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ABSTRACT Surface roughness is an important factor that influences the reliability and performance of

radio frequency microelectromechanical systems switches. The presence of surface roughness impedes
a perfect contact in the down-state condition of the switch which in turn affects the following
parameters—resonant frequency, down-state capacitance, and isolation at resonance. The result is a significant deviation from the electromagnetic characteristics simulated by assuming flat surfaces making
a perfect contact. However, creating a rough topography manually is cumbersome. A Visual Basic Script
code for generating rough surfaces of any average value and standard deviation has been developed. The
code runs on High Frequency Structure Simulator platform. This paper focuses on the simulations that
include the effect of surface roughness on both the beam and the dielectric layer using a 3-D geometric
model by representing surface asperities as an array of pyramids, the heights of which follow a Gaussian
distribution. This assumption takes into account of the statistical nature of surface roughness. The results
of simulation indicate that the presence of surface roughness reduces down-state capacitance and isolation
and shifts the resonant frequency from the X-band (8–12 GHz) for which it was originally designed.
INDEX TERMS Down-state capacitance, isolation, RF MEMS capacitive switch, surface asperities, surface

roughness, X-band.

I. INTRODUCTION

Radio
Frequency
(RF)
Microelectromechanical
Systems (MEMS) switches designed to operate in
RF-to-millimetre-wave frequencies (0.1-100 GHz) provide
near-zero power consumption, very high isolation, very
low insertion loss and low cost which enable them to be
a potential replacement for electronic switches in high
frequency applications [1]. RF MEMS capacitive switches
operating in shunt configuration can be designed to resonate
at a desired frequency and to provide high isolation.
Nevertheless, reliability poses a main challenge for their
industrial implementation [2]. Among the several factors
studied from the point of view of the reliability of RF
MEMS switches, surface roughness is one of the important
phenomena [2], [3]. This is because, on the one hand
surface roughness leads to some failure mechanisms, but
on the other hand it can be used as a solution to certain
failure mechanisms [4], [5].
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Surface roughness can lead to a reduction in the downstate capacitance thereby changing the high frequency
parameters such as isolation [6] of the switch. This is an
important concern from the perspective of time-zero reliability of the switch. Surface roughness can cause abrasive
wear [7] and dielectric breakdown [8] leading to device
failure. Surface roughness influences the nature of charge
injection in dielectric films [9]. Dielectric charging is an
important reliability concern which can lead to a shift in
the pull in voltage of the switch [10], [11]. This adversely
affects the long term reliability of the switch. At the same
time, it has been used as a solution to other failure mechanisms such as stiction which can lead to long-term reliability
issues in switches. Various adhesion models and studies on
stiction show that the higher the roughness the lesser the
adhesion [12]–[14]. Therefore, the surfaces of the contacting
faces are intentionally roughened to avoid stiction [5], [15].
This topological modification to improve reliability varies
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the down-state capacitance and the associated high frequency
parameters of RF MEMS switches. Since surface roughness
influences the down-state capacitance and the high frequency
parameters of the switch when it is a reliability problem
and a solution to a reliability problem the impact of surface roughness on the characteristics of RF MEMS switches
needs to be investigated.
An RF MEMS capacitive switch consists of a Coplanar
Waveguide (CPW) and a beam suspended above the
signal line of the Coplanar Waveguide as shown in
figure 1(a) and 1(b). The signal line transmits the radio frequency signal and helps in actuating the suspended beam.
The beam is anchored at the ground planes and acts like
a bridge. A dielectric layer is deposited and patterned on
the signal line. The two metal electrodes, namely the beam
and the signal line, separated by the air gap and the dielectric
layer, introduce two capacitors in series resulting in a low
capacitance (Cup ) in the up-state condition of the beam.
In this state of the switch, the signal is transmitted with
low loss (ON-state). A DC voltage is applied on the signal line to actuate the beam. In the down-state condition
of the beam, as the air gap is eliminated, the capacitance
increases. The switch resonates at the frequency corresponding to the down-state capacitance (Cd ) isolating the output
port from the input port. A high value of Cd is possible
only if the beam makes a perfect contact with the dielectric
layer on actuation. However, the rough interface between the
beam and the dielectric layer prevents a perfect contact. This
affects the values of Cd and thereby the electrical parameters
dependent on it, such as resonant frequency and isolation.
The randomness in surface roughness was explained using
a statistical method in [16]. An analytical solution is derived
by assuming a surface topography that consists of asperities
that are spherical with uniform radii near the summit [16].
However, only the up-state capacitance can be calculated by
this method. Another method was explained in [17]. It was
based on the assumption that the effective area of contact
in the down-state condition of the switch is half the total
area of overlap and does not consider the statistical nature of
surface roughness. The effect of surface roughness on Cd is
statistically examined in [18]. The capacitance contributed
by the dielectric layer (Cdielectric ) is neglected in the up-state
condition of the switch and Cup is equated to the capacitance due to the air gap (Cair ). Although this assumption is
applicable for large air gaps, the equation becomes invalid
when the air gap is small enough to make Cair comparable with Cdielectric . Therefore, this equation cannot be used
to find the capacitance between the beam and the signal
line when beam is in the proximity of the dielectric layer.
Moreover, Cd is calculated after quantifying the normalized
contact area between the two surfaces. Since the roughness
of the bottom surface of the beam is not taken into account
in this study, the normalized contact area will be smaller
than the value obtained from this equation.
This paper aims to study the influence of surface roughness on the high frequency characteristics of an RF MEMS
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capacitive switch using a 3-dimensional (3-D) geometric
model that takes into account the roughness on both the beam
and the dielectric layer. This geometric model is applicable
to both up-state and down-state condition of the switch.
It can also be used to find the capacitance in any intermediate state of the beam. The capacitance along the path
traversed by the beam upon actuation is quantified with the
help of simulations. The design and specifications of the
RF MEMS capacitive switch employed for simulation are
presented in Section II. The general methodology adopted
in simulation is explained in Section III. Section IV demonstrates the results followed by the discussion. The study is
concluded in Section V.
II. DESIGN OF RF MEMS CAPACITIVE SWITCH

