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Abstract -- Electrostatically actuated microswitches and relays have been developed at Northeastern University. These devices are 

approximately 100 x 100 microns in size and have been tested up to 1010 cycles with a current of 2 mA per contact. In this paper we 
examine the thermal characteristics of a microswitch with Au-Au contacts. We describe a finite element model to study the 
temperature distribution in the microswitch. The modeling results show that the highest temperature is located in the thin film 
contact trace rather than at the contact interface. The hottest spot moves away from the contact as the contact radius increases. 
Measurements show the switch resistance increases with voltage. The contact trace melts at a switch current of 0.35 A per contact 
and a voltage of 0.45 V. The melted region is 3-5 µm away from the center of the contact, slightly further than is predicted by the 
model.  
 

I. INTRODUCTION 
 

Electrostatically actuated micromechanical switches have 
been developed at Northeastern University, using the 
NUMEM microfabrication process [1]. Fig. 1 is a schematic 
representation of a microswitch, and Fig. 2 shows a SEM 
micrograph of a fabricated device. The microswitch design is 
based on a double cantilever beam, and has 3 electrical 
terminals, labeled source, gate and drain in Figs. 1 and 2. 
These switches can be used in RF and microwave circuits, 
medical ultrasound systems and ATE systems. 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Schematic of a microswitch. 

 
 
 
 
 
 
 
 
 
 

Fig. 2. SEM micrograph of a microswitch. 

 
Applying a voltage between the gate and source terminals 

creates an electrostatic force between the gate electrode and 

the cantilever, and pulls the beam down to make electrical 
contact with the drain. The minimum actuating gate-to-source 
voltage required to close a microswitch is typically 20-60 V, 
depending on the device geometry. This is referred to as the 
threshold voltage.  

When the microswitch closes, contact between the beam 
and the drain electrode occurs through a pair of bumps on the 
lower surface of the beam, near its free end. Fig. 3 shows a 
micrograph of a contact bump on the bottom of a beam.  
 
 
 

Beam  
 Drain Source Gate 
 Contact bump 
 
 
 Source Beam Drain  
Fig. 3. Micrograph of a contact bump on a microswitch. The radius 

of the contact bump is 1 µm and its height is 0.3 µm. 
 

Analysis and measurements of our microswitches have 
been reported earlier [2][3]. Switches have been cycled in 
excess of 1010 cycles with a current of 2 mA per contact. 
Testing is done in a nitrogen ambient at atmospheric pressure, 
with current being applied to the contacts during each cycle 
only when the switch is closed. Switches with Au-Au 
contacts typically have contact resistances less than 1 Ω.  

Gate 

Source Beam Drain 
Microswitches with 2 contact bumps have a shortened 

lifetime at higher currents. For gold-gold contacts, the 
microswitches fail in a permanently closed mode at less than 
1000 cycles for currents exceeding 20 mA, and at less than 10 
cycles for currents exceeding 300 mA. At currents of 
approximately 1 A, the drain electrode melts, resulting in a 
permanently open switch.  

To understand and improve the current handling capability 
of the microswitches, we need to study their thermal 

 



characteristics. Many authors have reported on various 
aspects of heat conduction through a contact (e.g., 
[4,5,6,7,8]). There is also a large body of work on the thermal 
modeling of macroscopic relay contacts, using finite element 
and finite difference methods (e. g., [9, 10]).  Hyman has 
discussed the contact physics of microcontacts, and modeled 
their thermal behaviour [11]. However, he does not consider 
the effect of the thin film traces leading up to the contacts in 
most MEMS switch designs.  

In this paper, recent work on the thermal characteristics of 
our microswitches is presented. First, the general contact 
theory is reviewed in Section II. In Section III, the results of 
an idealized finite element model in ANSYS are compared to 
analytical results to show that the finite element model is 
reasonable. In Section IV, the finite element model of our 
microswitches is described, and simulation results are 
discussed. In Section V, some experimental results are 
reported and compared to the modeling results. Our work is 
summarized in Section VI.  
 

II. CONTACT THEORY 
 
A. Contact Resistance 
 

Assuming that the electrical resistivity, ρ, is the same at all 
points of the constriction, the contact resistance of a single 
spot separating two infinite hemispheres is [12]: 

                                      
a2

R ρ
= .                                (1) 

where a is the radius of the contact spot. 
Because of the roughness of a real contact surface, only a 

few asperities of different radii, or at most tens of asperities, 
will make contact. Majumder et al. [13] have modeled the 
contact resistance of multiple contact spots in our 
microswitches, based on contact mechanics literature [14, 
15].  

In the following discussion, we represent the contact spots 
by an effective single spot, whose area is equal to the total 
area of all the individual contact spots combined. Based on 
SEM micrographs of the contact and electrical measurements, 
we assume an effective contact radius of about 0.1 µm. 
 
