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Abstract This paper presents the design and fabrica-
tion of the thermally actuated MEMS switches based on
out-of-plane V-beams. The purpose of this research is to
analyze the mechanical response of a V-thermal actuator
fabricated from aluminum in order to improve the accu-
racy in response and to increase the switch lifetime. The
actuation of this kind of switches is based on the thermal
displacement of the mobile electrode under thermal load
that is generated when the actuation voltage is applied. It
can be used either as a capacitive switch or as a metal-to-
metal one. The displacement of the mobile electrode for a
given temperature is analytically calculated and validated
both numerically and experimentally. Experimental inves-
tigations are performed on a macro-scale sample using a
3D digital image correlation measuring system, a heating
source and a thermal camera for temperature monitoring.
The first fabrication steps of the MEMS switch based on
the V-beam thermal actuator are presented. The out-of-
plane V-beams thermal MEMS switches can be monolithi-
cally integrated in RF applications.

1 Introduction

A micro actuator is the key device for micro systems to
perform physical functions. In case of a MEMS switch
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structure supported by micro-beams a static displacement
of the mobile electrode is used to close a RF circuit. The
actuating force can be an electrostatic force, electromag-
netic force, thermal force or the displacement can be given
by piezoelectric actuation (Li et al. 2010; Pal et al. 2015).
Each driving mechanism has its own advantages and dis-
advantages but only thermal actuation is considered in
this paper due to the high displacements generated for low
actuation voltages (Rawashdeh et al. 2012). The reliability
of thermal actuators depends on the packaging as well as
on the design and materials used for the fabrication of the
micro-structure. Thermal micro-actuators have been oper-
ated successfully for tens of millions of cycles (Phinney
et al. 2012); degradation has been observed including plas-
tic deformation of the actuator’s legs, wear debris genera-
tion, changes in the grain structure, oxide growth and even
fracture (Baker et al. 2004; Phinney et al. 2010, 2012; Plass
et al. 2004).

The central shaft of the structure can be used either as a
capacitive switch or as a metal-to-metal one. Since the RF
characteristics are determined by the mechanical position
of the movable electrode, distortion of signal can be quite
low. The movable electrode is connected to the ground
(fixed electrode) in the analyzed case by the thermal expan-
sion of V-shape beams (chevron actuator). Monolithic inte-
gration with electrical circuit is considered for fabrication
process of switches that provide size reduction.

Figure 1 shows the schematic view and the cross-sec-
tions of a MEMS switch based on the V-beam actuator. The
coplanar waveguide (CPW) is under and along the mobile
electrode (Fig. 1a). The cross-section of the switch in the
off-state position is shown in Fig. 1b. When a thermal
load is applied to the structure the mobile electrode moves
towards the fixed electrode and the switch is in the on-state
position (Fig. 1c). One of the main failure causes of this
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Fig.1 Schematic representation of a MEMS switch based on the
V-beam actuator: a top-view; b cross-section of the off-state; ¢ cross-
section of the on-state

kind of switch is the stiction between mobile electrode and
the substrate. The number of V-beams pairs influence the
rigidity and the return force of the mobile electrode. An
analytical model is proposed in order to assess the influ-
ence of each geometrical parameter on the output deflec-
tion. The model was tested on a macro-scale geometrical
type of the V-beam thermal actuator due to the low cost,
speed and ease of fabrication related to the micro-scale.

In this paper we present the design and modeling of a
macro-scale out-of-plane V-beam thermal actuator and the
first fabrication steps of a micro-scale application for this
structure in MEMS switches. The scope of our research
work is to design and test the mechanical response of the
V-beam actuators with respect to the applied thermal load
in order to improve their accuracy and to increase their life-
time. In the first part of the paper, the analytical solution,
numerical investigation and experimental validation of the
output displacement of a V-beam thermal actuator for a
given temperature increase is presented. The out-of-plane
displacement of the central shaft of the V-Beam actuator
is experimentally determined on the macro-scale structure
using 3D Digital Image Correlation (3D-DIC). The first
fabrication steps of the MEMS device that incorporates a
V-beams thermal actuator are presented in the second part
of paper, together with the conclusions.