An RF MEMS capacitive switch can be represented as
a series RLC circuit [17] as shown in figure 1(c). The
capacitance is a function of the area of overlap between the
beam and the signal line, the air gap between the dielectric
layer and beam and the thickness and relative permittivity of
the dielectric material used. The inductance depends on the
geometry of the beam. The switch can be designed to operate
in a frequency band based on the values of the capacitance
and inductance.
The RF MEMS capacitive switch shown in
figure 1(a) and 1(b) is designed to operate in the
X-band (8-12 GHz). The CPW transmission line is of gold
and has the dimensions G/S/G = 60/120/60 µm, where G
stands for the separation between the signal line and the
ground plane near the ports and S stands for the width of
signal line. The mechanical design of the beam consists of
meander structures that increase the effective length and
hence provide the required inductance.
The thickness of the signal line and the beam are 2 µm and
1.2 µm, respectively. The width of the meander is 20 µm.
Silicon nitride is chosen as the material for the dielectric
layer. It has a thickness of 0.1 µm. The dielectric constant
is taken to be 7. The area of the overlap contributing to the
capacitance is 120 µm x 120 µm. The air gap in the up-state
condition of the beam is 2 µm. The electrical performance
of this switch has been reported earlier [19].
III. METHODOLOGY
A. 3-D MODELING

Surface roughness can be considered as an indiscriminate and
non-uniform distribution of protrusions and cavities along
the mean plane of a surface. The asperities are assumed to
be an array of square pyramids of uniform base size and
randomly varying peak height (figure 2). This geometric
approximation is advantageous from the point of view of
simulations. Square pyramids can be meshed by the simulator with ease. Since the base of the pyramid is a square,
the entire surface can be divided into a square grid. The
pyramids can be placed on each cell. This leads to the
assumption that the pyramids are independent of each other.
The protrusions are modelled as vertical pyramids added to
VOLUME 4, NO. 6, NOVEMBER 2016
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FIGURE 2. Array of vertical and inverted pyramids illustrating protrusions
and cavities on a rough surface.

with respect to the mean plane. Therefore, the height of the
tallest pyramid is three times the RMS roughness.
B. GENERATION OF ROUGH SURFACES

FIGURE 1. (a) Simple structure of an RF MEMS capacitive switch (top
view). (b) Simple structure of an RF MEMS capacitive switch (side view).
(c) RLC equivalent circuit of an RF MEMS capacitive switch.

the mean plane of the surface and the cavities are modelled
as inverted pyramids removed from the mean plane of the
surface.
A Gaussian distribution function is used to describe the
randomness of surface roughness. The heights of the vertical
pyramids provide a positive deviation and that of the inverted
pyramids provide a negative deviation from the mean plane.
In order to simulate the structure, it is assumed that the mean
of the heights of the pyramids, calculated after assigning
a positive value to the height of a vertical pyramid and
a negative value to the height of an inverted pyramid, is zero.
Therefore, the root-mean-square (RMS) value of roughness,
hereafter represented as Rq , equals the standard deviation
(σs ) of the height distribution. For the ease of simulation,
the maximum height of the pyramid is restricted to ± 3σs
VOLUME 4, NO. 6, NOVEMBER 2016

