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THERMAL VERTICAL BIMORPH ACTUATORS AND THEIR APPLICATIONS
by Harald Johann Sehr

In this thesis, a novel concept for lateral actuators based on vertical bimorphs is
presented. Vertical bimorphs consist of silicon beams side-coated with aluminium,
which bend when heated due to the different thermal expansion coefficients of the two
materials causing a displacement in the wafer plane. The heating of the actuator is
provided by an electrical current through the silicon beam. The simplest implemen-
tation of a vertical bimorph actuator is a clamped-clamped beam. To obtain higher
deflections, a meander shaped actuator has been designed. By combining four mean-
der actuators, a two-dimensional positioning stage has been realised. The meander
actuator has also been applied for normally closed and normally open micro-relays.

Analytical calculations and ANSYS simulations have been carried out to predict
the physical behaviour of the bimorph devices, including temperature distribution,
static deflection, vertical stiffness, thermal time constant and lateral resonances. For
both the clamped-clamped beam actuator and the one-dimensional meander actuator
the above parameters have been measured on actual devices showing reasonable to
good agreement with the theoretical results. The measurements have been carried
out in an SEM, which provided a vacuum environment and enabled measurements

using a cursor.

The fabrication required development of non-standard processes, including alu-
minium deposition onto the sidewalls of silicon beams by angled evaporation and
wet-etching, chrome/gold sidewall deposition into contact gaps for micro-relays, pho-
tolithography on wafers with 30 um deep trenches, and a release etch process based
on dry-etching. The batch fabrication for the vertical bimorph actuators uses sili-
con on insulator substrates, deep reactive ion etching for the definition of the silicon
beams, gold deposition for the contacts, the aluminium sidewall deposition process
for the bimorphs and a release etch based on dry-etching of silicon.
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Chapter 1

Introduction

1.1 Micromachining and Microelectromechanical

Systems

In the 1960s, the idea of using silicon not only as a substrate for micro-electronic
devices but also as a material for micro-mechanical components and applying batch
fabrication techniques from micro-electronics to obtain micro-structures meant the
birth of micromachining. Since the majority of micro-mechanical components can
only perform useful applications in combination with electronic control circuitry, a
system approach is required, which naturally leads to the term "Microelectromechan-
ical Systems’ (MEMS). MEMS generally describes systems made of very small com-
ponents, including electrical or electronic as well as mechanical components. Today,
the MEMS concept includes a wide range of systems including thermal, magnetic,
fluidic and optical components, with or without moving parts [1]. Note, the ' MEMS’
term originated in the USA but is now widely used all over the world. The European
term ‘Microsystems’ or "Microsystem Technology’ seems a more general description
and puts more emphasis on the system idea. However, today '"MEMS’ and ’Microsys-

tems’ are used as synonyms.

Although micromachining came from microelectronic processing techniques it is
by no means limited to those. However, the batch processing method based on
UV photolithography with its potential for cost efficient mass production plays an
important part in micromachining. For silicon micromachining, many new processes
have been added to enlarge the portfolio of achievable structures. Anisotropic wet
etching, deep reactive ion etching and different wafer bonding techniques are but a few
examples of specific MEMS processes. To fabricate metallic micro-components, high
aspect ratio photolithography and electroplating techniques are combined. The LIGA
process is based on X-ray lithography and electroplating. Embossing and moulding
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of plastics extends these techniques to fabrication of plastic micro-parts. [2] and [3]

give a comprehensive overview on micromaching techniques.

The first microsystems were membrane pressure sensors [4]. Many more sensors
followed: accelerometers, gyroscopes, magnetic sensors, gas sensors, chemical sen-
sors, biosensors and optical sensors. Their use is widespread, mainly in automotive,
communication and pharmaceutical applications. Not only sensing systems were de-
signed but also micro actuators using electrostatic, piezoelectric, magnetic, thermal
and other mechanisms to produce either linear (translational) or rotary movement.
They have been applied in micropositioning, relays, microfluidic devices, mechanical
resonators, micro grippers and actuated micro mirrors. Printheads for inkjet printers

are another important application of MEMS.

1.2 Thermal Vertical Bimorph Actuators and Their
Role in MEMS

The initial idea behind this work was to design an integrated micropositioning stage
that can be used for integrated scanning probe devices. Scanning probe devices
such as a scanning tunnelling microscope and an atomic force microscope scan a tip
of molecular size across the surface of the sample to obtain a topographic image.
Traditionally, they use macroscopic piezo actuators with very precise resolution.

Soon after the invention of scanning probe microscopes, it was recognised that
they are not only suitable for imaging samples but also for modifying their surface.
Different methods of this so-called proximal probe lithography have been applied
to create surface features of submicron dimensions. However, the serial character
of operation leads to a very slow operation speed, which limits the application of
proximal probe lithography. In order to overcome this limitation, parallel operation
of a large number of probes is required. To use arrays of independent micro probes,
integrated two- or three-dimensional positioning stages are required. Fast actuation,
wide range of movement and precise actuation control are the main demands for such

actuators. At this point innovative MEMS solutions are desirable.

Several approaches of integrated micro positioning stages have been implemented
by different research groups, including piezoelectric [5] and electrostatic actuators [6].
The piezoelectric approach suffers from a very limited range of movement, whereas the
electrostatic scanner requires very high driving voltages. Micro-positioning actuators
that enable large displacements with no need for very high driving voltages and

actuation power are required.

In this work, we introduce the concept of micro positioning stages based on ther-
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mally actuated bimorphs. Up to now, micro actuators based on the bimetal effect
[7] have only been used as planar actuators achieving movement out of the wafer
plane [8]. To obtain movement in the horizontal plane, we devise vertical bimorphs
consisting of silicon side-coated with aluminium. They perform displacement in the

wafer plane and enable the design of one- and two-dimensional positioning actuators.

The application of thermal vertical bimorph actuators is by no means limited
to micro scanning probe devices or micropositioning tasks. They are also suitable
for micro-switches, micro fluidic applications such as micro valves and pumps, micro
grippers, ciliary actuators and other micro robots. To demonstrate the working prin-
ciple of thermal vertical bimorph actuators, we present different designs including a
simple one-dimensional actuator based on a double clamped beam as well as a one-
and two-dimensional meander shape actuator. Normally open and normally closed
micro-switches have been implemented as an example of a practical application of

vertical bimorph actuators.

1.3 Aims of this Thesis

The aims of this thesis were:

e To design and fabricate vertical bimorph actuators that can be used for two-

and three-dimensional positioning stages.
e To model the physical behaviour of vertical bimorph actuators.

e To compare the theoretical model with experimental results.

1.4 Structure of the Thesis

Chapter 2 gives a literature review on the field of micro-actuators. Actuation prin-
ciples including electrostatic, piezoelectric and thermal effects as well as other ac-
tuation principles are discussed. Applications of micro-actuators in scanning probe
devices, micro-switches, micro fluidics, actuated mirrors, mechanical resonators and

micro-grippers are described.

In chapter 3, the concept of thermal vertical bimorph actuators is introduced.
The working principle is explained, using the example of a cantilever and a clamped
clamped beam actuator. An advanced actuator design based on a meander shaped
silicon beam is presented, which enables application in one- and two-dimensional

micro positioners as well as normally open and normally closed micro-relays.
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Theoretical analyses are discussed in chapter 4. For the clamped clamped beam
actuator, an analytical model was developed to predict the temperature distribution,
static deflection, vertical stiffness and lateral resonances. An ANSYS simulation
was used to verify the analyses on the temperature distribution as well as the static
deflection and to obtain the thermal time constant of the system. For the one- and

two-dimensional meander type actuator, all the above parameters were investigated

using ANSYS simulations.