2 Out-of-plane V-beam thermal actuator
2.1 Design considerations

The V-beam thermal actuator type structure has been suc-
cessfully integrated in the design of optical switches (Lee

@ Springer

and Wu 2005; Yang et al. 2007), the design of optical
fiber alignment devices (Sassen et al. 2008), the design
on micro-grippers (Shivhare et al. 2015) and even in the
design of military safety-and-arming devices (Li et al.
2015). The feasibility of implementing vertical thermal
actuators based on the chevron topology has been con-
firmed in (Varona et al. 2009). These and other reported
applications that include V-beam geometrical type struc-
tures in their design are based on the advantage of thermal
actuation in developing a high force output in combination
with relatively high deformations. The novel approach of
this paper is to propose the development of a micro-switch
based on the out-of-plane displacement of a V-beam ther-
mal actuator. The central shaft of the actuator moves under
thermal load towards the cathode, thus closing the circuit.
Thermal actuation was chosen in order to assure good
mechanical contact between the two surfaces as well as to
prevent stiction when the breaking of the circuit is desired.
The development and validation of an analytical model is
required in order to derive the geometrical parameters that
can lead to the closing of the gap while taking into account
a temperature increase that is compatible with the rest of
the integrated circuit components.

2.2 Geometrical parameters of the actuator

A schematic representation of an out-of-plane V-beam
geometrical type structure is presented in Fig. 2, in which
the symbolic parameters have the following meaning:
I—beam length; t—structure thickness; w—beam width;
B—Dbeam inclination angle (the angle of the neutral axis of
the beam in respect to the plane containing the anchors of
the actuator).

2.3 Analytical study on the deflection of the structure
under a given thermal load

An analytical study was performed in order to determine
the deflection of the structure under a given change in tem-
perature. The proposed beam model is shown in Fig. 3.
Beside the boundary conditions given by the rigid anchor
and central shaft, the model also considers an imposed dis-
placement along the x-axis “e” which takes into account
the expansion of the central shaft along the x-axis, out
of which the expansion of the substrate of the sensor is
subtracted.

Considering the Castigliano’s second theorem, Eq. (1)
allows the calculation of the out-of-plane displacement “6”
of the central shaft for a given temperature increase—AT.

sin(8) cos(,B)(Al2 — 12I;)(e + a ATl cos(B))

§ = a ATl sin +
) 121, cos? B + A2 sin? B

(0
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Fig. 2 Geometrical parameters
of the out-of-plane V-beam
thermal actuator
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Fig. 3 Half model of the V-beam actuator with thermal load and
imposed displacement along the x-axis

Fig. 4 The fabricated macro-scale out-of-plane V-beam structure

The terms that weren’t previously defined are: o—coef-
ficient of thermal expansion of the structure’s material; A—
cross-sectional area of the beam; /. —moment of inertia of
the cross section of the beam; e—imposed displacement
of the anchors. More information about how this relation-
ship was determined can be found in (Chiorean et al. 2014).
Also in the reference there are presented the influences of
the geometric parameters upon the displacement and per-
formance of a V-beam actuator.

A macro-scale structure of the out-of-plane geometri-
cal type V-beam actuator was fabricated in order to test
the proposed analytical model. The actuator has the fol-
lowing dimensions: [ = 26.4 mm, w = 1 mm, g = 10°,
and it is made of aluminum (o = 2.3e-5 (1/°C), Young’s
modulus = 71,000 MPa). The central shaft and the anchors

have a width of 6 mm. The sample, shown in Fig. 4, was
laser cut from an aluminium sheet having a thickness (7)
of 1 mm. The structure was spray-painted giving it a sto-
chastic “salt-and-pepper” pattern (required by experimental
investigations) and then embossed to the final shape.