The asperities are generated with the help of High Frequency
Structure Simulator (HFSS) [20]. In order to generate a pyramid in HFSS, two triangles, the coordinates of whose base
fall on the corners of the base of the pyramid, are to be
drawn in such a way that they share the third vertex. The
two triangles are connected to each other so that they fill up
the space between them forming a solid pyramid. This pyramid is placed on one of the cells of the grid. Since a large
number of pyramids with randomly varying height distribution are to be drawn and placed on each cell of the grid, this
manual method is cumbersome. Therefore, a Visual Basic
Script (VBS) code is written alongside the random number
generator from MATLAB [21]. A file containing a collection of random numbers that forms a Gaussian distribution
is generated. The random numbers stand for the heights of
the pyramids. The file is referred to in the VBS code and
each random number is assigned to the shared vertex of the
triangles. The code generates a pyramid on each cell filling
up the entire grid in such a way that it forms a rough surface
following a Gaussian distribution. Subsequently, the group
of vertical pyramids are added to the surface to obtain protrusions and the group of inverted pyramids are subtracted
from the layer to obtain cavities.
C. MINIMUM PEAK-TO-PEAK AIR GAP

The minimum peak-to-peak air gap (g0 ) is defined as separation between the plane where the crest of the surface
asperity with maximum height on the beam and the plane
where that on the dielectric layer lies.
In figure 3, A-A’ is the plane touching the peak of the beam
asperity with maximum height lies and B-B’ is the plane
touching the peak of the dielectric asperity with maximum
height lies. The separation between these planes is g0 which
varies from zero when the switch is pulled down, to the air
gap in the up-state condition of the beam. Please note that
since the surface roughness is statistical in nature, g0 = 0
need not mean the establishment of a contact but it only
453
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For ωCd Z0  2 which corresponds to |S21 |  10dB
|S21 |2 ∼
=

FIGURE 3. Schematic of a beam-dielectric interface depicting surface
roughness.

represents the “possibility of first contact”. Cd is calculated
in this limiting case, where the asperity on the beam’s surface
with maximum height is likely to establish a contact with
the asperity on the dielectric layer with maximum height. In
other words, Cd is the capacitance calculated when g0 tends
to zero, and represents its lowest possible value. This is
a reasonable assumption considering the fact that in the case
of RF MEMS switches only a few asperities are expected
to make contact [22].
D. SIMULATION

The electromagnetic characteristics are simulated with the
help of HFSS. The following cases are considered for the
simulations: 1. Only the dielectric layer has a rough surface
and the beam has a flat surface 2. Both the beam and the
dielectric layer have rough surfaces. In this case, the roughness of the beam (Rqb ) is considered to be less than, equal to
and greater than the roughness of the dielectric layer (Rqd ).
The pull-in simulations performed in CoventorWare
MEMS simulator [23] is used to extract the geometry of the
beam in the down state condition (figure 4). The down-state
geometry extracted from CoventorWare is recreated in HFSS
with the help of a VBS code. The radiation boundary condition is applied to the structure. The frequency is swept
from 1 GHz to 40 GHz and the scattering parameters are
obtained.

4
ω2 Cd2 Z02

(2)

The switch is capacitive in nature for the frequencies much
less than the LC resonant frequency. Cd is extracted from
this region of frequencies where |S21 |  10dB.
The capacitance between the beam and the signal line can
also be found using simulations performed in COMSOL
Multiphysics [24]. The outer fringing fields are neglected
in the simulations performed in COMSOL Multiphysics.
The capacitance at various positions of the beam as it
actuates down is evaluated by changing the separation
between the beam and the dielectric layer. The values of Cd
obtained from COMSOL Multiphysics and HFSS are to be
compared.
IV. RESULTS AND DISCUSSION
A. HIGH FREQUENCY CHARACTERISTICS

In order to take into account the statistical nature of the
3–D surface profiles, multiple runs are done with different
topographies having the same roughness parameters. The
results of the simulations performed to verify the statistical
nature of the problem are presented in figure 5. The roughness of the beam (Rqb ) is 2 nm and that of the dielectric
layer (Rqd ) is 5 nm. Near identical results for multiple runs
support the assumption of a statistical distribution.

FIGURE 5. Isolation versus frequency for multiple runs: RMS roughness
on the beam, Rqb = 2 nm and RMS roughness on the dielectric layer
Rqd = 5 nm.

FIGURE 4. Down-state condition of the capacitive switch (thickness is
scaled 100 times the actual value).