Due to their novelty and geometric complexity, a significant amount of process
development work was necessary to devise a fabrication process for vertical bimorph
actuators, discussed in chapter 5. A process for aluminium sidewall deposition was
developed. The micro-switches required a process for the deposition of chrome/gold
sidewall contacts. Thick photoresist patterning was optimised to be used on wafers
with a topography of 30 um. Lastly, different methods of releasing the actuators by

silicon and oxide etching from the back of the wafer were investigated.

In chapter 6, the fabrication processes for the clamped-clamped beam actuator,
the meander type actuators as well as the micro-relays are described and relevant

details of the mask design are pointed out.

Chapter 7 describes test and measurement of the devices. For both the clamped-
clamped beam actuator and the one-dimensional meander actuator, the static deflec-
tion, the thermal time constant and lateral resonant modes were measured. For the
two-dimensional meander actuator and the micro-relays, preliminary measurements

are presented.

Chapter 8 is the conclusion and gives an outlook on further work.



Chapter 2

Micro Actuators and Their

Applications - A Review

2.1 Introduction

Mechanical actuators convert another form of energy, which can be electrical, chem-
ical, thermal, magnetic or radiation energy, into mechanical energy or mechanical
work. In the macroscopic world, combustion engines, electro motors and muscles are
typical examples of actuators. Recent advances in micro fabrication processes have
enabled industry and researchers to develop actuators of sub-millimetre dimensions,

commonly referred to as microactuators.

This chapter gives an overview of the field of microactuators. Microactuators can
be split into rotation actuators performing rotary movement and translation actua-
tors, which perform movement along a straight line (therefore, also linear actuators).
We limit the discussion to translation actuators. First, the actuation principles are
discussed. The main focus is on thermal actuators since they are the most relevant

to the work presented here. Secondly, applications of microactuators are reviewed.

2.2 Actuation Principles

2.2.1 Electrostatic Actuators

Electrostatic actuation is based on the attractive force between two opposite electrical
charges. In the following subsection fundamental theory as well as the most important

practical concepts of electrostatic actuation are discussed.
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Fundamental Theory on Electrostatic Actuation

The following considerations are based on [9]. The basic element for electrostatic

actuation is a parallel plate capacitor, the capacitance C of which is given by

lw
= — 2.
C=¢ € y (2.1)

where ¢ is the permittivity in vacuum, €, the relative permittivity, w the plate
width, [ the length of a plate and d the separation between the two plates as shown

in figure 2.1a.

a) b) c)
ZL»X 5 ]A-Fz
P i 7
[ x

Figure 2.1: Parallel plate capacitor

If a voltage V' is applied across the two plates, the potential energy W of the

capacitor is

e eglwV?

7 (2.2)

1
W=--CV?=
5C

To calculate the lateral force, we consider the two plates offset with an overlap z.

Then the potential energy becomes

_ eerwV?
W= -T2 (2.3)

The negative first derivative of equation 2.3 with respect to z yields the lateral
force F, (figure 2.1Db).

oW erequV?
or  2d

P, = (2.4)

The vertical force F, (figure 2.1c) is obtained by differentiating equation 2.2 with

respect to d.
oW e eqwlV?

b= = o (25

While the lateral force F, is a constant with respect to the displacement in the
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x-direction, the vertical force F, is highly nonlinear with respect to the displacement

in the z-direction.

The above derivation is based on parallel plate capacitors neglecting the energy
associated with fringing effects. If the overlap of the two plates is significant the
fringing areas remain almost constant when the plates move and the parallel plate
assumption is reasonable. When the plates do not overlap the fringing effects become

important and equation 2.4 becomes invalid.

Parallel Plate Actuators

Parallel plate actuators rely on the vertical force between two oppositely charged
electrodes. As pointed out above, this involves the disadvantage of utilising nonlinear
forces. Therefore, only small displacements can be achieved in practice, which limits
their suitability for translation actuation. However, in general higher forces than with

a comb drive actuator can be obtained.

Electrostatic Comb Actuator

The constant lateral force F, (equation 2.4) is utilised in comb drive actuators, which
are the most commonly used electrostatic actuators. The core part of the actuator
is an interdigitated capacitor (electrostatic comb), which consists of a fixed electrode
and a movable electrode suspended by a spring as shown in figure 2.2. When a
voltage is applied across the electrodes, the suspended electrode moves towards the
fixed electrode due to the attractive force described by equation 2.4.

anchor to

substrate \
; \E, movable
>

electrode

— spring
suspension

fixed
electrode

Figure 2.2: Comb drive actuator

Comb drive actuators have been fabricated from polysilicon by surface microma-
chining techniques [10], [11] and from single crystal silicon employing the so-called
SCREAM process [12].
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2.2.2 Piezoelectric Actuators

Piezoelectric actuation is based on the inverse piezoelectric effect. The piezoelectric
effect means that mechanical stress (represented by the stress tensor 7;) applied to

a piezoelectric material causes an electrical polarisation P; [13].

P, = dyT; (2.6)

where d;; is the tensor of the piezoelectric coefficients. Reciprocally, an electric

field (tensor Ej) produces a mechanical strain S;, which is given by

Si = ky B (2.7)

where k;; is the tensor of the inverse piezoelectric coefficients.

The most common piezoelectric materials in micro-devices are ZnO (zinc oxide),
PZT (lead zirconate titanate) and BaTiOs (barium titanate). ZnO can be sputtered
as a polycrystalline film. PZT and BaTiO3 are ceramics and are difficult to deposit as
a thin film [2]. Piezoelectric actuators are capable of producing high forces with short
reaction times. Their disadvantage is the relatively small movement on the order of
several nm/V [14]. However, several implementations of piezoelectric actuators aim

at overcoming this issue as discussed below.

Stack Actuator

Several piezoelectric ceramic layers sandwiched between metal electrodes are placed
on top of one another to form a stack or multi-layer actuator as shown in figure 2.3.
This means the layers are mechanically placed in series and the strains add up to
the overall displacement of the stack [15]. Electrically, the electrodes are in parallel,
which significantly reduces the voltage compared to single layer actuators. Note that
the polarisation of the piezo-layers is alternating between the positive and negative

z-direction [16]. Fabrication methods are discussed in [17].

piezoelectric —
ceramic

electrodes = 5

Figure 2.3: Piezoelectric stack actuator
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Piezoelectric bimorph

Figure 2.4 shows the working principle of a piezoelectric bimorph [14]. Two piezo-
electric ceramic plates, covered by electrodes on the bottom and top are mounted
on a supporting plate. The direction of the polarisation of the piezoelectric ceramic
is perpendicular to the cantilever. Applying a voltage to the electrodes as shown
in figure 2.4 means that there is an electric field parallel to the polarisation in the
upper ceramic layer causing it to expand in the x-direction. The electric field in the
lower ceramic layer is opposite to the polarisation resulting in a contraction in the
x-dimension. The overall result is the bimorph bending with the convex face upper-
most. Note that the stack actuator shown in figures 2.3 uses the longitudinal piezo
effect whereas the bimorph in figure 2.4 is based on the transversal effect.

piezolelctric ceramic
Tdirection of polarisation

electrodes

/
\
supporting plate T
X

Figure 2.4: Piezoelectric bimorph

2.2.3 Thermal Actuators

Thermal actuation relies on the fact that matter expands when its temperature is
increased and contracts when the temperature is decreased. For most materials, the

thermal strain er is proportional to the temperature change AT.

