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Abstract A thermal analysis of RF-MEM-Switches based on 
the heat conduction is presented. The heat equation is solved 

by employing a Forward Time Centered Space (FTCS) differ- 
ence scheme. For the electromagnetic (EM) characterization, the 

standard FDTD method is used which provides the dissipated 
RF power in the MEMS metal structure for a subsequent sep- 
arate heat analysis. The computed temperature distribution in 

the switch was utilized as an input to a mechanical simulator for 
a mechanical analysis. This analysis has shown that when the 

MEMS switch operates under high power, a temperature gradi- 
ent develops on the structure that strongly affects stress distri- 

bution on the switch. This stress redistribution impacts opera- 
tion and affects switch lifetime. The accuracy of the presented 
method is demonstrated by comparing the theoretically com- 

puted and experimentally verified thermal profile of a patch an- 
tenna. 

1. INTRODUCTION 

For the past few years, micromechanical systems (MEMS) 
have become more and more important and have successfully 
been integrated in RF-circuits up to 40GHz. Most of these 
switches have operated under low power conditions in order 
to improve reliability and extend lifetime. Recent work has 
demonstrated that for particular capacitive switch architec- 
tures, operation under high power is not compromised by self 
activation but by other effects primarily attributed to redistri- 
bution of the mechanical stresses. This redistribution, results 
in a constant increase of the required activation voltage dur- 
ing switch operation, accelerates dielectric charging and re- 
sults in a catastrophic failure. When operating under high RF 
power, the finite electrical conductivity of the metalic struc- 
ture of the switch creates hot spots which vary with the on or 
off position of the switch. To be able to understand the phe- 
nomena underpinning the observed behavior, the heat transfer 
in the membrane has to be studied extensively and to be taken 
into account for a proper design. 
As shown by literature, most MEMS are fairly small and 
physically complicated three dimensional structures. A; a 
consequence, a fully 3D simulation of the heat problem is 
required to determine the temperature distribution and locate 
critical points on the MEMS metalic membrane. The temper- 
ature influences the stress resulting in a considerable bending 
of the membrane and affects the actuation voltage, the hys- 
teresis and consequently the time constant of the mechanical 

system. These thermal effects are primarily responsible for 
device failure under high RF power. 
For MEMS switches operating in the GHz region where 
the mechanical, thermal and electromagnetic time constants 
strongly differ, the system is almost decoupled and can be an- 
alyzed iteratively. In the first section, a formulation for the 
conductive heat equation is given. The disspated RF-power 
required as an input for the heat problem is achieved by the 
standard FDTD analysis described in section III. AFter the 
calculation of the temperature variations on the switch, a me- 
chanical analysis is performed to investigate the warping of 
the switch based on the calculated temperature profile. For 
validation, a temperature distribution of a patch antenna in 
the X-band is compared to the simulation results. 

II. THEORETICALFORMULATION 

In this section, conduction is considered as the major mech- 
anism of heat transfer in the thermal analysis of the MEM- 
switch. Radiation only plays an important role for high tem- 
peratures and materials with low conductivity and can there- 
fore be neglected in this application. Another mechanism of 
heat transfer is the convection, which can easily be employed 
to the boundaries of the computational domain. Modeling of 
convection within a structure requires a solution ofthe airflow 
in the entire domain resulting in a very complex mechanical 
system. The general heat conduction equation [l, 21 for the 
proposed heat analysis is given by 

aT 
‘pp at - =V.(aVT)+H . (1) 

where p is the density, c, is the specific heat, T the tempera- 
ture, Q the thermal conductivity and H the disspated electric 
power. To solve this parabolic partial differential equation, 
the Forward-Time Centered-Space (FTCS) scheme [3] is ap- 
plied. 
As the heat simulation is performed after the FDTD simu- 
lation, the same grid is chosen for the heat conduction equa- 
tion. Fig. 1 shows the temperature nodes embedded in the Yee 
scheme [4]. The temperature nodes are placed in the center 
of the Yee-cell which defines the control volume for the flux 
in each spatial direction. 
In addition, suitable boundary conditions are required to 
terminate the domain. The considered boundary conditions 
strongly affect the rise in temperature and the resulting ther- 
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Figure 2: Fabricated and analyzed MEMS switch. 
Figure 1: Grid for thermal simulation derived from the Yee- 
scheme 

