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ABSTRACT 

 
This paper presents FEA modeling and simulation 

results including thermal-electric-structural multiphysics 
contact phenomenon for a MEMS thermal-mechanical DC 
switch. Switch-on time and thermal time constants have 
been calculated both in vacuum and in air. Results show 
that higher heater driving voltage would provide faster 
switch-on time. For a heater voltage range of 1.0V~3.0V, 
switch-on time ranges from 0.18ms to 0.022ms in vacuum, 
while it ranges much longer, 2.9ms to 0.17ms, in air due to 
damping effect. Thermal time constant is calculated as 
about 2ms in vacuum, and about 0.2ms in air due to faster 
heat dissipation through air conduction. Thermal time 
constant also reduces slightly as thermal conductivity of the 
contact surface pairs increases. 

 
Keywords: finite element analysis (FEA), MEMS, thermal 
bimorph, micro switch, actuator 
 

1 INTRODUCTION 
 
In recent years, microactuators based on 

microelectromechanical systems (MEMS) technology has 
attracted great interests because of their advantages such as 
small size, high accuracy, high reliability, and low cost due 
to batch micro fabrications. These microactuators have 
wide areas of potential applications in the fields of 
electrical switches, micro valves, optical mirrors, display, 
and handling systems [1]. For example, microactuators can 
be used as switch array to replace diodes in switched-
capacitor power converters to realize DC-DC voltage step-
up, so that low voltage can be increased to higher level to 
drive other MEMS devices that require higher driving 
voltages [2, 3]. By using MEMS switches, the voltage 
converter will not suffer from voltage loss across the P-N 
junctions of the diodes. 

Compared to other actuation mechanisms, such as 
electrostatic or magnetic forces, microactuators using 
thermal bimorph has the advantage of lower driving voltage 
[1], which is a basic requirement for voltage step-up 
application. Standard microelectronic voltage level, for 
example, 1.5V~3.0V, can then be used. Potential drawback 
of thermal switch is lower switching speed compared to 
electrostatic actuators. So it is very important to perform 
systematic modeling, simulation and experimental studies 
to understand the operation behaviors of the thermal 
switches, such that optimum design can be realized to get 
the best performances. The purpose of this paper is to study 

the multiphysics behaviors, including thermal-electric-
structural coupling effects, surface contact effect, and air 
damping and thermal conduction effects of the MEMS 
thermal-mechanical switch, and trying to establish a 
parametric modeling approach for further design 
optimization through experimental verification of the 
model. 

 
2 DEVICE OPERATION PRINCIPLE 
 
The schematic diagram of the DC thermal switch is 

illustrated in Figure 1. The switch consists of a Si3N4 
cantilever membrane (1µm thick, 100µm wide, 400µm 
long, 1µm sacrificial gap), anchored onto a Si substrate. A 
serpentine NiCr heater is made on top of the cantilever. 
When a voltage is applied to the heater, heating will cause 
differential thermal expansion due to the bimorph effect [1] 
and the cantilever will bend down to close the switch. 
Underneath the cantilever tip, a Pt contact pad is used for 
connecting the two Pt pads on the surface of the substrate 
when the cantilever is bent down.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Schematic model of the switch structure. 

3 MODELING AND SIMULATION 
 
ANSYS Multiphysics 8.1 FEA software [4] was used to 

model and simulate the device behavior. Thermal-electric-
structural coupled field element, SOLID98, was used to 
simulate the cantilever structure. Contact element, 
CONTA174, and target element, TARGE170, were used to 
simulate the surface-to-surface contact behavior between 
the Pt switch contact pads. Figure 2 shows an FEA meshed 
model of the switch structure. Note that substrate was not 
meshed in order to reduce calculation time. Instead, the 
bottom surface of the anchor and the bottom surfaces of the 
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Pt switch contact pads on the substrate were set at zero 
displacement and room temperature as boundary 
conditions. 

 

        

Figure 2: Finite element mesh. 

Element size was reduced by half during the test 
simulation and the calculation was repeated until no 
significant differences were found between two test 
simulations using different element sizes, then element size 
was finalized as 10 using ESIZE command in the ANSYS 
parametric design language (APDL). 

The material properties of the materials used for 
cantilever (Si3N4), heater (NiCr), and switch contact pads 
(Pt), are listed in Table 1. 

 
Material Si3N4 NiCr Pt 
Young’s modulus (MPa) 130x103 186x103 168x103 
Poisson ratio 0.25 0.38 0.38 
Coefficient of thermal 
expansion (/K) 

1.6x10-6 13.4x10-6 8.8x10-6 

Thermal conductivity  
(pW/µm•K) 

2.9x107 1.3x107 7.2x107 

Resistivity (T ohm-µm) --- 1.1x10-12 10.6x10-14

Density (kg/µm3) 2.6x10-15 8.4x10-15 2.1x10-14 
Specific heat (pJ/kg•K) 8.0x1014 4.3x1014 1.3x1014 

Table 1: Material properties used in the simulations. 