€ — aAT (28)

where « is the thermal expansion coefficient, which is specific to each material [18].

Since « is in the range of 2-107% K1 t0 25-107% K1, only very small displace-
ments can be obtained using linear thermal expansion. A 1000 um long silicon beam
(o =2.6-107% K1) only expands by 0.26 um when heated up 100 K. Therefore,
practical implementations of thermal actuators include an amplification mechanism
to increase the displacement range. According to the amplification mechanism used,
thermal actuators can be split into two groups [19]. The first uses two materials,
which have different thermal expansion coefficients. These are referred to as bimetal-
lic or bimorph actuators. The second mechanism uses only one material and applies

constraints or asymmetrical design to amplify the movement. Buckling actuators,
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bent beam actuators, hot arm actuators and compliant structures are examples for

one-material implementations of thermal actuators.

Thermal Bimorph Actuators

Thermal bimorph actuators consist of two materials (a and b) of different thermal
expansion coefficients «, and o When heated from temperature 7y to 7', they bend
towards material b, if «, is greater than «y, as illustrated in figure 2.5.

material a

N

material b
r

Figure 2.5: Bimorph actuator at temperature 7y and 7.

The inverse radius of curvature % is given by

1_ (ag — ) (T — Tp) (2.9)
r ta-2|'tb e Q(Eatl;a_:;bEbIb)( 1 L)

Egta + Epty

where t, and t, are the thicknesses of material a and b respectively, F, and E,
their elastic moduli and I, and I, their second moments of area [7]. Riethmueller
and Benecke fabricated planar bimorph actuators consisting of epitaxial silicon and
electroplated gold heated by a polysilicon heater [8]. With a 500 pm long bimorph
cantilever, deflections of about 50 ym at an input power of 130 mW have been
achieved. Doering et al. [20] used a bimorph actuator made from epitaxial silicon and
aluminium for fluid deflection. Sun and coworkers [21] fabricated a bistable micro-
relay based on surface micromachined bimorph actuators. Bimorph actuators have
also been used for tilting micromirrors [22, 23]. Note that all bimorph microactuators
realised so far have a planar arrangement of the two layers and therefore only allow

movement out of the wafer plane.

Hot Arm Actuators

Hot arm actuators or pseudobimorhs are fabricated from one material. They consist
of two adjacent arms arranged in a U-shape as shown in figure 2.6 [24]. A current
through the arms causes heat dissipation. Since the hot arm is narrower its electrical
resistance is greater and it reaches a higher temperature. Therefore, it also expands
more than the wider cold arm, resulting in a bending motion similar to that of a

bimorph.
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y flexure cold arm tip-motion

A
A ] :

|
X 1

I hot arm

Figure 2.6: Bent beam actuator

Comtois et al. fabricated hot arm actuators from polysilicon [25]. With a 300 pm
long arm a tip deflection of 17 ym at an input power of 30 mW was achieved.

Pan and Hsu demonstrated a similar actuator exploiting asymmetrical thermal
expansion of two adjacent polysilicon beams of different length [26]. This design
increases the asymmetric thermal effect and can also be driven by uniform heating
of the whole structure. Allen et al. use a double hot-arm design to increase the
efficiency of the electrothermal actuator [27]. The driving current passes through two
adjacent hot arms only. The opposite cold arm and the flexure of the cold arm are
not included in the electrical circuit and hence no power is dissipated there.

Compliant structures

Similar to hot arm actuators, electrothermal actuation of compliant structures utilises
non-uniform heating to obtain movement [28]. An uneven current distribution causes
non-uniform heat-dissipation and hence non-uniform temperature distribution. The
structure is designed to convert the unevenly distributed thermal expansion into the

required displacement.

Keller and Howe fabricated thermally actuated tweezers making use of a compliant
actuating mechanism [29] as shown in figure 2.7. The nonuniform current distribution
is obtained by beam structures of different electrical conductivity realised with the
HEXSIL process [30]. At an input power of about 1 mW, a tip displacement of 25 ym

has been achieved.

S

et

Lt e e

T ey

Pt r oy e
R .

-

Figure 2.7: HEXSIL tweezers [29].
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Figure 2.8 shows a typical example of a simple electrothermal compliant actuator
[31]. A driving voltage applied between the two contact pads causes a current flow.
The resulting Joule-heating leads to a non-uniform temperature distribution. Since
the structure is anchored to the substrate, the constrained thermal heating results in

the desired deformation pattern.

Figure 2.8: Electro-thermal compliant micro-gripper [31], a) temperature distribu-
tion, b) deformation.

For more complicated structures and optimised performance, systematic design
of compliant actuators is required. Jonsmann et al. [32] utilise an iterative sequence
of finite element analysis and material redistribution. More details on topological
synthesis for compliant structures aiming at ”design for required deflection” can be
found in [33-35].

Buckling Actuators

When a straight clamped-clamped beam is heated from temperature T, to 77, thermal
stress is generated in the beam since it is not free to expand. When the corresponding
axial force exceeds the critical load, buckling occurs and the beam assumes a curved
shape as illustrated in figure 2.9 [18]. This deformation is exploited in buckling
actuators. If the width of the beam is smaller than the height, the beam moves
laterally. If the height is smaller than the width, vertical movement is obtained.
A drawback of buckling actuators the uncertainty in which direction the beam will
move. Note that buckling in this sense does not mean mechanical failure but lateral

displacement of a slender beam caused by compressive axial stress.

Chiao and Lin demonstrated buckling actuators fabricated from doped polysil-
icon [36]. With a beam of 100 um in length and an input current of 6 mA, a
displacement of 2.7 um [37] was achieved.
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Figure 2.9: Buckling actuator at temperature 7T and 73.

Bent-Beam Actuators

Similar to buckling actuators, bent-beam actuators convert axial stress into transverse
motion. They consist of a V-shaped beam with fixed ends which is heated by a current
flow. The thermal expansion of the beam causes the apex to move in the y-direction

as shown in figure 2.10.

tip-motion

: T
T—s X —_
current flow

Figure 2.10: Bent beam actuator

Que and coworkers [38] fabricated bent-beam actuators from silicon and nickel.
With an 800 pum long beam, a tip displacement of 5 um at an input power of 180 mW
was achieved. A 410 um long nickel beam yields a displacement of 10 ym at an input
power of 80 mW. They also report cascaded bent beam devices and used the actuators
to drive rotary microengines and linear stepper motors [39]. A theoretical analysis is

given in [40].

2.2.4 Other Actuation Principles
Shape Memory Alloy Actuators

When shape memory alloys (SMA), mainly titanium and nickel alloys, are mechani-
cally deformed they return to their original state when heated beyond a certain critical
temperature [2, 14]. The reason for this behaviour is a change from one crystal phase
(martensite phase) at lower temperature to another crystal phase at elevated tem-
perature (austensite). The effect is reversible and shows a hysteresis. Easy control,
high stress and large deflection are the main advantages of SMA actuators. The

most significant disadvantages are low power efficiency and problems in fabricating
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microactuators.