2.4 Numerical modeling of the displacement output
of the macro-scale structure

Finite Element Analysis (FEA) has been performed in
order to simulate the thermal actuator’s displacement out-
put for a given temperature increase. The numerical study
was performed using ANSYS Workbench. Figure 5 shows
the vertical deformation of the structure defined by the geo-
metrical parameters presented above when a 70 °C tem-
perature increase is applied. Numerical determinations like
this were performed for all the temperature differences con-
sidered during the experimental investigations.

2.5 Experimental validation of the analytical
and numerical models of the macro-scale structure

Experimental validation of the analytical model has been per-
formed on the macro-scale model of a V-beam thermal actua-
tor. Measurement of the out-of-plane displacements relies on
full-field, optical method of digital image correlation.

In the 3D digital image correlation technique, random
grey value dot patterns on specimen surfaces are observed
by two cameras from different directions in a stereoscopic
setup, the position of each object point being focused on
a specific pixel in the camera plane. The digitized images
are compared to match subsets (facets) from one image to
another by using an image correlation algorithm. Knowing
the imaging parameters for each camera and the orienta-
tions of the cameras with respect to each other, the position
of each object point in three dimensions can be calculated.
If this calculation is done for every point of the object sur-
face, the 3D surface contour of the object can be deter-
mined for all the areas that are observed by both cameras.
In order to evaluate surface displacements and strains on
the object surface, a series of measurements are taken while
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Fig. 5 Axial deformation out-
put determined using ANSYS
Workbench
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Fig. 6 Experimental set-up for the determination of the displacement
of the macro-scale V-beam actuator

the specimen surface is moved due to a loading. An appli-
cation of 3D-DIC to the determination of thermal behav-
iour of materials is presented in (Dudescu et al. 2013).

A schematic representation of the experimental set-up
developed in order to determine the upward movement
of the central shaft of a V-beam geometrical type thermal
actuator is presented in Fig. 6.

The experimental tests on the sample were performed
at Technical University of Cluj-Napoca using the Q400
3D Digital Image Correlation system produced by Dan-
tec Dynamics GmbH, Germany. The optical measurement
allows the determination of the displacement of the cen-
tral shaft as it is pushed away from the plane defined by
the anchors of the structure. The aluminum sample was
mounted on a ceramic substrate and images were taken
using the DIC system at certain temperature thresholds—at
every 10 °C temperature drop in the 9242 °C interval and
22 °C laboratory conditions. The temperature of the sam-
ple was monitored using a thermal imaging camera. The
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noncontact displacement and temperature measurement
solutions were preferred in order to avoid any contact that
may alter the free expansion of the structure under thermal
load.

2.6 Validation of the dependency of the deflection
on the temperature increase

The experimental, numerical and analytical results are pre-
sented in Fig. 7.

The analytical results are in good agreement with the
FE calculations and the experimental determination which
proves the reliability of the proposed mathematical model.
The relative errors between the analytical and the experimen-
tal results are less than 7 %, while the relative errors between
the numerical and the experimental results are less than 9 %.
These results can be used in the future design of V-beam sen-
sors as they can facilitate the making of an informed deci-
sion when it comes to determining the geometry that would
lead to a desired response. The influence of each geometrical
parameter can be determined based on the analytical rela-
tionship by considering a set of initial parameters and then
varying them one at a time. This validated analytical model
can also be used at micro-scale if the mechanical character-
istics of the material are experimentally determined because
these are different from bulk/laminated to deposited alumin-
ium. Other specific aspects at the microscale such as influ-
ence of the temperature upon the Young’s modulus should be
taken into account (Pustan et al. 2013).

2.7 Electro-thermal modelling of the V-beam actuator

The analytical model presented so far offers a relation-
ship that allows the determination of the output deflection
as a function of the structure’s geometric parameters and
a given temperature increase. This would suffice if the
structure was to be used as a sensor. As far as the actuation
of the switch is concerned, thermal heating through Joule
effect is envisioned, so an analytical model that allows
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the determination of a mean temperature value for a given
actuation current is also proposed.