The scattering parameter, S21 , obtained using the simulations performed in HFSS is used for extracting Cd based on
the following equation [17].
1
(1)
S21 =
1 + jωCd Z20
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Case 1 of the study where the beam is assumed to be flat
(Rqb = 0) is illustrated in figure 6. The isolation characteristics for various values of surface roughness on the dielectric
layer (Rqd ) are also shown. The plots are compared with
the case where both the beam and dielectric layer have flat
surfaces (Rqb = 0, Rqd = 0).
A higher resonant frequency is observed in the electrical
characteristics of the structures with a rough dielectric layer
as compared to the structures with flat surfaces. The reason
for this variation is the reduction in Cd which leads to an
VOLUME 4, NO. 6, NOVEMBER 2016
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increase in the resonant frequency. The resonant frequency
increases drastically and the isolation at resonance reduces
as the roughness on the dielectric layer increases. Even for
a roughness of 15 nm, the resonant frequency changes from
9.1 GHz (X-band) in the flat-interface case to 15.1 GHz
(Ku-band) and the isolation reduces from −62.72 dB to
−45.62 dB. This shows the importance of surface roughness
on the dielectric layer.
Case 2 is demonstrated in figure 7. The roughness on the
dielectric layer is fixed at 5 nm. As the roughness on the
beam is increased, the resonant frequency increases because
the gap between the mean planes of the dielectric layer and
the beam widens with increasing roughness. For a fixed
Rqd , when Rqb changes from 0 nm to 8 nm, the resonant
frequency increases by 33.33% and the isolation reduces by
4.65 dB. This signifies that the roughness of the dielectric
layer alone is not sufficient to analyse the influence of the
interface topography on the characteristics.

interface. It is inferred that the high frequency characteristics of an RF MEMS capacitive switch could be predicted
if the roughness is known. The lowest possible value of
resonant frequency and the highest possible value of isolation can be obtained by simulating the case where both
the surfaces are flat. The highest possible value of resonant
frequency and the lowest possible value of isolation can be
calculated by simulating the case with rough surfaces. This
gives the bounds of the characteristics. It could be asserted
that the actual characteristics will fall within the calculated
bounds.
Table 1 lists the values of resonant frequency and isolation at resonance for various cases. It is observed that the
resonant frequency falls within the X-band only for the case
where both surfaces are flat. In all other cases, the resonant
frequency falls beyond the X-band for which the switch was
designed.
The reduction in the isolation at resonance with the
increase in the resonant frequency is due to the increase
in the series resistance. The series resistance (Rs ) is contributed by the conductor loss in the signal line and ground
planes of the coplanar waveguide and the resistance of the
beam that connects the proof-mass to the anchor [17].

FIGURE 6. Isolation versus frequency for various values of RMS roughness
on the dielectric layer (Rqd ) and a flat beam with no roughness (Rqb = 0).

FIGURE 8. Comparison of isolation versus frequency for the three cases
considered. 1. No roughness on beam and dielectric 2. Flat beam and
rough surface 3. Rough beam and rough surface.

As frequency increases, the current becomes more confined to the surface of the beam. This leads to an increase
in Rs and therefore the isolation at resonance reduces as per
the following equation [25].


2Rs
(3)
S21 |ω=ω0 ≈ 20 log
Z0
FIGURE 7. Isolation versus frequency for various values of RMS roughness
on the beam (Rqb ) and a fixed value of RMS roughness on the dielectric
layer (Rqd = 5 nm).

Aforesaid cases are summarized in figure 8. The characteristics of the flat interface have been compared with the rough
VOLUME 4, NO. 6, NOVEMBER 2016

Since a quantitative analysis of the relation between the
series resistance and the frequency is difficult because of
the intricate nature of the current density plot, a study has
been done by replacing the 20 µm wide meanders with thin
rectangular conductors of cross section 0.5 µm x 0.5 µm.
This value is chosen to make sure that Rs is constant until
the sweep-end frequency, 40 GHz, at which the skin depth
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is 0.393 µm. The switch resistance is independent of the
frequency if the thickness of the beam is smaller than twice
the skin depth [26]. The isolation versus frequency plot is
illustrated in figure 9.
Since the thin beam is not influenced by the skin effect, the
series resistance is unaffected and therefore the isolation at
resonance remains the same even as the resonant frequency
changes. In the case of the structures with thicker beams,
the reduced isolation at increased resonant frequency is not
directly related to the increased roughness but is due to the
increased series resistance caused by the skin effect at higher
frequencies.
FIGURE 10. Capacitance versus minimum peak-to-peak air gap (g0 ) for
various values of RMS roughness on the dielectric layer (Rqd ) and a flat
beam with no roughness (Rqb = 0).

