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ABSTRACT

In this work, a new design for a thermally actu-
ated bi-stable microswitch is investigated. The device is
based on polycrystalline diamond, which due to its out-
standing material properties is an almost ideal material
for thermally actuated microsystems. The main aspects
of the device layout are a bi-stable buckled beam con-
figuration, whose two stable states can be altered by bi-
metal thermal actuators. Analytical calculations as well
as FEM simulations have been used to determine the op-
timum layout and to investigate the working principle
of the device. Switches have been fabricated according
to the results of these simulations and successfully op-
erated.
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1 INTRODUCTION

Thermal actuation of microswitches or other mi-
crosystems has several advantages compared e.g. to
electrostatic actuation, the most important being a
rather low actuation voltage and high actuation forces.
However, thermal actuation suffers from a static power
loss due to the constant heating, which is needed to hold
the switch in its closed position. This disadvantage can
be overcome by a novel bistable layout of the switches.
The layout is based on a double-side anchored beam,
which buckles due to a lateral expansion caused by in-
trinsic stress (see Fig. 1) resulting in two stable states.
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Figure 1: Deflection of cantilever into two stable states
under intrinsic stress o

Switching of this beam from the up- to the down-
state and vice versa is possible using the bi-metal ef-

fect, producing bending moments at the appropriate lo-
cations on the beam (see Fig. 2). By placing a met-
allization on the respective parts of the cantilever and
local heating, switching can be controlled.

Figure 2: Switching of the cantilever using the bi-metal
effect

The layout of this device can be especially simple if
the material used fulfills several purposes, i.e. if it is
the mechanical carrier, heater element with appropri-
ate resistance, counter material for the bi-metal actua-
tors, heat spreader for fast cooling and source of intrin-
sic stress to enable buckling. Thus the material needs
a high mechanical strength, high intrinsic stress, high
thermal conductivity, low thermal expansion and mod-
erate conductivity.

We have used polycrystalline diamond as the can-
tilever material, since it is almost ideal in all of the
above mentioned aspects. Due to its outstanding ma-
terial properties, like high hardness and high thermal
conductivity, diamond is a promising material for future
MEMS applications and several devices, e.g. an electro-
statically actuated microswitch [1], have already been
realized. However, this material is especially well suited
for fast, heavy-duty, thermally driven microsystems, as
could be shown e.g. in the diamond ink-jet [2]. Due to
the difference in thermal expansion of diamond and the
substrate material silicon and the characteristics of the
growth process, polycrystalline diamond layers exhibit
a high internal stress, which is essential for the bi-stable
behavior. A further advantage is the very low thermal
expansion coefficient of diamond, because for this reason
almost every material deposited on it creates a rather
high bi-metal effect in the desired direction.

The resulting layout of the switch is shown in Fig.
3. The supply lines, which deliver the current to the
diamond cantilever, which also acts as a heater element,
are arranged to enable selective heating for up and down
switching. The bi-metal layer is placed on the appropri-
ate heated parts of the cantilever, where the bending
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moments for switching have to be created. Fig. 4 shows
the simulated temperature distribution in the device for
the case of up and down switching.

Anchor Metal (Nickel) Diamond beam
(conductive)

Metal (Nickel) Supply (Cr/Gold)

Figure 3: Complete layout of microswitch

Figure 4: Simulated temperature distribution AT in the
cantilever of the switch resulting from current flow suit-
able for down switching (top) and up switching (bottom)
50 us after start of heating pulse

2 SIMULATION RESULTS

Since the parameter window for successful operation
of the devices is quite small, theoretical calculations are
necessary to determine the optimal values for the design
variables. These are especially the length and thickness
of the cantilever and the thickness and placement of the
bi-metal layers. In the following, the influence of these
variables on the device operation will be investigated.

The material parameters used in the simulations and
calculations are listed in Table 1. The values for Young’s

Table 1: Modeling parameters

| Diamond Nickel |
Young’s modulus 700 GPa 100 GPa
Therm. exp. coeff. || 107°K~*' | 12.8-107°K—!
Density 3.5g/cm™> 8.8g/cm™*
Therm. conduct. | 500 W/m-K 91 W/m-K
Intr. Stress 150 MPa -

modulus and intrinsic stress are measured data obtained
from processed test structures. For all other parameters,
literature values have been used.

2.1 Cantilever Layout

The dimensions of the cantilever determine especially
the bi-stable behavior of the device. The intrinsic stress
o in the double-anchored beam can lead to compression
or buckling depending on the thickness of the beam.
Stability calculations show, that if the cantilever is thin-
ner than a critical thickness of h. = £,/3Z, than it is
deflected into one of two stable states by

o 1 /h\?