As it can be seen, the operation of the device depends 
on the large differential thermal expansion coefficients 
between Si3N4 cantilever and NiCr heater. Also, as it will be 
presented in next section, the overall temperature rise is not 
significant when cantilever tip touches substrate to switch 
on signal, so the temperature dependency of the material 
properties were neglected in the simulations. 

When a switch is operating in air, two major effects 
would impact its performance. One is the heat loss due to 
air thermal conduction. This was modeled using convection 
film coefficient of 10,000 (pW/ µm2•K) to account for large 
heat dissipation through air [5]. The other effect is that 
squeezed film damping would slow down switch speed 
significantly. This effect was modeled using FLUID136 
element by overlapping fluidic elements at the bottom 
surface of the cantilever. First, modal analysis was done 

with fluidic domain added onto structural analysis to 
calculate mass and stiffness damping coefficients, and then 
these coefficients were used for following transient analysis 
to calculate switch-on time. Ambient pressure condition 
and nominal gap of 1µm were assumed during fluidic 
domain modal projection analysis.  

When cantilever tip touches substrate, heat would also 
dissipate to substrate through contact pads. Also, it will 
switch on electrical signal. These effects were modeled 
using surface-to-surface contact methods. Contact surface 
electrical conductivity of 1x1015 (T ohm-µm)-1 was used for 
electric contact simulation, and thermal surface 
conductivity was varied to evaluate its impact on thermal 
time constant. 

 
4 RESULTS AND DISCUSSIONS 

 
Nonlinear transient analysis was performed to simulate 

the switching behaviors. A heating voltage was applied to 
one end of the NiCr heater, while the other end of the heater 
was kept at zero volt. Figure 3(a) and (b) show typical 
analysis results, where cantilever tip displacement and 
temperature, and maximum temperature at the middle of the 
cantilever are plotted for a 1.5V heater voltage for both in 
vacuum and in air. 

-1.2
-1.0
-0.8
-0.6
-0.4
-0.2
0.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Time  (ms)

D
is

pl
ac

em
en

t (
um

)

20
40
60
80
100
120
140

Te
m

pe
ra

tu
re

 
(D

eg
re

e 
C

)

Tip displacement Tip temperature
Middle temperature Curve fitting

(a)
 

-1.2
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Time  (ms)

D
is

pl
ac

em
en

t (
um

)

15
20
25
30
35
40
45
50

Te
m

pe
ra

tu
re

 
(D

eg
re

e 
C

)

Tip displacement Tip temperature
Middle temperature Curve fitting

(b)  

Figure 3: Transient simulation of cantilever displacement 
and temperature: (a) in vacuum; (b) in air. 

It can be seen that cantilever tip touches substrate 
surface much faster (~0.056ms) than thermal equilibrium 
time constant (~2ms) in vacuum. While in air, it touches 
substrate surface later (~0.73ms) than thermal equilibrium 
is reached (~0.6ms). As mentioned above, for the situation 
in air, damping effect significantly slows down the 
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switching-on time, and the thermal equilibrium is 
accelerated greatly through air conduction. A sudden 
temperature drop for cantilever tip can be seen when it 
touches substrate at around 0.73ms in Figure 3(b), while it 
is not obvious for Figure 3(a). 

Temperature distribution and Z-displacement at 2ms 
under 1.5V are plotted in Figure 4(a) and (b) for the 
operation in air corresponding to Figure 3(b).  

 

      
                                      (a) 

      
                                     (b) 

Figure 4: Temperature distribution (a) and Z-displacement 
(b) at 2ms under1.5V in air. 

Maximum temperature of 42.5°C, located around the 
center of the heater, has been reached far before 2ms, as 
also seen in Figure 3(b). Cantilever tip moves down by 
about 1µm to get contact to the substrate, and the center of 
the cantilever buckles up a little bit due to thermal 
expansion of the heater. 

Switch-on time and switch-on temperature were 
calculated for different heater driving voltage, and the 
results are plotted in Figure 5(a) and (b). For a heater 
voltage range of 1.0V~3.0V, switch-on time ranges from 
0.18ms to 0.022ms in vacuum, while it ranges much longer, 
2.9ms to 0.17ms, in air due to damping effect, as shown in 
Figure 5(a). For a switch operating in vacuum, switch-on 
temperature for cantilever tip stays very flat for different 
heater voltage, and switch-on maximum temperature 
increases a little bit for higher heater voltage. They are both 
very low, since thermal equilibrium has not been reached 
when switch is on, as shown in Figure 3(a). For a switch 
operating in air, switch-on cantilever tip temperature stays 
flat for different heater voltage, while maximum 

temperature increases almost linearly with heater voltage, 
since thermal equilibrium has already been reached, and 
higher the heater voltage is, the higher the thermal energy is 
dissipated through resistive heating. 