ma1 profile because all the heat generated in the structure has 
to be conducted through the boundaries of the domain. Here, 
two different kinds of mechanisms are considered. Based 
on the fact that the circuit is attached to a wafer with high 
conductivity mounted on a heat sink, a constant temperature 
boundary condition can be applied on the bottom surface. The 
surface on the top is more difficult to handle because the air- 
flow and its temperature has to be modeled correctly. In the 
simplest case, such a convective boundary condition can be 
formulated by the following equation: 

where n is the normal vector, h is surface heat transfer coeffi- 
cient and TB and TA is the temperature of the boundary node 
and the fluid, respectively. 

III. EM-ANALYSIS OF MEMS 

In this section, the source term H of equation (1) is speci- 
fied by performing a FDTD analysis [4]. The dissipated RF- 
power in the MEMS membrane is the dominating factor for 
the heat generation process whereas the ohmic losses in the 
transmission line and in the substrate have a minor influence. 
The source term in the heat equation is given by H = j’ f  ,??. 
In general, the thickness of the membrane is larger than the 
skin depth at the’frequency of intrest. As a consequence, a 
effective conductivity [5,6] 

2 
Oeff = ade 

-tanh( &i) (3) 

has to be introduced to the membrane. As an alternative, a 
resistive sheet [6] with the corresponding surface impedance 
can also be applied. In this approch, the inductive part of the 
skin-effect is not taken into account. Fig. 2 shows a pho- 
tograph of the analyzed MEMS switch. The losses in the 

MEMS structure are determined in two different ways. First, 
the total loss is extracted from the scattering parameters pic- 
tured in Fig. 3. The diagram shows the losses when the mem- 
brane is in the up and down position. Then, the ohmic 
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Figure 3: Dissipated power in the Ni-membrane versus losses 
extracted from the scattering parameters. 

losses in the MEMS membrane are calculated at 25 GHz. 
These losses appear as points in Fig. 3. In conclusion, the 
total loss of the MEMS switch is caused by the ohmic loss 
in the membrane and radiation effects are negligibly small. 
The current di’stribution on the membrane for both operating 
states is shown in Fig. 4 and Fig. 5. When the membrane is 
down, the current only concentrates on the front edge of the 
first bridge due to the skin-effect. Because the MEMS switch 
presents an RF short for the incoming wave, the electric field 
in the slot of the CPW line decays fast and does not cause 
further significant currents in the other bridges. A different 
current pattern can be observed when the membrane is up. In 
the up position, two hot spots on the first and the last bridge 
are obtained because the RF-power is transmitted and ther- 
fore, the electric field is constant underneath the entire length 
of the membrane along the CPW slot. According to Fig. 3, 
the ohmic losses in the MEMS membrane are only increased 
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Figure 4: Current 
down position 

distribution in the Ni-membrane in the 

Figure 5: Current distribution in the Ni-membrane in the up 
position 

by a factor two when the membrane is up. 

IV. HEAT ANALYSIS OF MEMS 

A heat analysis of the MEMS switch (Fig. 2) has been car- 
ried out for an RF-input power of 1 W. According to Fig. 
3, the ohmic losses in the membrane result in 10.1 mW and 
20.3 mW for the up and down states of the switch, respec- 
tively. A steady state is achieved after about 1 ms for the 
down state, and a slightly longer transient is observed in the 
up state. The heat analysis leads to two different tempera- 
ture distributions which are illustrated in Fig. 6 and Fig. 7. 
When the switch is in the down position, only a hot spot 

appears in the bridge where also the current has its maxi- 
mum. Hence, the heat is directly conducted through the thin 
dielectric layer into the Si-substrate due to the thermal con- 
tact between the two materials. Furthermore, the Si-substrate 
acts as a heat sink and conduction is the major part of the 
heat transfer. A different pattern is achieved, when the sw/tch 
is released. Now the membrane is practically surrounded by 
air and almost isolated due to its small thermal conductivity. 
Hence, the membrane heats up and hot spots are spread out. 
In practice. an airflow through the membrane will be the main 
component of the cooling mechanism. Thus, the temperature 
distribution for the up state shown in Fig. 7 is the worst case 

