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Abstract. This paper presents an approach to improve the performance of a Micro-
Electro-Mechanical (MEMS) switch with vertical movement, manufactured using surface
micromachining technology. We focused on the investigations of the critical technological
dimensions (gap, thickness of the arms) in order to obtain a released, stable mechanical struc-
ture and to avoid the stiction effect of the metallic shapes. Technological experiments, Scan-
ning Electron Microscopy (SEM) investigations, CoventorWare and Comsol simulations were
performed in order to investigate the electro-thermo-mechanical behaviour of the switch.
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1. Introduction and preliminary

There are many types of driving mechanisms implemented in microactuators: magnetic, elec-
trostatic or thermal. They are used in different applications for microassembling tools or are in-
corporated in MEMS like diffraction gratings or gear motors [1]. It is important to obtain small
size actuators, compatible with complementary metal-oxide-semiconductor (CMOS) technology,
with low actuation voltages.

Magnetic actuators convert the electric current into a mechanical output by employing the
Lorentz force equation or the theory of magnetism. They present high actuation force and stroke
(displacement), but are manufactured by materials which require more complicated technological
steps. Electrostatic actuators operate on the principle of electric charge and the deflection can be
accurately controlled.

The electro-thermal actuators are of great interest compared with electostatic actuators (as
combe-drive), due to their high output force, obtained for low input voltages. Between the
electro-thermal actuator, based on Joule effect, Chevron type is mostly studied and used [2-4]. A
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Chevron actuator is a MEMS device, obtained by micromachining techniques. By applying an
actuation voltage to a suspended structure with a pre-bent angle, an in-plane movement will be
produced.

In this paper we propose an electro-thermal actuator with vertical movement and parallel
suspending beams perpendicular to the central driving structure. The structure has an original
design and is fabricated using surface micro-machining processes, similar with those described
in [5]. A simple fabrication process, which uses a positive photoresist, S1805, as sacrificial
layer ensures a very high reproducibility of the developed structures, compared to conventional
MEMS electro-thermal actuators. Morover, the use of resist as a sacrificial layer reduces the
manufacturing costs. The paper is focused on the investigations of the critical technological
dimensions (gap, thickness of the arms) in order to obtain a released, stable mechanical structure
and to avoid the stiction of metallic shapes. Technological experiments, SEM characterization
and electro-thermo-mechanical simulations were performed.

2. Design

The proposed MEMS vertical switch is driven by a metallic electro-thermal actuator. Due to
the thermal Joule effect induced in the central mobile part, a movement in the vertical plane will
occur and commute the switch from the off stage to on. The thermal driving structure contains
a suspended central, rectangular shape connected by 5 pairs of symmetric mobile beams. The
gap between the bottom aluminium electrodes and the moving part of the switch is equal with
the thickness of the sacrificial layer (in our case photoresist). The geometrical dimensions are as
following: central rectangular shape: length 500 pm and width 30 pm, lateral beams: length 260
pm and width 5 pm, distance between the beams 90 pm and the gap between the two upper and
bottom electrodes: 0.5-1 um (Figure 1).

When applying a voltage to the actuation electrodes, an electric current passes and due to the
electro-thermal effect the driving structure and the beams will heat and deform, moving down
and contacting the bottom electrode, signal line (a metal-metal direct current-DC contact). The
switch will commute form the off into on stage. When the voltage is removed, the thermal driving
structure will go back to the initial position. This motion is produced without any deformation
of the central driving beam.

Fig. 1. The MEMS vertical switch configuration.
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3. Fabrication

The vertical switch was fabricated using surface micro-machining technology (Figure 2). The
manufacturing process involves the use of three photolithography masks: the first is used for the
configuration of the aluminium signal line (bottom electrode); the second mask is used to open
the windows in sacrificial layer in the actuation electrode areas, while the last mask is used for
the aluminium vertical switch structure patterning. The technological flow starts with an n type
525 pm thickness, < 111 > orientation silicon wafer. A thin film of 300 nm Si3N4, obtained by
low-pressure chemical vapor deposition (LPCVD), was used in order to passivate the substrate.

a) 300 nm thickness SiyNy insulating film deposition

b) 300 nm thickness Al E-beam deposition

c) Al patterning- bottom electrode

d) 51805 photoresist spin coating- sacrificial layer

e) 51805 photoresist patterning

f) 1 um thickness Al E-beam deposition

g) Al patterning- vertical switch structure
P ™

h) 51805 photoresist removing- structure release

Fig. 2. Fabrication steps of the switch.