When current is applied to a resistor, its temperature rises
until an equilibrium is reached between the electrical power
(P) and the heat flux it dissipates through convection (dQ/dft):

P:Q:}R-IZth-AC'AT (2

in which the terms are: R—resistance of the sample, I—cur-
rent intensity, #—convective heat transfer coefficient, A —
surface area of the heat being transferred, AT—temperature
difference.

The resistance of the structure varies with its tempera-
ture as presented in (Serway and Jewett 2012):

R=Ry(1+k-AT) 3)

in which the terms that weren’t previously defined are:
R —ambient temperature resistance, k—temperature coef-
ficient (k = 3.9-1073 [1/ °C] for aluminum).

The resistance at room temperature of the macro-
scale structure presented in Sect. 2.3 can be computed
by taking into account the resistivity of aluminum—
Par = 2.82:107%Qm (Serway and Jewett 2012):

2.264-1073
87_6 =5-107*[02]
3-1-10 4)

The temperature increase for a 40 A actuation current can
now be determined based on Egs. (2), (3) and (4):

l _
Ra = pary =2.82-10

Ry(14+k-AT)-I* = he - Ay - AT =

= AT = 1?,4—.12
he -Ae —k Ry - 12
B 510~ 402 — 40.1°C]
T 15-1076.1527.6 —3.9-1073.5.10—4.402
Q)]

The dependency deflection versus driving current is
resulting from the Eqgs. (1) and (5) and can be stated that is
not a linear but a square function.

=== Experimental
++«@<+ Numerical

= === Analytical

60 50 40 30 20
Temperature difference [°C]

Therefore, the average temperature of the sample at
equilibrium is 62.1 °C, based on a 22 °C environmental
temperature (same as the value set in the FE analysis). This
model assumes a uniform spread of the temperature in the
sample. Nonetheless, the resulted analytical average value
is in good agreement with the temperature distribution
obtained by FE analysis, shown in Fig. 8.

Figure 9 confirms that the voltage applied to the anchors
of the structure generates a 13.3 A current through each
beam (corresponding to a 40 A total actuation current given
that the cross section of one beam is 1 mm?).

A coupled field thermal-electric and static structural
analysis was performed using ANSYS Workbench in order
to determine if application of the thermal load as a field of
temperatures over the structure gives significantly different
results as opposed to the constant temperature used for the
determinations used in Sect. 2.4, where a 40 °C tempera-
ture increase gave a 0.164 mm deflection. The couple field
analysis deflection is depicted in Fig. 10.

This final result shows that working with the field of
temperature distribution, for this configuration of the actua-
tor, leads to a minor change in the output deflection of the
structure (0.160 mm) as opposed to the uniformly distrib-
uted average value temperature that is covered by analytical
calculus methodology.

Based on analytical model that states the relation-
ship between the current, temperature and displacement
is possible to estimate the same dependence for a micro-
scale sample (presented in the next section). For a V-beam
micro-scale aluminium actuator defined by the following
geometrical dimensions: beam length / = 100 pwm, beam
width w = 3 wm, inclination angle 8 = 3°, number of beam
pairs n = 4, width of the central shaft w_, = 20 wm, anchor
console width w,. = 20 ym and a thickness t = 1 pwm, the
current needed to maintain the structure at 62 °C in free air
convection is around 3.2...3.4 mA. The generated displace-
ment for the corresponding temperature increase (40 °C)
would be around 2.2 pwm. Actuating the structure with a
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Fig. 8 Temperature distribution
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Fig. 10 Axial deformation
resulted from coupled field
thermal-electric and static struc-
tural analysis
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small and constant current leads to a long time needed to
reach the thermal equilibrium. A higher actuation current
could be applied for short time bursts and only then main-
tained at a lower constant value if the precise positioning of
the central shaft is envisioned.