Figure 6: Temperature distribution in the Ni-membrane in the 
down position; diagram shows rise of temperature in Kelvin. 

Figure 7: Temperature distribution in the Ni-membrane in the 
up position; diagram shows rise of temperature in Kelvin. 

for the heating process, 

v. MECHANICAL ANALYSIS 

Because thermal, mechanical, and electromagnetic time con- 

411.8 K was then placed as a thermal source on the air bridges 
to simulate the heat distribution’obtained in the thermal anal- 
ysis. With steady state conditions assumed, the mechanical 
equations [7] determined that this particular high tempera- 
ture caused substantial warping of the switch membrane (Fig. 

for an asnect ratio of the switch membrane of 320: 1. As it is 
evident from the picture, the RF power causes stress redistri- 
bution which causes a substantial deflection of the center of 
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Figure 8: Switch warping not shown to scale. 

the switch and results in a substantial increase of the gap. This 
separation as measured between the center of the bottom and 
top dc electrodes used to electrostatically activate the switch 
is approximately 3.75 microns. The gap between the center 
of the sitch and the center of the CPW line is a high as S,mi- 
crons. The initial gap size of 3 micrometers has a theoretical 
pull down voltage of 3.9 V. However, the increase in gap size, 
from 3 to 3.75 micrometers, can drastically increase the pull 
down voltage to 5.45 volts representing an increase of 39.7 % 
as given by 

(4) 

where A is the area of the electrodes, go is the gap size, and 
K, is the spring constants of the meanders. This calculation 
does not include the increase in the spring constants of the 
meanders caused by the warping of the meanders themselves, 
which would also contribute to an additional increase in the 
actuation voltage. This thermal analysis explains the higher 
voltages measured [9]. 

VI. VALIDATION 

In order to validate the above mentioned simulation tech- 
nique, the thermal profile of an X-band patch antenna was 
measured experimentally using a EO/thermal probe whose 
design was based on semiconductor bandgap thermometry. 
The optical transmissivity through the probe is modulated by 
variations in probe temperature due to the temperature depen- 
dence of the bandgap. Using standard micromachining tech- 
nology, small dimension probes are obtainable, allowing the 
possibility to produce thermal images with a spatial resolu- 
tion on the order of tens of microns. 
Complete details of the experimental technique can be fornd 
in [lo]. The acquired thermal image was found to be in good 
agreement with the results obtained from simulations. A large 
hot spot is observed in the vicinity of the microstrip feed 
where the temperature peaks at 40 degree Centigrade. The 
temperature distribution is seen to fall away rapidly with lat- 
eral distance from the antenna, indicating a good flow of heat 

from the antenna to its heat sink. A sensitivity analysis of the 

loss mechanisms show that dielectric loss dominates the tem- 
perature distribution above the patch. Similar thermal images 
will be acquired above MEMS switches in order to validate 
the simulation results. 

CONCLUSION 

A thermal analysis of a RF-MEM-Switch based on a FDTD 
approach was presented in this paper. The dissipated power 
was achieved by a previous FDTD simulation and the thermal 
problem was solved by applying a FTCS scheme to the heat 
conduction equation. The temperature distribution was used 
as an input for a firther mechanical modeling to investigate 
the impact of the heating on the actuation voltage. The ther- 
mal analysis was validated by a measured temperature profile 
of an antenna patch in the X-band and compared to the simu- 
lation results. 
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