Buetelfisch et al. [41] fabricated a microactuator that combines SMA actuation
with a silicon microstructure. The silicon structure for a gripper tool is defined using
deep reactive ion etching (DRIE). A NiTi foil is laser-machined to form the SMA
actuator. It is clipped onto the silicon structure and additionally glued on with

epoxy resin.

Magnetostrictive Actuators

Magnetostrictive materials are ferromagnetic materials, which undergo an expansion
or contraction when a magnetic field is applied. The reason for the change in length
is the alignment of the Weiss’ domains parallel to the magnetic field [14]. The magne-
tostrictive effect was first discovered in nickel. For actuator applications terbium-iron
and dysprosium-iron alloys (e. g. Terfenol-D) are used, since they produce consider-
ably higher strains (in the region of 1-1073 to 2-107%) [2].

A Terfenol-D actuator usually consists of a rod inserted into a coil, which gen-
erates the magnetic field. Since the tensile strength of Terfenol-D is very low, the
actuator is designed to be under permanent tension [42]. Sputtering of magnetostric-
tive materials allows integration into silicon devices. Flik et al. [43] fabricated a
fluidic switch actuated by a magnetostrictive bimorph structure, which is shown in

figure 2.11.

N

Inlet | Outlet 1

_
magnetostrictive ﬁlm
—>

Outlet 2
_ \ Cantilever arm (jet deflector)

Figure 2.11: Magnetostrictive fluidic switch [43].

micromachined silicon ——

Electromagnetic Actuators

Electromagnetic actuators in the form of electro-motors play a very important part
in the macro world. But also in the micro-regime electromagnetic actuators have
been implemented. Improving the magnetic properties of materials and fabrication

techniques for micro-coils remain challenges researchers are faced with [14].

Figure 2.12 shows a reluctance stepping motor [44]. The rotor with three inde-
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pendent electro-magnets tends to take a position with regard to the serrated stator
such that the magnetic resistance (reluctance) reaches a minimum. If the coils are
excited with a phase-shifted current, a sliding motion can be obtained.

magnetic rotor coil nonmagnetic material

I I I
' |
| L] [fg [ |

stator

Figure 2.12: Electromagnetic stepper drive [44].

Ahn and Allen [45] presented a process to fabricate coils for magnetic actuators.
It is based on polyimide molds (4 layers), electroplating of a permalloy core and
sputtering of an aluminium conductor. Figure 2.13 shows the coil with its planar

aluminium conductor and the two-level magnetic core.

magnetic core Flux meander coductor
/
— | M
| -— [——
current

Figure 2.13: Meander-type magnetic coil [45].

Further Actuation Principles

It should be noted at this point that further actuation principles have been used
for microactuation, including hydraulic, pneumatic, electrorheological, biological and
chemical actuators. More details can be found in [2] and [14].

2.3 Applications of Microactuators

2.3.1 Integrated Scanning Probe Devices

The invention of the scanning tunnelling microscope (STM) in 1982 provided scien-
tists and industry with an instrument capable of imaging and measuring the surface
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topology of conducting samples with unprecedented resolution and accuracy. A tun-
nelling current between the conductive tip and the surface is utilised to track and
measure the topology of the sample [46]. The atomic force microscope (AFM) fol-
lowed in 1986 expanding the range of samples to nonconductive materials. Pressing
the probe against the surface, maintaining a constant force allows tracking of the

surface to acquire topological data [47].

The excellent resolution of scanning probes has been combined with fabrication
techniques to produce nanoscale structures and devices. This so-called nanolithogra-
phy or nanofabrication includes anodic oxidation [48-52], resist patterning [53-55],
chemical vapour deposition [56, 57|, field evaporation [58, 59], and single atom posi-

tioning [60].

The serial character of scanning probe microscopy and proximal probe lithography
means the throughput of those techniques is very limited. To overcome this problem,
development work is being done towards parallel probe devices, which increase the
working speed significantly. Parallel probes require integrated translation micro-
actuators, which allow for a wide actuation range without occupying a large area
and without consuming a lot of energy. Different approaches have been applied to
fulfill these requirements comprising piezoelectric, electrostatic and electro-thermal

systems. In the following subsections, these approaches are reviewed.

Piezoelectric Bimorph STM

Akamine and coworkers [5] implemented a microfabricated STM consisting of a piezo-
electric bimorph cantilever allowing motion in three dimensions. The cantilever con-
sists of 2 layers of piezoelectric ZnO films, embedded into 3 electrode layers of alu-
minum and 4 dielectric layers. The upper and lower metal layer is divided into 2
independently addressable electrodes. Thus, there are 4 piezoelectric sections that
can be controlled by the surrounding 5 electrodes. Figure 2.14 shows a cross section

of the bimorph.

electrode

dielectric

Zn0O

Figure 2.14: Cross section of the piezoelectric bimorph [5].

Figure 2.15 illustrates the movements achievable. When the same electric field is
applied to all four piezoelectric sections, they all contract in the same way resulting
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in motion in the x-direction (figure 2.15a). Bending in the the y-direction is achieved
when applying opposite fields to the left and right electrodes (figure 2.15b). Opposite
electric fields on the top and the bottom electrodes cause bending in the z-direction.
(figure 2.15¢). Opposite fields on diagonal pairs of electrodes cause twisting of the
cantilever (figure 2.15d). While in the z-direction a deflection of 250 nm/V is achiev-
able, the movement in the x- (1.4 nm/V) and y-direction (10 nm/V) is very limited.

Figure 2.15: Working principle of a piezoelectric bimorph [5].

The piezoelectric bimorphs are fabricated by repeated deposition of Al, PECVD-
nitride and ZnO layers (3 pum thick) onto a silicon bulk micromachined membrane.
When the layers for the bimorph are deposited and structured, the silicon membrane

is removed, revealing the freestanding cantilever.

Electrostatic SPMs

Indermuehle et al. [6] fabricated and operated an AFM based on electrostatic actua-
tion. Four electrostatic comb actuators enable a table to be scanned in the xy-plane.
An AFM tip is integrated onto this table to perform topographic measurements. The
movement of the tip and the table in the z-direction is detected by a laser beam
deflection system from the back. Fabrication involves silicon fusion bonding of two
structured wafers and subsequent definition of the tip and beams by RIE processes. A
maximum displacement of 12 ym with an applied voltage of 300 V has been observed.
Figure 2.16 shows the integrated AFM device.

Employing the SCREAM process [61], two integrated STMs based on comb actu-
ators have been implemented by Xu et al. [62]. The small STM measures 200 pum by
200 pum and allows movements of 50 nm with an applied voltage of 40 V. The large

device, 2 mm by 2 mm, has an actuation range of up to 2.9 ym with a driving voltage
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Figure 2.16: Integrated electrostatic AFM [6].

of 40 V. This STM has been used to obtain a topographic image of a silicon sample.
Using a similar fabrication process, Yao and coworkers fabricated an xy-translation
actuator measuring only 40 um by 40 pm [63]. It incorporates four parallel plate
actuators, which allow movements of up to 200 nm for a driving voltage of 55 V.

Thermally Actuated Micro Scanning Probe

Trevor Niblock [64] fabricated a three-dimensional actuator based on planar bi-
morphs. It consists of two perpendicular silicon bridges with 4 independently ad-
dressable heating resistors. On the back of the silicon bridges aluminium is deposited
to obtain the bimorph structure. Figure 2.17 shows the quadrapod actuator.

central platform

heating element

Figure 2.17: Thermally actuated quadrapod structure [64].