3 Fabrication of the micro-scale structures

The first fabrication steps for the device presented in this
paper are described in this section. The structure was
designed for fabrication in standard IC technology. The
V-beam thermal actuator has been manufactured from alu-
minum, due to its mechanical and electrical properties.
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A 1 pm thick layer has been deposited by Electron Beam
Evaporation. The structure was transferred using a one
mask photolithographic patterning process and wet etching
the aluminum layer. The final technological step consisted
in the release of the movable part. This was achieved using
isotropic etching of the silicon substrate on a RIE system
(Sentech Instruments GmbH, Germany): the pressure was
set at 30 Pa, the RF power at 200 W, while the gas flow
(SF6) was 100 sccm. The resulted etch rate was about
800 nm/min. The test fabrication process described is sche-
matically illustrated in Fig. 11.

After SEM investigation (see Fig. 12), we have
observed that the lateral etch rate was smaller than the
vertical etch rate. Depending on the shaft dimensions,
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Fig. 11 Technological Al deposition using Electron Beam Evaporation method
sequences of the micro-scale
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|
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the gap that we obtained varies from 9 to 22.5 um. As
compared to the macro-scale V-beam actuator described
in this paper, the resulted micro-scale structure doesn’t
have the pre-bending angle of the hinges. The study of
the influence of each geometrical parameter based on the
validated analytical relationship led to the conclusion that
a smaller pre-bending angle produces higher displacement
outputs. Thus, fabricating a structure with no pre-bending
angle would be advantageous if the direction in which
the displacement is generated can be controlled. We are

trying to overcome this shortcoming by determining the
proper gap of the final switch assembly, fabricating the
device with the cathode electrode and imposing the direc-
tion of movement using the electrostatic actuation princi-
ple to initiate the movement of the central shaft towards
the cathode.

If this succeeds, the structure discussed in this paper can
be easily integrated with other devices due to the relatively
simple fabrication process and the compatibility with the
general semiconductor processes.
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Fig. 12 SEM image of the micro-structure’s test fabrication

4 Conclusions

MEMS mechanical response of the V-beam thermal actu-
ator in many specific applications (optical MEMS, RF
switches etc.) relies on the combination between beams
(hinges) geometry, material constants and change in tem-
perature. From this point of view the paper presents a
research methodology including an analytical param-
eterized model validated by numerical and experimental
methods. Starting from the mathematical model, a reli-
able design in terms of mechanical behavior of the MEMS
switch based on the out-of-plane thermal V-beam actuator
can be done if the material constants of the micro-fabri-
cated structures’ layers are experimentally determined by
nano-indentation.

Firstly, by considering the Castigliano’s second theo-
rem, a parametrical expression to compute the out-of-
plane deflection of the mobile part under thermal load is
presented. Finite element analysis is performed taking into
account an identical model, boundary conditions and ther-
mal loads. Secondly, the behavior of a macro-scale struc-
ture of the V-beam actuator under thermal load is investi-
gated using the 3D digital image correlation technique. The
analytical, numerical and experimental results are in good
agreement, thus validating the developed theoretical deflec-
tion-to-temperature dependency formula, as presented in
Fig. 7.

Numerical simulations also validate the proposed meth-
odology for determining the average temperature of the
structure for a given actuation current. All these combined
make possible future optimizations related to the influence
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of different geometrical parameters (lengths, cross sec-
tional area of the beams, etc.) on the out-of-plane displace-
ment. Thermal actuator’s reliability and lifetime depend on
the mechanical failure mechanism of flexible elements such
as stress levels, fatigue due to cycling, creep and plastic
deformations. Stress concentration by hinges shapes, load-
ing levels and cyclic operation must be carefully taken into
account.

Future work will be dedicated to numerical and experi-
mental investigation of the MEMS V-Beam Thermal actua-
tor in order to prove its reliability in MEMS switches as
well as to the development of the technological steps that
lead to a fully functional and integrated circuitry compat-
ible micro-switch.
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