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Fully Integrated Electrothermal Multidomain
Modeling of RF MEMS Switches
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Abstract—RF MEMS switches have demonstrated excellent
performance. However, before such switches can be fully im-
plemented, they must demonstrate high reliability and robust
power-handling capability. Numerical simulation is a vital part
of design to meet these goals. This paper demonstrates a fully
integrated electrothermal model of an RF MEMS switch which
solves for RF current and switch temperature. The results show
that the beam temperature increases with either higher input
power or increased frequency. The simulation data are used to
predict switch failure due to temperature-related creep and self
pull-in over a wide range of operating frequency (0.1-40 GHz2)
and power input (010 W). Self pull-in isfound to be the dominant
failure mechanism for an example geometry.

Index Terms—Power handling capability, RF MEMS.

I. INTRODUCTION

MERGING and future autonomous, wireless commu-

nications systems require highly reliable electronic
components with very low power consumption. Microme-
chanical switches present a promising technology to meet
this demand. Such RF switches have been demonstrated with
low loss, low power consumption, low distortion, and higher
off-state isolation as compared to p-n diodes or field effect
transistors [1]-{4]. However, before such switches can be
used in commercial applications, they must demonstrate the
ability to switch reliably over billions of cycles. The high cost
of packaging such devices has also limited their commercial
acceptance. Moreover, their power handling capability is nor-
mally much lower than 1 W, and reliability concerns become
more pronounced for higher power [5]. Careful modeling
would allow design of morereliable switches with better power
handling capability.

Many of the possible failure mechanisms for MEMS
switches, such as electromigration, creep, adhesion, buck-
ling, self pull-in, and surface degradation, are related to the
thermal behavior of the switch. Even small electrical losses
can cause significant temperature rise in microscopic parts,
making thermal modeling essential to understand and predict
failure [6], [7]. At high frequencies, the electron crowding
caused by the skin effect and by edge effects for rectangular
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Fig. 1. RFMEMS switch schematic (not drawn to scale).

conductors tends to make this problem worse. Hence, simul-
taneous modeling of both electrical and thermal effects is
needed to better understand switch failure. Previous work in
electrothermal modeling includes simulation of temperature
rise due to dc current flow [8] and low-frequency magnetic
induction heating [9], [10]. This paper links high-frequency
electromagnetic simulation and steady-state thermal modeling,
providing multidomain solutions. We present sample model
data to demonstrate trends, and we use the data to evaluate two
possible failure modes.

Il. INTEGRATED ELECTROTHERMAL MODELING

Fig. 1 showsasimplified view of aRF MEMS switch which
consists of a current-carrying beam. To short the switch to
ground, electrostatic force is applied to pull the beam down to
contact a portion of the lower electrode. This type of switch
can be implemented, for example, in amicrostrip line, with the
beam acting as a portion of the line and the lower electrode
attached electrically to the ground plane. Note that this switch
design differs from those analyzed in [6] and [7] because
the beam carries al of the transmission line current while in
the up state. In the previously analyzed designs, a beam was
suspended above a CPW line, and the beam carried only a
small current in the up state.

A. Electric Current Modeling

For this work, the beam is modeled in the up state shown in
Fig. 1. With RF current flowing through the beam, the average
heat generated is equivalent to the electrical power loss, given
by

131°

Ploss = Tp (l)

where pioss IS the average power loss per unit volume, J isthe
current density within the beam, and p is the electrical resis-
tivity. Hence, to calculate the heat generated in the beam, we
must first evaluate the current density for the beam geometry,
frequency, and electrical boundary conditions. It iswell known
that at high frequencies, self-inductance of the conductor causes
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Fig. 2. Beam cross section used in electromagnetic modeling.

electronsto crowd toward the outside edges of the beam, within-
creased current crowding at higher frequency. Asaresult, large
current density values exist near the beam edges which follow
the form J ~ 1/,/y, where y is the distance from the edge of
the beam. Further, the skin depth at RF frequencies is on the
same order as the beam thickness. Thus, a current density solu-
tionwithinthe beamisrequired. Whileanalytical solutionsexist
for the current density on wireswith acircular cross section, nu-
merical modeling is required for arectangular conductor.

A full-wave, three-dimensional numerical simulationislikely
to give the most accurate results. However, three assumptions
enhance the simplicity of the model.

» The electric field in the beam remains substantially par-
alel to the beam’ slength (the z-directionin Fig. 1). Thus,
any y- or z-components of the current can be ignored.

» The field variation along the z-direction is very small.
Consequently, it may be modeled only in they — = plane.

» Theeffectsof capacitance between thelower electrodeand
the beam in the up state are small, and are ignored.

These assumptions allow 2-D modeling on a transverse beam
cross section normal to the z-axis, asillustrated in Fig. 2.