The quadrapod design is a robust 3-dimensional actuator. It delivers a wide
actuation range for the out of plane movement (up to 100 pum). However, the in-
plane movement is limited to approximately 500 nm in each direction. Another
disadvantage lies in the high power consumption (0.5 W for 100 pxm).
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2.3.2 Micro-Switches

Miniaturisation of relays has been an important application of MEMS technology
since its infancy [65]. Compared to transistors and other solid state devices, me-
chanical switches offer the advantage of lower on-resistance and higher off-resistance
as well as a separation of the control and load circuit. Miniaturisation of mechan-
ical switches helps increase their operational speed and decrease fabrication costs.
Application areas of micro relays are wide including automotive applications, test
equipment and telecommunications [66]. Whereas standard relays use electromag-

netic actuation only, micro-relays also employ electrostatic and thermal principles.

To be of practical use, micromachined relays have to meet the following require-
ments: The switching gap should be large to withstand reasonable load voltages.
For load voltages in the kV range, approximately 250 pum is required. With MEMS-
actuators the gap is typically limited to roughly 5 to 20 um allowing a load voltage of
up to approximately 300 to 600 V [67]. Another important aspect is that a sufficient
contact force is needed to obtain a low and stable contact resistance. The contact
forces of conventional relays are typically tens of mN, whereas suitable MEMS ac-
tuators only provide up to a few mN. However, a suitable selection of the contact
metallurgy can significantly reduce the contact force to about 1 mN [68]. The ability
to carry large currents is inherently restricted in MEMS-relays, since planar metallisa-
tion techniques only allow limited crossectional areas for conductors. Electroplating

of conductors is a way to overcome this disadvantage [66].

Electrostatically Driven Micro-Switches

Electrostatic micro relays mainly use parallel plate actuators to close or open electrical
contacts ( section 2.2.1). Schiele et al. [69] fabricated electrostatic relays using a
surface micromachining process with two metal layers. Figure 2.18 shows a schematic
view of the relay. A contacting bar at the end of a cantilever electrode connects the
two fixed contacts, when the actuation voltage is supplied between the two actuation
contacts. Further examples of electrostatically actuated relays can be found in [70-

73).

Magnetic Micro-Relays

Taylor and Allen implemented an integrated magnetic micro-relay, where a single
layer coil is used as the actuator [74]. The design is a double-pole single-throw relay,
which means one coil is used as the actuator for two independent contact pairs. The

relay is fabricated by polyimide mold electroplating techniques [75].
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Figure 2.18: Electrostatic micro-relay [69].

Thermal Micro-Relays

Seki et al. [76] demonstrated a thermally driven micro-relay based on a buckling
actuator. A thin silicon clamped-clamped beam has a polysilicon heater on top.
When heated the silicon beam buckles upwards and closes contacts attached to a
glass plate. The fabrication process is based on direct bonding of a handle silicon
wafer to the device wafer. Sun et al. [21] fabricated a bistable micro-relay based on

thermally actuated planar bimorphs.

glass plate

contacts

buckling beam A

silicon substrate

Figure 2.19: Thermal buckling micro-relay [76].

2.3.3 Other Applications of Micro-Actuators

The following subsection gives an overview of further applications of translation ac-

tuators.

Microfluidics

The field of microfluidics has become an important part of MEMS with applications
in ink-jet printing and medicine. General reviews of the field are given in [2] and [77].
The main application of actuators is in membrane micropumps. These have been
implemented based on electrostatic [78, 79], piezoelectric [80-82], electromagnetic [83]
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and thermal bimorph actuators [84]. Schabmueller [85] et al. demonstrated a gas-
liquid micropump tolerant to air bubbles based on piezoelectric actuation. T'wo bulk
micromachined silicon wafers are glued together. One of them houses the valves, the
other one forms the membrane on top of which a PZT actuator is glued. Figure 2.20

\& actuator

membrane

shows the micropump.

valve

pump

Figure 2.20: Piezoelectric micropump [86].

Mechanical Resonators

Vibrating micro structures can be used for a wide range of sensing applications.
The dependence of the resonant frequency on physical parameters which effect the
vibration energy is exploited for precise measurements [87]. A theoretical review on
the use of resonators for sensing applications is given in [88]. The vibrations have
been excited by electrostatic [10, 89], piezoelectric [90, 91] and thermal actuation [92].
Typical applications are accelerometers [91], gyroscopes [93], pressure sensors [94],

chemical and biological sensors [95].

Figure 2.21 shows a pressure sensor based on a resonant microbeam [94]. The
microbeam is inside a vacuum-cavity and is electrostatically excited. It sits on a
silicon diaphragm which is subjected to the pressure to be measured. The resonant
frequency of the beam shifts with the applied axial strain. The fabrication combines

surface and bulk micromachining.

Actuated Micromirrors

Micro-scanners based on actuated mirrors are used for optical signal processing [96],
raster scanning projection [97] and bar code scanning [98]. A review is given by [99].
The basic structure is a suspended micromirror, which tilts along one or two axes as
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Figure 2.21: Pressure sensor based on a resonant micro-beam [94].

seen in figure 2.22. Micromirrors are driven electrostatically [100,101], piezoelectri-
cally [102], electromagnetically [103] and thermally [22, 23, 104, 105].

Figure 2.22: SEM-view of an electrostatically driven micromirror [99].

Microgrippers

Assembling microparts requires gripping tools exceeding the precision of conventional
manipulators. Since grippers that pick parts using adhesive substances [106], mag-
netism [107], vacuum or electrostatics [99] are limited in their application, mechanical
tweezer-like tools are gaining importance. They need to be designed to suit the parts
to be picked in terms of the tweezer gap and the gripping force.

For opening and closing the tweezers, microgrippers use electrostatic [108], piezo-
electric [109,110], thermal (bimorph) [111,112], thermal (compliant structures) [29,
35], and shape memory alloy actuators [41,113,114]. Figure 2.23 shows a piezoelec-
trically actuated microgripper made from glass [110].
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Figure 2.23: Piezoelectrically driven microgripper [110].
2.4 Conclusion

Besides sensors and control circuitry, microactuators are necessary components in
many microsystems. Different actuation principles have been used depending on
the application. Electrostatic actuators have been implemented as parallel plate ac-
tuators and comb-drives. They are rather easy in fabrication but suffer from high
operational voltages and fairly low forces. Piezoelectric actuators provide high forces,
but with a very limited actuation range. Thermal actuators have been demonstrated
based on the bimetal effect, buckling and unevenly distributed power dissipation (hot
arm actuators and compliant structures). While thermal actuators are generally easy
to fabricate, they have the disadvantages of comparably high power consumption and
difficulty in control. Electromagnetic actuators are feasible, however they are compli-
cated in fabrication. Besides these classic actuation principles, micro actuators have
also been demonstrated based on the magnetostrictive effect, shape memory alloys,
hydraulics, pneumatics, electrorheological, biological and chemical effects. Applica-
tions of microactuators are widespread and include micro-relays, micro-positioning

systems, micropumps, resonant drives and micromirrors.

2.5 Overview on Actuator Principles

The following listing gives an overview on the advantages and disadvantages as well
as applications of the most important actuator principles. Quantitative figures are

given where appropriate.