FIGURE 9. Comparison of isolation versus frequency in a thin beam for
the following cases 1. No roughness on beam and dielectric 2. Flat beam
and rough surface 3. Rough beam and rough surface.

B. CAPACITANCE

Simulations performed in COMSOL Multiphysics are used
to plot the capacitance versus minimum peak-to-peak air
gap (g0 ) characteristics. A comparison of capacitance, where
the dielectric thickness is changed assuming a flat beam
(Rqb = 0), simulated for Case 1 is illustrated in figure 10.
The results are compared with the case where the roughness
of the surfaces of beam and dielectric layer is zero (Rqb = 0,
Rqd = 0).
Figure 11 demonstrates Case 2. Rqd is fixed at 5 nm
and Rqb is varied. The capacitance versus minimum peakto-peak air gap (g0 ) characteristics for a flat-flat interface is
also plotted in figure 11 for comparison.
The minimum peak-to-peak air gap (g0 ) is swept from
zero to the value corresponding to the up-state condition
of the switch. A significant variation is observed in the
down-state condition of the switch, i.e., when g0 is zero.
This indicates that Cd is influenced by the variation in the
surface roughness of the dielectric layer.
Cd decreases with the increase in the surface roughness
of the dielectric layer. For a fixed value of surface roughness of the dielectric layer, Cd decreases with increase in
the beam roughness. As the minimum peak-to-peak air gap
increases, the deviation in capacitance reduces indicating
456

FIGURE 11. Capacitance versus minimum peak-to-peak air gap (g0 ) for
various values of RMS roughness on the beam (Rqb ) and a fixed value of
RMS roughness on the dielectric layer (Rqd = 5 nm).

that the influence of surface roughness is not highly pronounced in the up-state condition of the switch. The results
are validated by comparing the capacitance values extracted
from the isolation plots obtained from HFSS based on equation (2) with the capacitance values obtained from COMSOL
Multiphysics.
The values of down-state capacitance (Cd ) are listed in
table 1. Even for an Rqd as low as 5 nm, the Cd reduces to
half of its value for a flat-flat interface case. The introduction of Rqb = 5 nm to the case with Rqd = 5nm reduces the
capacitance by approximately 36%. This remarkable deviation in Cd indicates how important surface roughness can
be in RF switches.
It can also be noted from the table that the electrical
parameters are almost similar for the case where Rqd and
Rqb are 5 nm each and Rqb = 0 nm and Rqd = 10 nm. This
means that the one can lump the total roughness on the beam
and the dielectric layer to either beam or dielectric layer, in
which case the analytical modeling would be easier. It also
shows we cannot neglect roughness at either of the surfaces
and what matters is the combined roughness.
VOLUME 4, NO. 6, NOVEMBER 2016
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COMSOL Multiphysics results underestimate the value of
capacitance due to the fact that the outer fringing fields are
neglected in the simulation. The table underlines the fact that
the electrical parameters are influenced by the topography
of the beam as well as the dielectric layer.
C. COMPARISON
WITH
MEASUREMENT RESULTS

ANALYTICAL

AND

This study has been compared with the analytical and measurement results reported in [18]. The normalized down state
capacitance (Cd∗ ) is obtained by calculating the ratio of Cd
on a rough interface to that on the perfect interface. The
normalized capacitance at the first point of contact can be
obtained when the hold-down voltage (d-c bias required to
balance the mechanical restoring force and hold the metal
bridge at the down-state position) is zero. The analytical
results in [18], for Rqb = 0 nm, Rqb = 10 nm and holddown voltage = 0 V, gives Cd∗ = 0.36. Our results given in
Table 1 shows that when Rqb = 0 nm and Rqb = 10 nm,
Cd∗ = 2.293/9.018 = 0.3275.
TABLE 1. Surface roughness and electrical parameters.

on both the beam and the dielectric layer and can be used
to study any state of the beam. This eliminates the need of
separate models for the up-state and the down-state condition of the switch. The results indicate that the influence of
surface roughness is not prominent in the up-state capacitance while it reduces the down-state capacitance of the
switch. The latter effect causes the high frequency parameters, such as resonant frequency and isolation to change from
the expected values which might lead the design to fall out
of specifications. The simulation results have been validated
with the measurement results reported in [18]. This model
provides a clear understanding of how the topological modifications introduced to improve the reliability of RF MEMS
switches impacts its performance. Therefore, the effect of
surface roughness must be incorporated while designing an
RF MEMS capacitive switch.
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