The fields on the cross section are modeled using the finite
element-boundary integral (FE-BI) method [11], [12]. Within
the beam, the electric field must satisfy the wave egquation

V?E, —+’E, =0 2

where ~ isthe complex propagation constant in the metal. This
equation is solved viathe finite element method. The fields out-
side and on the boundary of the beam can be expressed using
Kirchhoff’sintegral equation as

Bor) = - § {Glex) g (B)

—Em(r’)%G(r, r’)} ' (3)
where, as usual, the vector r refersto the testing point, defining
apoint outside or on the beam boundary. The vector r’ refersto
the integration point. Further, G(r,r’) isthe free space Green’s
function. Alternatively, the presence of the lower electrode is
approximated by using the half-space Green’s function. In the
context of FE-BI, (2) and (3) are discretized and solved simul-
taneoudly to yield the electric field within the beam and on its
surface [11], [12]. The current is then obtained from J = ¢E,
where o isthe metal conductivity.
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Fig. 3. Flowchart for modeling temperature rise in the switch.

B. Thermal Modeling

Once the current density is known, (1) is used to find pioss,
which is treated as a constant (time-invarying) heat generation.
The temperature in the beam is obtained from the steady-state
heat equation

V(kVT) = —Ploss (4)

where  is the thermal conductivity and 7" is the temperature.
Because the heat generation term py, is evaluated numerically,
(4) isalso most easily solved with numerical techniques. Aswith
the electromagnetic fields, (4) was solved using the finite ele-
ment method. Because the thickness of micromachined beamsis
considerably lessthan their width, we assumed constant temper-
ature through the beam thickness, so that a2-D FEM simulation
could be performed within the - — 1 plane. Further, because heat
transfer due to conduction is expected to be significantly greater
than heat lost due to convection or radiation, only conductionis
model ed.

C. Integrated Modeling

Equations (1) and (4) describe the temperature dependence
ontheelectrical properties of the beam. Moreover, the electrical
resistivity p is expected to vary linearly with temperature, and
this has been demonstrated experimentally [13]. Consequently,
modeling requiresiteration to allow temperature changes to up-
date the value of p. Fig. 3 illustrates a modeling scheme using
the relaxation method. Starting with room temperature (25° C),
and a corresponding resistivity, the latter is updated as the tem-
perature changes until convergence isreached. Whilethisitera-
tion scheme is quite simple, it yields satisfactory results. After
coding the models in Matlab, we found that two to three itera-
tions were typically required for convergence to within 1%.

Ill. FAILURE MECHANISMS

Theintegrated model can be used to predict switch failure. In
this work, we consider creep and self pull-in failure.

Creep Failure:  Creep isthe time-dependent plastic deforma-
tion of materials at el evated temperature even when subjected to
stress well below the yield strength. Many materials, including
metals, exhibit creep at temperatures above half their melting
point (see [14, pp. 215-217]). Hence, a gold switch, having a
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Fig. 4. Maximum steady-state temperature in a beam as a function of power
and frequency.

melting point of 1340 K, islikely to fail over timeif the temper-
ature exceeds 670 K, or 392 °C.

Sef Pull-in Failure: Self pull-in occurs when the signal
voltage carried by the switch generates sufficient electrostatic
force to pull the beam down, shorting the line. This failure
mode depends strongly on temperature because compressive
thermal strains generated at elevated temperature drastically
reduce the pull-in voltage. The pull-in voltage for a fixed-fixed
beam has been previously modeled as a function of internal
strain [15]. With this model, we are able to evaluate the pull-in
voltage as afunction of beam temperature using the total strain
e7 in the beam, given by

1/
5T=5R+5”L=5R—7/ aATdx 5)
0

where e is the residual (or initia) strain, £, is the thermal
strain, « is the thermal expansion coefficient, and AT is the
temperature change. For gold, we used o = 13.8 x 1076/°C
and eg = 0.0012 (tensile), as well as Young's modulus £ =
36.0 GPaand Poisson’sratio » = 0.4. The latter three values
were reported in [16] for electroplated gold films.

IV. RESULTS AND DISCUSSION

Fig. 4 shows the maximum steady-state temperature as a
function of power and frequency for a gold 400 x 50 x 2 um
beam suspended 2 ;:m above the ground plane. The tempera-
ture scale has been truncated at 1063 °C, the melting point of
gold. The limit for expected creep is aso marked at 392 °C.
The temperature varies practically linearly with input power;
similarly, the temperature also increases with frequency. The
latter increase is due to the skin effect and the edge effects, and
has not been previously modeled.

Using the model data, the two failure modes studied
here—creep and self pull-in—can be evaluated, as shown
in Fig. 5. For this geometry, self pull-in is the dominant
failure mechanism for all frequencies and power levels. A key
conclusion of this study is that failure occurs at much lower
input power as frequency increases—with pull-in occurring
when P, =~ 6.3 W a f = 3 GHz, but at about 2.3 W at
f = 10 GHz for this example. Previous modeling efforts
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Fig. 5. Predicted onset of self pull-in and creep.

have concentrated on the effect of power [6], but this study
for the first time shows that RF MEMS failure is aso strongly
related to frequency. Moreover, it points out the importance of
integrated electrothermal modeling.
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