2.5.1 Electrostatic Actuators

e Advantages: easy fabrication, high speed, low power consumption.

e Disadvantages: high voltage required (50 to 300 V, [14]), low forces.
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e Applications: micro positioning [6], micro mirrors [100], micro grippers [108],
micro-switches [69] , resonant sensors [10], micro pumps [79].

2.5.2 Piezoelectric Actuators

o Advantages: high forces, good resolution, low power consumption.

e Disadvantages: high voltages required (50 to 1000 V, [14]), limited actuation

range (few pm)

e Applications: micro positioning [5], micro mirrors [102], micro grippers [68],

resonant sensors [90], micro pumps [80].

2.5.3 Thermal Actuators
o Advantages: high forces, large actuation range, easy fabrication, low voltages.
e Disadvantages: high power consumption, slow reaction speed.

e Applications: micro positioning [64], micro mirrors [104], micro grippers [29],

micro-switches [76], resonant sensors [92], micro pumps [84].

2.5.4 Electromagnetic Actuators

o Advantages: high forces.
e Disadvantages: difficult fabrication.

e Applications: micro mirrors [103], micro-switches [74], micro pumps [83].



Chapter 3

Concept of Vertical Bimorph

Actuators

3.1 Introduction

In chapter 2, a wide range of translation actuators have been reviewed. Silicon
micromachined translation actuators perform movement either parallel or normal to
the wafer plane and are classified as in-plane or out-of-plane actuators respectively.
As far as thermal actuators are concerned, in-plane motion was only achieved with
approaches based on one material including hot arm actuators, compliant structures,
bent-beam and buckling actuators. Bimorph actuators were restricted to out of plane-
deflection, because all standard metal deposition techniques are planar processes in

nature and hence only planar bimorphs were implemented.

Since bimorph designs offer the highest actuation range at a comparably low
temperature, it would also be desirable to have in-plane bimorph devices. To achieve
in-plane movement, fabrication of vertical bimorphs is proposed, the concept of which
is presented in this chapter. These use the bimetal effect to perform large in-plane
displacements with low power consumption at low operating temperatures (up to
about 120 ° C). Vertical bimorphs are an entirely novel concept and have only been
implemented by Southampton University [115-117]. However, the fabrication requires
aluminium deposition onto the sidewalls of silicon trenches - a new process, which is

discussed in chapter 5.2.

First, the basic concept is presented. Then, a prototype one-dimensional actuator
based on a clamped-clamped beam is discussed. The disadvantages of the clamped-
clamped approach lead to the design of a meander-shaped beam, which can be used
for an advanced one-dimensional actuator. A combination of four meander-beams

enables two-dimensional translation movement. The meander-beam design is also
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applied to normally open and normally closed micro-switches. Lastly, an actuated

cantilever is presented.

3.2 Thermally Actuated Vertical Bimorph Beams

Thermally actuated bimorphs use two materials with significantly different thermal
expansion coefficients. In planar bimorphs, the two materials are sandwiched on top
of one another, whereas in vertical bimorphs the two materials are next to each other.
In our implementation based on silicon micromachining processes, a vertical bimorph
consists of a silicon beam side-coated with aluminium. When heated, the beam bends
towards the silicon side due to the larger thermal expansion coeflicient of aluminium

as illustrated in figure 3.1.

bulk silicon

direction of
movement
upon heating

aluminium

Figure 3.1: Vertical bimorph beam.

3.3 Clamped-Clamped One-Dimensional Actuator

Figure 3.2 depicts a one-dimensional actuator based on a double clamped beam. This
design is the most straightforward approach for an internally heated vertical bimorph.
The implementation of the actuator uses a silicon on insulator (SOI) substrate. The
contact pads are in electrical contact with the silicon underneath and hence with the
silicon of the beam. The aluminium fillets are electrically insulated from the silicon
beams by a thin oxide layer. Thereby it is ensured, that the bimorphs are the parts of
the highest electrical resistance in the circuit and therefore have the highest voltage
drop. Trenches around the bondpads provide electrical insulation of the circuit from
the bulk silicon. When a driving voltage is applied at the two contact pads, a current
flows through the silicon beam causing heat dissipation. Since the thermal expansion
coefficient of aluminium is significantly higher than that of silicon, the bimorph bends

to the left as indicated by the arrow in figure 3.2.
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A disadvantage of the clamped-clamped design is that only small displacements
can be achieved as compared to a cantilever beam. Furthermore, buckling effects
can occur causing difficulties in the prediction of the displacement and direction of
movement. Buckling describes the phenomenon of lateral displacement of a slender
beam loaded by axial compressive forces [18]. Buckling does not necessarily mean
failure of the beam. It is a different mechanism from the bimetal effect, which is
based on a bending moment due to the different thermal expansion coefficients of

contact pad
\ aluminium

aluminium and silicon.

N

oxide
silicon

buried oxide
bulk silicon —

Figure 3.2: One-dimensional clamped-clamped beam actuator.

3.4 One-Dimensional Meander Type Actuator

For improved displacement range, an advanced one-dimensional actuator is devised.
It consists of a meander-shaped silicon beam with sidewalls partly covered by alu-
minium as shown in figure 3.3. The fabrication requires two aluminium sidewall
deposition stages. The working principle is almost identical to the clamped-clamped
actuator. A current through the silicon of the bimorph causes heat dissipation and
hence bending of the bimorphs. This results in a displacement of the front plate as
indicated by the arrow. The symmetrical design ensures a linear motion. Isolation
trenches around the contact pads and a thin oxide layer provide the necessary elec-
trical insulation. A gold conductor (that is in contact to the silicon beam) keeps
the heat dissipation at the front plate to a minimum. There is no aluminium on the
sidewall of the hinge, which therefore does not contribute to the actuation.

3.5 Two-Dimensional Meander Type Actuator

Combining four basic meander type actuators enables two-dimensional actuation, as

required for a positioning system. Figure 3.4 shows a two-dimensional actuator. To
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Figure 3.3: One-dimensional meander type actuator.

move the central table in the positive x-direction, a symmetrical voltage is applied to
the contact pair labelled +x. An electrical current flows through the corresponding
meander beam, heating up the beam and causing the bimorphs to bend. The bi-
morphs are arranged such that they pull the central table in the positive x-direction.
All other beams are inactive and act merely as a compliant suspension of the table.
Again, the symmetrical design assures that the table moves along a straight line.
To avoid unwanted current flow, the unused contacts are kept at ground potential.
Movement in the -x, +y and -y direction is obtained similarly by applying a voltage

to the corresponding contacts.

gold conductor central table

contact pads

silicon (covered with
oxide layer)

aluminium

Figure 3.4: Two-dimensional meander type actuator.
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3.6 Micro-Relays

A one-dimensional meander actuator moves a gold conductor situated at the front
plate, which opens and closes the contact between a fixed gold contact pair. In the
case of a normally open micro-switch, the actuator is designed to close the contact
gap when the actuation voltage is applied, as depicted in figure 3.5. In the case of a
normally closed switch the actuator opens the contact when powered as illustrated

in figure 3.6.
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(covered with oxide)

contact pads
(actuatator circuit)

contact pads
(contact circuit)

silicon
(covered with oxide)

contact pads
(actuatator circuit)

contact pads
(contact circuit)

contact
pair

Figure 3.6: Normally closed micro-switch based on the meander type actuator.
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3.7 Actuated Bimorph Cantilever

It is possible to perform large displacements with a bimorph cantilever beam. Due
to the asymmetrical design the tip motion does not follow a straight line. Figure 3.7
shows the actuated cantilever. Contact pad A is in contact to the underlying silicon
and hence in contact to the silicon beam. Pad B is insulated from the silicon by a thin
oxide layer, but is in contact to the aluminium of the bimorph. A gold conductor
at the tip of the beam is in contact to both the aluminium and the silicon of the
beam. This arrangement enables an electrical current to pass from pad A through
the silicon beam and back through the aluminium sidewall coating to pad B. Since
the resistivity of silicon is significantly higher than that of aluminium, the voltage
drop across the silicon beam and hence its power dissipation is higher than in the
aluminium. Thus, the bimorph can be heated by applying a driving voltage across
the two contact pads. The tip of the cantilever moves as indicated by the arrow in

figure 3.7.
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Figure 3.7: Actuated bimorph cantilever.