The first metal was aluminium, with a thickness of 300 nm, deposited by Electron-beam (E-
beam) evaporation. It was patterned using photolithographic process and wet chemical etching.
An optical image can be seen in Figure 3 a. We can observe the two rectangular electrodes where
will be applied the actuation voltage and the other two electrodes (the signal line) used for the
on/off contacts of the switch.



Microfabrication and experimental characterization of an Out-of-Plane MEMS switch 127

The next processes were the deposition and patterning of a positive photoresist (S1805). Two
versions were considered for thickness deposition: 500 nm and 1 pm respectively. This resist is
used as a sacrificial layer in order to release the final mechanical MEMS switch structure. By
comparison to SiO- used as sacrificial layer for conventional MEMS manufacturing, this positive
resist has the advantage of easy and low cost fabrication.

After the photoresist was patterned, we removed the unwanted sacrificial layer, in the region
of the actuation electrode (Figure 3 b).

3
s
=
-
E
Ll

Open aria in FR

(a) (b)

Fig. 3. Optical image of the configured (a) Al bottom electrodes; (b) photoresist sacrificial layer [6].

Fig. 4. The top Al configured structure of the vertical switch (before the removal of the sacrificial layer-
optical microscope image) [4].
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A second aluminium layer of 1 um thickness was deposited by E-beam evaporation. The
vertical switch structure was defined by wet etching of the top metallic layer using the third
photolithographic mask. The optical image is presented in Figure 4.

The last step was the removal of the photoresist sacrificial layer and the releasing of the
mobile-driven structure of the switch. This process was performed using oxygen plasma etching,
which allowed us to avoid the unwanted stiction phenomena, which can occur during classical
wet removal between the metals, leading to enhanced reliability of the structures.

4. Simulation

Coupled electro-thermo-mechanical numerical analyses using Finite Element Method (FEM)
were performed by CoventorWare and Comsol Multiphysics software packages in order to ana—
lyse the behaviour of the structure for an actuation (pull-in) voltage in air. A simplified 3D model
(Figure 5) of the structure was considered in simulation. The mesh was defined by parabolic
elements. The material properties of aluminium used in simulation are presented in Table 1.

Fig. 5. The simplified 3D model of the structure used in simulation (CoventorWare).

Table 1. The materials properties used in simulations

Property Al
Young’s Modulus (E) [GPa] 77
Poisson ratio (v) 0.3

Coefficient of Thermal Expansion (TCE) [1/K] 2.31.107°
Thermal Conductivity for 300 K [pW/(um-K)] | 2.37- 10°%
Specific Heat(pJ/kgK) for 300 K 8.98-10™"
Electric Conductivity [pS/um] for 300 K 3.69-10%°

First, mechanical simulations were performed by applying a pressure of 0.00001 and 0.0001
uN/pm? respectively, on the top surface of the actuator in order to analyse the out-of-plane dis-
placement of the structure. The obtained maximum values are 0.52 pm and 1.9 pm, respectively
(Figure 6).
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Fig. 6. Vertical displacement of the actuator under pressure: a) 0.00001 pN/um? applied; b) 0.0001
uN/pm?2 applied (CoventorWare simulation).

Second, coupled electro-thermo-mechanical analyses were performed for the following bound-
ary conditions: in voltage (AV=50 mV) between electrodes, convection on external surfaces (air
convection coefficient varies between 200 - 1000 W/m?K) and reference temperature (T=2°C).
The radiation losses from the device are negligible as compared to the heat loss by convection,
since the maximum temperature reached in the actuator is lower than 800°C [7]. The results are
presented in Figures 7 — 11 and show that the maximum temperature, around 60°C, occurs in
central part of the structure (Figure 7) and the induced out-of-plane displacement reaches 12 ym
(Figure 8), suggesting that lower applied voltage could be sufficient for the switch to commute
from off into on state.

