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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 P _ Erartronn
of design to meet these goals. This paper demonstrates a fully Microstrip Line g »
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 Fig. 1. RF MEMS switch schematic (not drawn to scale).
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 GHz) conductors tends to make this problem worse. Hence, simul

and power input (0-10 W). Self pull-in is found to be the dominant taneous modeling of both electrical and thermal effects is
failure mechanism for an example geometry. 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
I. INTRODUCTION electromagnetic simulation and steady-state thermal modeling,

MERGING and future autonomous. wireless commuRroviding multidomain solutions. We present sample model
nications systems require highly reliable electronieata to demonstrate trends, and we use the data to evaluate two

components with very low power consumption. MicromeR0SSible failure modes.

chanical switches present a promising technology to meet

this demand. Such RF switches have been demonstrated with ~ !l: |NTEGRATED ELECTROTHERMAL MODELING

low loss, low power consumption, low distortion, and higher Fig. 1 shows a simplified view of a RF MEMS switch which

off-state isolation as compared to p-n diodes or field effegbnsists of a current-carrying beam. To short the switch to

transistors [1]-[4]. However, before such switches can lgound, electrostatic force is applied to pull the beam down to

used in commercial applications, they must demonstrate téntact a portion of the lower electrode. This type of switch

ability to switch reliably over billions of cycles. The high costan be implemented, for example, in a microstrip line, with the

of packaging such devices has also limited their commercigdam acting as a portion of the line and the lower electrode

acceptance. Moreover, their power handling capability is nasttached electrically to the ground plane. Note that this switch

mally much lower than 1 W, and reliability concerns becomgesign differs from those analyzed in [6] and [7] because

more pronounced for higher power [5]. Careful modelinghe beam carries all of the transmission line current while in

would allow design of more reliable switches with better powehe up state. In the previously analyzed designs, a beam was

handling capability. suspended above a CPW line, and the beam carried only a
Many of the possible failure mechanisms for MEMSmall current in the up state.

switches, such as electromigration, creep, adhesion, buck-

ling, self pull-in, and surface degradation, are related to te Electric Current Modeling

thermal behavior of the switch. Even small electrical losses For this work, the beam is modeled in the up state shown in

can cause significant temperature rise in microscopic partsg. 1. With RF current flowing through the beam, the average

making thermal modeling essential to understand and prediglat generated is equivalent to the electrical power loss, given
failure [6], [7]. At high frequencies, the electron crowdingjy

caused by the skin effect and by edge effects for rectangular

Lower (Ground)

Index Terms—Power handling capability, RF MEMS.
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here is the average power loss per unit volurdes the
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Fig. 2. Beam cross section used in electromagnetic modeling.

electrons to crowd toward the outside edges of the beam, with in-

creased current crowding at higher frequency. As a result, large

current density values exist near the beam edges which follow

the formJ ~ 1/\/1—, wherey is the distance from the edge offFig. 3. Flowchart for modeling temperature rise in the switch.

the beam. Further, the skin depth at RF frequencies is on the

same order as the beam thickness. Thus, a current density sBtuThermal Modeling

tion within the beam is required. While analytical solutions exist Once the current density is known, (1) is used to find,,

for the current density on wires with a circular cross section, nwhich is treated as a constant (time-invarying) heat generation.

merical modeling is required for a rectangular conductor.  The temperature in the beam is obtained from the steady-state
Afull-wave, three-dimensional numerical simulation is likelyheat equation

to give the most accurate results. However, three assumptions

enhance the simplicity of the model. V(EVT) = —pross (4)

* The electric field in the beam remains substantially pajghere; is the thermal conductivity an@ is the temperature.
allel to the beam’s length (the-directionin Fig. 1). Thus, Because the heat generation tergy, is evaluated numerically,
anyy- or z-components of the current can be ignored. (4) is also most easily solved with numerical techniques. As with

* The field variation along the:-direction is very small. the electromagnetic fields, (4) was solved using the finite ele-
Consequently, it may be modeled only in the- z plane. ment method. Because the thickness of micromachined beams is

* The effects of capacitance between the lower electrode afshsiderably less than their width, we assumed constant temper-
the beam in the up state are small, and are ignored.  ature through the beam thickness, so that a 2-D FEM simulation

These assumptions allow 2-D modeling on a transverse beaould be performed within the—y plane. Further, because heat
cross section normal to theaxis, as illustrated in Fig. 2. transfer due to conduction is expected to be significantly greater
The fields on the cross section are modeled using the finitean heat lost due to convection or radiation, only conduction is
element-boundary integral (FE-BI) method [11], [12]. Withirmodeled.
the beam, the electric field must satisfy the wave equation
C. Integrated Modeling
Equations (1) and (4) describe the temperature dependence
on the electrical properties of the beam. Moreover, the electrical
wherey is the complex propagation constant in the metal. Thissistivity p is expected to vary linearly with temperature, and
equation is solved via the finite element method. The fields ouhis has been demonstrated experimentally [13]. Consequently,
side and on the boundary of the beam can be expressed usitgleling requires iteration to allow temperature changes to up-
Kirchhoff’s integral equation as date the value op. Fig. 3 illustrates a modeling scheme using
the relaxation method. Starting with room temperature®(25,
and a corresponding resistivity, the latter is updated as the tem-
perature changes until convergence is reached. While this itera-
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%.

V?E, —+4*E, =0 2)

_E’L,:(I-’)%G(r7 r')} dl’  (3)

where, as usual, the vectorefers to the testing point, defining
a point outside or on the beam boundary. The vectoefers to
the integration point. Furthe€(r, r’) is the free space Green's  The integrated model can be used to predict switch failure. In
function. Alternatively, the presence of the lower electrode {fis work, we consider creep and self pull-in failure.
approximated by using the half-space Green’s function. In theCreep Failure: Creep is the time-dependent plastic deforma-
context of FE-BI, (2) and (3) are discretized and solved simuion of materials at elevated temperature even when subjected to
taneously to yield the electric field within the beam and on itstress well below the yield strength. Many materials, including
surface [11], [12]. The current is then obtained frdn= ¢E, metals, exhibit creep at temperatures above half their melting
whereo is the metal conductivity. point (see [14, pp. 215-217]). Hence, a gold switch, having a

Il. FAILURE MECHANISMS
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Steady-State Temperature vs. Power and Frequency Onset of Creep and Self Pull-in
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Fig. 4. Maximum steady-state temperature in a beam as a function of powgg. 5. Predicted onset of self pull-in and creep.
and frequency.

. . . . Lo _have concentrated on the effect of power [6], but this study
melting point of 1340 K, is likely to fail over time if the temper for the first time shows that RF MEMS failure is also strongly

ature exceeds 670 K, or 39€. N .
) oo . . related to frequency. Moreover, it points out the importance of
Self Pull-in Failure: Self pull-in occurs when the signal. .
. . . integrated electrothermal modeling.
voltage carried by the switch generates sufficient electrostatic
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