when low loss, low power or multi-band operation is a 
primary concern such as in Wireless Communications and Space 
systems. 
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