0.00
0.05
0.10
0.15
0.20
0.25
0.30

0.5 1.0 1.5 2.0 2.5 3.0 3.5

NiCr Heater Voltage (V)

Sw
itc

h-
on

 ti
m

e 
in

va
cu

um
 (m

s)

-1.0

0.0

1.0

2.0

3.0

Sw
itc

h-
on

 ti
m

e 
in

 a
ir

(m
s)

Switch-on time, Vac. Switch-on time, Air

(a)
 

15
25
35
45
55
65
75

0.5 1.0 1.5 2.0 2.5 3.0 3.5
NiCr Heater Voltage (V)

Sw
itc

h-
on

 te
m

pe
ra

tu
re

 
(D

eg
re

e 
C

)

Max T, Vac. Tip T, Vac.
Max T, Air Tip T, Air

(b)
 

Figure 5: Switch-on time (a) and temperature (b) vs. heater 
voltage. 

Assuming the temperature of cantilever takes the form: 
 

τ/
maxmax )( t

sub eTTTT −⋅−−=                                    (1)    
 

where T is cantilever temperature, Tmax is the maximum 
temperature after thermal equilibrium is reached, Tsub is 
substrate temperature (25°C), t is time, and τ is thermal 
time constant. By curve fitting the transient simulation 
results in Figure 3(a) and (b) using equation (1), thermal 
time constant can be obtained, and the results are plotted in 
Figure 6 for different surface contact thermal 
conductivities. It can be seen that thermal time constant 
decreases slightly for higher surface thermal conductivity 
for a switch in vacuum while not obvious for a switch 
operating in air. In general, surface thermal conductivity in 
the range used for this simulation has little impact on 
thermal time constant, since heat conduction is dominated 
by cantilever itself and air conduction. Thermal time 
constant is about 2ms in vacuum, and about 0.2ms in air 
due to faster heat dissipation through air conduction.  

For a switch operation in vacuum, the overall switching 
speed is limited by cooling down time of the cantilever, 
which is determined by thermal time constant. Thus, the 
switching speed is limited to lower than 500Hz for a 2ms 
time constant. For a switch operation in air, if the driving 
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voltage is 1.5V, switch-on time is about 0.73ms; for a 
0.2ms thermal time constant for cooling down, so that 
overall switching speed would approach 1kHz. The power 
consumption can be calculated as about 10mW. Higher 
driving voltage would provide higher switching speed with 
sacrificing more power consumption. 
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Figure 6: Thermal time constant vs. thermal conductivity. 
 

5 EXPERIMENTS 
 
The fabrication process of the MEMS thermal-

mechanical switches has been developed and switches were 
fabricated. Fabrication process includes  a Si3N4 insulation 
layer (600nm) deposition using LPCVD, Ti/Pt 
(30nm/200nm) contact pads and interconnection traces 
sputtering and patterning using lift-off, a NiCr heater layer 
sputtering and patterning, a 1µm sacrificial layer spin and 
patterning using a polymer material PiRL, PECVD 
deposition of a Si3N4 layer forming cantilever. Finally, the 
wafer is put into an O2 plasma for releasing the devices by 
etching off the PiRL. An SEM picture of a fabricated 
switch array for voltage step-up is shown in Figure 7. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 7: SEM picture of fabricated switches. 

Dynamic motion of the cantilevers was measured using 
MEMS motion analyzer and laser interference in air. Fig.8 
plots the vertical displacement of the cantilever tip vs. 
sampling frame, which are about 30 frames within 10ms 
time span (100Hz signal). The measured downward 
movement of the cantilever tip is about 0.5µm after 
contacting the substrate, which is about the half of the 
fabricated gap. The cantilever itself has tilted down slightly 
after release probably due to internal stress. 

 
 

 
 
Figure 8: Measured cantilever tip displacement vs. time 
 

6 CONCLUSIONS 
 
FEA Multiphysics model was created including 

thermal-electric-structural, surface contact, and damping 
effect for a MEMS thermal-mechanical switch. Simulation 
results show that overall switching speed can be close to 
1kHz with higher than 1.5V driving voltage for a switch 
operation in air. This would be sufficient for a charged 
capacitor voltage step-up application with moderate values 
of capacitors. While in vacuum, switch speed would be 
limited to only about 500Hz. Ideally, switch should be 
packaged in a gas environment with low viscous damping 
coefficient and high thermal conductivity, so that switching 
speed could be improved further. 
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