3.8 Conclusion

Besides electrostatic comb drives and thermally excited compliant structures, vertical
bimorphs are efficient integrated in-plane actuators. They only consume moderate
input power, enable large deflections, can be operated at convenient voltages and
are rather straightforward in fabrication. They are compatible to other MEMS and
microelectronics processes. The concept allows a large amount of freedom in design,
since deep reactive ion etching (DRIE) is used for the pattern definition.
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The simplest design for linear motion is based on a double clamped beam. Bet-
ter performance can be achieved with a meander-shaped actuator. This is also the
basic building block for a two-dimensional positioning stage and micro-switches. An
actuated cantilever has been presented, which offers large deflections. However, the
movement is not along a straight line. Other actuator designs and applications are

conceivable.



Chapter 4

Theoretical Analyses

4.1 Introduction

In this chapter analyses are carried out to predict the physical behaviour of verti-
cal bimorph actuators. The analyses are concerned with temperature distribution,
beam deflection, vertical stiffness, thermal time constants and resonant modes. Both

analytical and numerical methods are applied.

In section 4.2 an analytical model for the clamped-clamped beam actuator is
developed and used to obtain the temperature distribution curve (4.2.1) and the de-
flection curve (4.2.2). Based on the equation for the deflection curve, design guidelines
are derived (4.2.3). To get an idea about the vertical stiffness of the actuator, the
vertical spring constant is derived (4.2.4). In section 4.2.5 vertical resonant modes

are calculated analytically.

In section 4.3, ANSYS simulations are carried out on the clamped-clamped beam
actuator including temperature distribution (4.3.2), static deflection (4.3.3), ther-
mal time constant (4.3.4) and resonant frequencies (4.3.5). Section 4.4 is concerned
with ANSYS simulations on the one-dimensional meander type actuator, section 4.5

describes ANSYS simulations of the two-dimensional meander actuator.

4.2 Analytical Analyses on the Clamped-Clamped

Beam Actuator

Figure 4.1 shows the critical dimensions of the bimorph actuator. We have fabricated
actuators varying in these dimensions. The height h is 6 pm, the length [ ranges from
400 pm to 1400 pm. The width wg; of the silicon part of the bimorph is between 3
pm and 5 pm, the width wy; of the aluminium part of the bimorph is between 1 yum
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and 2.5 pum.

Figure 4.1: Critical dimensions of the clamped-clamped actuator.

4.2.1 Temperature Distribution

The model is based on the following simplifying assumptions: The electrical resistivity
is constant along the beam. The electrical power dissipated by the current flow is
entirely converted into heat and evenly distributed along the beam. The ends of
the bimorph remain at a constant temperature 7p, and all the heat generated in
the bimorph is conducted to the ends of the beam, which results in a temperature
distribution along the bimorph. The thin oxide layer has been neglected in the

calculations.

The heat diffusion equation according to Incropera and de Witt [118] is given by

0 orT o (,0T o (,0T ) orT
e (kc’?_x) + By <k8_y> + EP (k‘5> +q4= Per gy (4.1)
where T' is the temperature, x, y, z are the spatial coordinates, k£ the thermal
conductivity, ¢ is the rate at which energy is generated per unit volume (Wm™3)
and p the mass density, ¢, the specific heat at constant pressure and ¢ the time.
The heat diffusion equation describes the condition of conservation of energy for
a control volume. It is based on the fact that the sum of the heat transfer rates
through the boundary areas of the control volume and the energy generation rate
within the control volume equals the change of thermal energy stored in the control
volume. Solving the heat distribution equation considering the boundary conditions
yields the temperature distribution of the structure concerned. In the case of our
bimorph beam, it is assumed that the electrical power due to the current through the
silicon part of the bimorph is entirely converted into heat. We only take steady-state
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heat conduction along the bimorph beam into account. Convection and radiation are
neglected. The thermal conductivity & is constant. Thus, the heat diffusion equation

simplifies to

da*T

5+ =0 (4.2)

.

The energy generation rate ¢ equals the electrical input power P divided by the

volume of the bimorph:

P

4.3
¢ Zh(wsl' + wAl) ( )

The thermal conductivity £ is given by the weighted mean value of the thermal

conductivity for aluminium k4, and silicon kg; [118]:

iksi k
o s 5i T WAk (4.4)
Ws; + Way

To solve the differential equation, the boundary condition that the temperature

on both ends of the beam equals Tj is used:

Te=0)=T(x=1) =T, (4.5)

Substituting equations 4.3 and 4.4 into equation 4.2 and solving the differential

equation yields the equation of the temperature distribution curve:

AT(z) = —%acz +Cz (4.6)

P
C = 4.7
2h(wgiks; + waka) (4.7)

where AT (z) = T'(z) — Tp is the temperature difference between location z at the
bimorph and the bulk silicon. The constant C' has been introduced for simplification
of the equation. Figure 4 shows the calculated temperature distribution curve for a
1000 pm long bimorph beam at an input power of P = 2 mW . This power would
be produced using a voltage of 9 V across the silicon beam used in the experimental

work (see chapter 7).
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Figure 4.2: Temperature distribution curve AT (z) (P =2 mW, [ = 1000 um, wg; =
5 um, wa = 2.5 ym, h =6 pm).

4.2.2 Deflection Curve

Our bimorphs have rectangular cross-sections. Hence the second moment of area for

the silicon part Ig; and for the aluminium part I4; can be expressed by [18]:

1
1 3
IA[ = Ethl (49)

According to Timoshenko [7], the inverse radius of curvature % for a bimorph

beam not subjected to external forces is given by

1
- = BAT(x) (4.10)
2(aa — og;)
h(Esqw?,+Eaqw’)) 1 1
3(w§i+wAl) A (ESinih + EAzwAzh>

B =

(4.11)

(wsi +war) +

where ag; and a4 are the thermal expansion coefficients , Fg; and F 4 the Young’s
moduli of silicon (< 100 >direction) and aluminium respectively. The constant B

has been introduced for simplification.

As illustrated in Figure 4.3a, for a clamped-clamped beam, the reaction forces
R4 and Rp at the end-points A and B, and the reaction couples M, and Mp have
to be taken into account. From the free body diagram in Figure 4.3b we obtain the

equilibrium of moments:

M = My — Ruzx (4.12)
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where M is the bending moment at the cross-section of the beam at location x.