B. Voltage-Temperature Relation 
 

There is a simple relation between the voltage and the 
temperature difference across a contact. It is a consequence of 
the Wiedemann-Franz law [12] that relates the electrical 
resistivity to the thermal conductivity. This relation is often 
called the ϕ-θ Relation [12]  

4/U)TT(L 22
0

2 =−θ ,                       (2) 

where, Tθ is the maximum temperature in a constriction, T0 is 
the reference temperature and U is the voltage across the 
constriction. The parameter L is approximately:  

 (V/K)104.2L 28−⋅=                         (3) 

If T0 is room temperature (300K) and Tθ is the softening, 
melting or boiling temperature of a metal, then Us, Um and Ubl 
are the corresponding voltages defined by (2). These voltages 
are called the softening, melting and boiling voltages 
respectively. They can often be observed by critical changes 
of the contact resistance [12]. For bulk gold, the softening, 
melting and boiling temperatures are 373 K, 1336 K, and 
2720 K, and the corresponding voltages are 0.07 V, 0.4 V, 
and 0.95 V. 

Although the relation is derived for symmetric contacts, 
non-symmetric contacts usually show only small differences 
in the paths of the electric and thermal currents, and the 
relation can be applied to them without a large error. 
However, several workers have reported deviations from (2) 
[16, 17]. 
 

III. FINITE ELEMENT ANALYSIS (FEA) OF AN 
IDEALIZED MODEL 

 
First, the flow of current through a contact spot separating 

two hemispheres is modeled using the finite element software 
ANSYS. This is done to verify that the FEA model gives 
accurate results, and also to study the behavior of an idealized 
contact, before we model the contact more realistically. 
 
A. Description of the Idealized Model 
 

Two hemispheres contact at a spot, whose radius is a. 
Because of the axisymmetry of the model, it can be 
simplified into a 2-d model in ANSYS. The contact is a line 
of length a shared by two quarters of a circle, which represent 
the two hemispheres (Fig. 4).  
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Schematic of axisymmetric model in ANSYS. 

 
The boundary conditions are: 

K300T =         at a50r = , 
0h f =               at a a50r << , 0=θ , 

loadVU =            at a50r = , 0 , 90≤≤ θ

0U =                 at a50r = , . 090 <≤− θ
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where hf  denotes heat flux, T denotes temperature, and U 
denotes voltage. 
 
B.  Contact Resistance of the Idealized Model 
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The constriction resistance was calculated for a number of 
finite element analyses with different mesh granularities. The 
material properties used were those of bulk Au at room 
temperature, as reported in [18]. According to (1), the 
theoretical resistance is 11.21 mΩ. The contact resistance 
approaches the theoretical value as the number of model 
elements increases from 18600 to 34000. The number of 
nodes along the 1 µm contact radius increases from 3 to 180. 
The error is less than 1% as long as the number of elements is 
more than 25000. 
 
C.  Voltage Temperature Relation 
 

When a voltage, Vload, is applied between the two outer 
surfaces of the hemispheres, a current flows through the 
constriction and heat is generated. Several simulations were 
performed with different values of Vload. The temperature 
variation of the material parameters - thermal and electrical 
conductivity, density, and specific heat capacity - was as 
reported for bulk Au [18].  

Fig. 5 shows the voltage distribution along the vertical axis 
passing through the center of the contact spot. It shows that 
most of the voltage drop occurs near the contact spot, where 
the constriction is located. Similarly, the maximum 
temperature is located at the contact spot, which is consistent 
with the symmetry of the model.  

 

 

 

 

 

 

 

 

Fig. 5. Normalized voltage distribution (a = 1 µm). 

 
With increasing Vload, the temperature increases 

everywhere correspondingly. Fig. 6 shows the change in the 
maximum temperature with Vload. For comparison, the 
theoretical temperature-voltage relation, (2), is shown. The 
relation obtained from FEA is consistent with the analytical 
equation when the temperature is low. At a high Vload, the 
FEA result deviates from (2). That is because the material 

parameters used in FEA are experimental values and do not 
follow the Wiedemann-Franz law at higher temperatures.   
 
 
 Simulation 

Results  
 
 
 
 
 
 
 
 

 

Fig. 6. Maximum temperature vs. applied voltage (a = 1 µm). 

 
IV. FINITE ELEMENT ANALYSIS OF 

 
. Description of  M

ose-up of the microswitch contact region is shown in 

Fig. 7. Micrograph of the beam tip. 

 

Fig. 8. Geometry of a microswitch 
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Fig. 7. The thin dark line is the contact bump. Figs. 8 and 9 
are schematics of the region around the contact and the top 
view of the drain.  
 

2
0T)L4/(2VT +=Θ

Contact 

Beam 

Drain 

5.5µm 
2µm

0.3

 
 
 
 
 
 
 
 
 

 
 
 

 

µm
0.3µm

1µm 

1µm 

Beam 

Contact bump 
 
 

3µmDrain 7µm  
 
 SiO2 insulating layer 

500µm Si Substrate 

 

 
 
 
 
 
 

 



 

 

Fig. 9. The top v the drain. 
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inin FEA. In the model, the beam is simplified into a 
hemisphere with a radius of 2 µm. We performed a rough 
calculation to determine whether the hemisphere is large 
enough. We assumed the fixed end of the beam to be at 300 
K and calculated the temperature drop by conduction from 
the contact interface to the hemisphere boundary, and the 
temperature drop over that the entire beam, by calculating the 
corresponding thermal resistance. For a contact temperature 
of 500 K, the temperature at the boundary of the hemisphere 
would be 320K, while the assumed boundary value is 300 K.  
The contact is modeled as a circle of radius a shared by the 
beam and the drain, and multiple contact spots are not 
modeled. The thermal conduction of gas gaps is not included.  
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Fig. 10. FEA model in ANSYS and boundary conditions. 