If the thickness is above the critical value, than only
one stable state without deflection is present.

The deflection of the cantilever in dependence on its
geometry and intrinsic stress o (equation (1)) is depicted
in Fig. 5.
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Figure 5: Deflection of double-anchored beam in depen-
dence of its length, thickness h and intrinsic stress o

2.2 Bi-metal Layout

The most important parameter for a successful op-
eration of the switch is the layout of the metalization
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patterns creating the bi-metal effect. Therefore, the op-
timum dimensions of this metal layer have been deter-
mined by FEM simulations. The results are given in
Fig. 6 and Fig. 7, showing the bending moment re-
quired for state alteration in dependence of the length
of the metalization.
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Figure 6: Required bending moment for down switching
in dependence of the length of the metalization (can-
tilever length 1000 um)
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Figure 7: Required bending moment for up switching in
dependence of the length of the metalization (cantilever
length 1000 pm)

Both curves show a clear minimum, i.e. an optimal
length for switching operation. For down switching, the
optimal metalization length is about [/5, for up switch-
ing 1/3.

To determine the optimum material for the metal
layer and the required thickness, the bending moment
created by a bi-metal configuration has been calculated.
Under the assumption, that the bending stiffness of the
cantilever material is clearly higher than that of the met-
alization, the bending moment created can be calculated

to be
AT
My, = TEzwzhz(M + ha)(02 — a1) (2)

where Ej, aip, wy and ho are the Young’s modulus, co-
efficient of thermal expansion, width and thickness of
the metalization and «;, h; the respective parameters
of the cantilever material.

Thus, a metal with a high Young’s modulus and ther-
mal expansion coefficient is needed. Nickel has been
chosen, because it has the highest E - a of all metals.

From the simulated bending moment required for
switching and equation (2), the required switching tem-
perature can be calculated. This has been done in de-
pendence of the metalization thickness to determine the
required thickness for this layer. The results are shown
in Fig. 8.

200

1 80-_ —— Length 600um
0. ............. Length 1200um

140
1204
100
80
60
40
20

0 T M ) 1)
0 1 2 3

Metalization Thickness (um)

Switching Temperature AT (K)

-
[&]

Figure 8: Switching temperature in dependence of the
metalization thickness

It can be seen, that for a reasonable switching tem-
perature of 100 K a metalization thickness of 2-3 um is
required.

2.3 Transient Switching Characteristics

In the following, the switching event of a device with
optimized geometry is analyzed. The timing of the con-
trol signal is of major importance. Because of the high
thermal conductivity of the diamond layer, the heat
which is locally generated for switching is rapidly dis-
tributed across the entire beam area. If the switching
event is too slow, the heat will be distributed over both
heater areas, which then act at the same time.

The following calculations are 3d FEM simulations
including transient effects. Figs. 9 and 10 show the cal-
culated switching event for down and up switching re-
spectively. The simulations represent operation in vac-
uum, since air damping effects and heat transport over
the air underneath the cantilever have been neglected.
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Figure 9: Transient switching characteristics for down
switching, the bold parts of the curves represent the
actuated region
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Figure 10: Transient switching characteristics for up
switching, the bold parts of the curves represent the
actuated region

As can be seen, the switching event is quite fast, a
state change takes place in about 10-20 us. The simu-
lation results given in Fig. 4 show, that for a time of
up to 50 us the heat is still quite localized in the heated
area. Thus, even for the high thermal conductivity of
diamond, the switching event is fast enough to prevent a
cross-talk between the heater regions due to heat spread-
ing.

3 EXPERIMENTAL

Based on the optimization and evaluation of the con-
cept as described above, switches have been realized us-
ing the diamond surface micromachining technology e.g.
described in [1]. The switches have been characterized
and a bi-stable operation could be observed. Fig. 11
shows a microswitch in the up and down state. Both

states were stable and a reproducible switching from up
to down and vice versa could be obtained.

The heating energy used in the experiments was
70 pJ for switching from up to down (corresponding to a
heating pulse of 780 mW for 90 us) and 40 pJ for switch-
ing from down to up (570mW for 70 us) for operation
at normal pressure.

Figure 11: Bi-stable switch in up state (top) and down
state (bottom)

4 CONCLUSIONS

A new concept for a thermally actuated bi-stable
switch has been developed. By using diamond as a
multi-purpose material, the switch layout can be very
simple, consisting only of a double-anchored diamond
beam, a metalization for current supply and a metaliza-
tion for creating the bi-metal effect. The optimal switch
layout has been determined by means of analytical cal-
culations and FEM simulations. The feasibility of the
approach has also been proven by simulations. Based
on the simulation results, switches have been realized
and could be successfully operated, showing the desired
bi-stable behavior.
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