COVENTOR

Fig. 7. Temperature distribution in the structure for 50 mV applied (CoventorWare simulation).

In order to find the optimal voltage for actuation, a parametric analysis was performed con-
sidering the 1-200 V range, considering that, as structural material, aluminium has high melting
temperature (655°C [8]) that allows using higher voltage for heating without exceeding the melt-
ing point. The variation of electrical current as a function of a voltage is depicted in figure 9
showing that values of less than 80 mA are needed for actuation. Figure 10 presents the varia-
tion of maximum temperature 40°C at 25 mV, 60 C at 50 mV and 375°C at 200 mV for lowest
convection value. The vertical displacement as a function of voltage (Figure 11) confirms that
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for values between 25-30 mV, a displacement higher than 7 ym can be achieved. Also, the sim-
ulation results show that, at low potential, the convection coefficient does not significantly affect
the current, temperatures and vertical displacements reached in the structure (Figures 9-11).

COVENTOR

Fig. 8. Out-of-plane displacement for 50 mV applied (CoventorWare simulation).
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Fig. 9. Electrical current versus the applied voltage (CoventorWare simulation).
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Fig. 10. Variation of maximum temperature reached in the structure as a function of applied voltage (Coven-
torWare simulation).
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Fig. 11. Out-of-plane displacements for an applied voltage (CoventorWare simulation).
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Fig. 12. Simulation results for an applied voltage: a) Out-of-plane displacements; b) Temperatures; c)
Detail for the vertical displacement at 28 mV (Comsol simulation).

The variation of vertical displacement (Figure 12a) reveals that it is nearly constant and neg-
ligible for potentials up to 28 mV, it has a sharp transition to 5.3 um between 28-29 mV and
linearly increase to 10 pm for 29-50 mV potential range. The variation of maximum temperature
as a function of applied potential (Figure 12b) shows that 35°C is reached at 28 mV and 70°C
at 50 mV. Both sets of results in terms of displacements and temperature, particularly for 50 mV
applied voltage, are similar to the results obtained from CoventorWare and bring additional de-
tails on mechanical behaviour at lower voltage. An applied potential of 30 mV is appropriate to
ensure the out-of-plane displacement and to commute the switch from off into on state.

The proposed MEMS switch use different materials and a different geometrical configuration
(also number, positions of beams) and is hard to compare the simulation results with others in the
literature, as in [9] where a chevron microactuator is used to obtain the out-of-plane displacement,
being fabricated using SOL.
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5. Results and Discussions

In this paper we manufactured two different structures, by changing the depth of the gap
(respective photoresist: 500 nm and 1 pm). We studied the fabricated switch using optical and
Scanning Electron Microscopy. As can be seen in Figure 13 and 14, in both cases free standing
structures were obtained.

Fig. 14. SEM image of the released beam of the switch for a 1 pm gap [6].
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Fig. 15. SEM image of the released central shape with holes and the suspended beam of the switch.

In addition, in the central rectangular shape we designed regular, rectangular holes which
enable a fast and complete removal of the S1805 photoresist sacrificial layer, in order to obtain a
free, released structure (Figure 15).

6. Conclusions

We presented the manufacturing of a MEMS switch, by surface micromachining techniques,
using a photoresist as sacrificial layer. We obtained a released vertical MEMS switch fabricated
by a well-controlled process, with two different gap dimensions. The process is relatively simple
with good reproducibility. We simulated the electro-thermo-mechanical behaviour of the switch
by CoventorWare and Comsol software tools. This structure can be used as electro-thermal-
mechanical switch and as test device for investigation of mechanical stiffness and the adhesion
force between two metals.

Different stiffness of investigated switch structure can be obtained if the number of the sus-
pended beams is increased, with effect on the acting signal. Moreover, as the stiffness is higher,
the restoring force of the mobile electrode from the fixed one increases and the stiction decreases,
respectively. The presented switch structure can also be integrated in MEMS applications where
a thermal gradient occurs.

Future work will be focused on experimental measurements, which will be compared with
different simulation results.
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