 

Fig. 10. FEA model in ANSYS and boundary conditions. 
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The SiO2 insulating layer and the Si substrate are simplified 
into two cylinders. The thickness of the Si substrate was 
shrunk to 2 µm to make the simulation tractable. Simulations 
with thicker substrates did not show any change in the 
thermal behavior of the model.  

For the beam, the contact bump, and the substrates, the 
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 the microswitch. The thickness of the drain, t, is 0.3 µm. 
The SiO2 insulating layer and the Si substrate are simplified 
into two cylinders. The thickness of the Si substrate was 
shrunk to 2 µm to make the simulation tractable. Simulations 
with thicker substrates did not show any change in the 
thermal behavior of the model.  

For the beam, the contact bump, and the substrates, the 
bulk material properties are used [18]. Since the drain is a 
thin film, it is no longer appropriate to use the bulk material 
properties from the literature. Therefore, the electrical 
resistivity of the drain films was obtained by electrical 
measurement in a tube furnace in the temperature range 300-
1000 K. The thermal conductivity in the drain was calculated 

using the same data and assuming that the Wiedemann-Franz 
law was obeyed. 
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Fig. 12 shows a side view of the same temperature contours. 
Evidently, the beam behaves like a heat sink and remains 
close to room temperature, while the thin film drain has a 
much higher thermal resistance. Consequently, the hottest 
spot is not located  at the contact center. Instead, it is in the 
drain, 0.3 µm from the contact center.  
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V. EXPERIMENTAL RESULTS V. EXPERIMENTAL RESULTS If the contact is heated up to the softening temperature, the 
contact material will soften and the contact size will increase. 
To represent this situation a contact radius of 0.5µm is used, 
based on electrical measurements and SEM micrographs of 
contacts subjected to high currents. Fig. 13 and Fig. 14 show 
the temperature contours for this case. The hottest spot is in 
the drain, about 2.7 µm from the contact – that is, further 
away from the contact compared to the location of the hottest 
spot with a 0.1µm contact.  

  
A. Description of Experiments A. Description of Experiments 
  

The resistance of the microswitch was measured as a 
function of the current through the contact. The experimental 
setup is shown in Fig. 16. A voltage is applied between the 
drain and the source terminals, and the voltage between the 
sense terminals is measured. The switch resistance, Rswitch, 
and the switch voltage, Vswitch, are measured while increasing 
the current through the switch.  
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and the switch voltage, Vswitch, are measured while increasing 
the current through the switch.  
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Fig. 13. Temperature contours of the microswitch model in ANSYS 
(Vload=0.35V, a=0.5µm, the radius of the upper hemisphere is 2 µm, 

and the radius of the overall model is 10 µm). 
(Vload=0.35V, a=0.5µm, the radius of the upper hemisphere is 2 µm, 

and the radius of the overall model is 10 µm). 

  
  
  
  
  
  

Fig. 16. Experiment setup (only the circled part is modeled in 
ANSYS). 
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  Fig. 14. Side view of Fig. 13 (The thickness of the drain 

metallization is 0.3 µm and the thickness of the SiO2 layer is 
1.0 µm). 

Fig. 14. Side view of Fig. 13 (The thickness of the drain 
metallization is 0.3 µm and the thickness of the SiO2 layer is 

1.0 µm). 

B. Experimental Results of Microswitches with Au-Au 
Contact  
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Fig. 17 shows the microswitch resistance for one contact 

(twice the switch resistance) as a function of switch voltage 
for Au-Au switches, measured at a single contact force of 
approximately 30 µN. The switches were kept closed during 
the measurement. Based on a simple clean-metal contact 
resistance model, the expected resistance is about 0.2-0.6 Ω 
per contact, depending on the assumed surface roughness.  
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The voltage-temperature relation for this model was 
obtained from a number of simulations at different applied 
voltages at contact radii of 0.1 and 0.5 µm, and is shown in 
Fig. 15. The analytical expression of (2) is shown for 
comparison. The simulated maximum temperature is 5-10% 
smaller than the analytical value based on the Wiedemann-
Franz law. The difference exists because the heat is lost 
through the electrically insulating but thermally conducting 
substrate. 
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  Fig. 17. Experimental results for gold/gold contact (The solid lines 
are experimental results; the dash-dot-dot line is from 0.1µm contact 
radius model; the short-dashed line is from 0.5µm contact radius 

model).  
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Fig. 15. Voltage temperature relation from modeling. Fig. 15. Voltage temperature relation from modeling. 
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