A B

a) .
M, ( H >MB
| tz,

b)
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f !
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X

Figure 4.3: a) Reaction forces and reaction couples at the supports of the beam, b)
free body diagram.

For small slopes of deflection and materials that follow Hooke’s law, the second
derivative of the deflection % equals the inverse radius of curvature % Taking that
into account and considering the reactions at the ends of the beam, we obtain the

differential equation of the deflection curve from equation 4.10 [18]:

dZ’U RA MA

where ET is the flexural rigidity of the beam.

To solve the differential equation, the temperature distribution (equations 4.6,
4.7) is substituted, equation 4.13 is integrated twice and the boundary conditions are
accounted for: The slope 3—; and the deflection v at both ends of the beam equal zero.

dv dv

o) = —|(zen =0 4.14
77 |e=0 = =@ (4.14)
v =0 =z =0=10 (4.15)

From equations 4.14 and 4.15, we get the unknown reaction couple M4 and the

unknown reaction force Ry4.

Ra=0 (4.16)

My 1
=7 = —5BC! (4.17)
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Using equations 4.16 and A.17, the deflection curve is found to be

1BC , 1__.,, 1 \
T e — Rl — — ‘1
v(x) TR +6BC:1: 123Cl$ (4.18)

Solving the differential equation also showed that the lateral reactions R4 and
Rp are 0 which agrees with similar calculations carried out in [18] and a structural
ANSYS simulations described in section 4.3.3. Figure 4.4 depicts the calculated
deflection curve v(z) for a 1000 pm long bimorph beam at an input power of 2
mW (9 V) based on the temperature distribution curve depicted in Figure 4.2. The
centre deflection is about 2.2 um. Note that the calculation carried out here does not
account for axial reaction forces at the ends of the beam. An analysis accounting for

those is given in appendix A.
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Figure 4.4: Deflection curve v(z) (P = 2 mW, | = 1000 um, ws; = 5 pum, wa =
2.5 um, h =6 um).

4.2.3 Design Considerations

The analytical model from sections 4.2.1 and 4.2.2 can be used to obtain guidelines for
performance optimised design. The maximum deflection v, of the bimorph always
occurs at the centre of the beam. For the operation of the actuator, this centre

deflection is of particular interest. It can be expressed as follows

l 1
e = =—-|=—-—BCP :
Ve =0 <:c 2> 199 (4.19)

Considering equation 4.7 and 4.11, v, can be expressed as a function of the input
power P the length of the bimorph [, the width of the silicon wg; and the width of

the aluminium w4;.
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Ve = Ve P, L, wgi, way) (4.20)

The maximum temperature difference also occurs at the centre of the bimorph

AT, and is given by

AT, = AT, (:c - 5) _ %cz (4.21)

AT, can also be expressed as a function of the same parameters as v,.
ATC = ATC(P, l, wWei, ’LUAZ) (422)

Length of the bimorph

From equations 4.19, 4.11 and 4.7 it can be seen that the centre defelction v, rises
with the third power of the length [. Therefore one should design long beams for
large displacements. However, increasing the length of the beam also means

e an increase in the centre temperature difference AT,, which can be a disadvan-

tage for some applications, such as BioMEMS.

e an increase in the time constant 7 (see section 4.3.4) which is a drawback for

positioning and switching applications.

e a decrease of the vertical spring constant k., leading to decreased vertical stiff-
ness (see section 4.2.4), increasing the risk of unintended movement in the

z-direction.

e a decrease of the resonant frequencies (see section 4.2.5) which is a drawback

for micro positioners.

Therefore, the length should stay within reasonable limits. In our clamped-
clamped beam design, the length [ ranges from 400 ym to 1400 pm.

Electrical Input power

The centre deflection v, is directly proportional to the electrical input power P (see
equations 4.19, 4.11 and 4.7). This linear relation should ensure good actuation con-
trol. The centre temperature difference AT, also rises linearly with P (see equations
4.7, 4.11 and 4.21).
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Width of the Aluminium Part of the Bimorph

Figure 4.5 shows a plot of the centre deflection v, as a function of the width wy;
of the aluminium part of the bimorph at constant P, wg;, [, h. The plot is based
on equation 4.19. It shows that for a given wg; there is a maximum v., which is
approx. at wgy = 1.2 um for wg; = 3 um, wy = 1.6 um for ws; = 4 wm and
wa = 2.0 pum for wg; = 5 um. These values for wy; can be easily achieved with the
aluminium sidewall evaporation process presented in chapter 5.2. The blunt peaks
of the curves suggest that fabrication tolerances for wy4; will not have a big influence

on the actuator performance.
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Figure 4.5: Centre deflection v, as a function of the width of the aluminium part w4;
for wg; = 3,4,5 um (P =2 mW, 1 =1000 um, h = 6 um).

4.2.4 Vertical Stiffness

Vertical bimorphs are designed for movement in the wafer plane (x- and y-direction).
To avoid unwanted displacement out of the wafer plane (z-direction), it is desirable
to have a high rigidity in z-direction. The spring constant in z-direction k, is an
indicator for the rigidity. In the following section, k, is derived. Figure 4.6 shows a
vertical bimorph subjected to a load F, acting in the (negative) z-direction.

Figure 4.6: Bimorph beam subjected to out of plane load F,
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The out of plane deflection of the centre (z-direction) v, is given by [18]

R

_ 42
Ys = 102kl (4.23)

where EI, is the flexural rigidity of the bimorph in the z-direction. Since our
bimorphs are composite beams, the flexural rigidity needs to be evaluated separately
for aluminium and silicon. The second moment of area for the silicon part Ig;, and

the aluminium part 4, are given by [18] (see also equations 4.33, 4.35).

1

Isi» = Ewsz'h?’ (4.24)
1 3

IAlz = Ewgzh (425)

With equations 4.24 and 4.25, 4.23 becomes

L (4.26)
v, = — .
16h3(E5,-w5i + EAlwAl)
The spring constant k, is the load F divided by the deflection v,
—F, 16h3(Es;ws; + E
k= __16h(Esiwsi + Eawar) (4.27)

U, 3

For comparison, the lateral spring constant k, for a load F, acting on the centre
of the bimorph in the negative y-direction is derived. Analogously to equation 4.27,

ky, is given by

—F, _ 192(Bsilsy + Balay)

4.2
- : (4.28)

ky = —

For a 1000 um long bimorph beam (ws; = 5 um, wy = 2.5 pm, h = 6 um), k,
is 2.8%. With equations 4.32, 4.34 and 4.34, k, is calculated to be 8.7%. In order
to avoid displacement in the z-direction, k, should be significantly larger than k,.
Therefore, the height A of the bimorphs needs to be increased. That is the reason,

why a 30 um thick device silicon layer was chosen for the meander type actuators.

4.2.5 Lateral Resonances

When external forces excite vibrations we have the case of forced vibration. The

system vibrates at the frequency of the excitation. If the frequency of the excitation
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coincides with the natural frequency of the system, large vibrations occur, which are
only limited by damping [119]. Large oscillations at resonant frequencies can interfere
with the operation of micro-actuators. Therefore, their operational frequency needs
to be kept well below the natural frequency. On the other hand, resonances can be

exploited in precision sensor applications as described in chapter 2.3.3.

If the vibration takes place in the wafer plane they are called lateral vibrations
or lateral resonances. With vertical bimorphs, lateral resonances can be excited
thermally, a novel approach for lateral vibrations (see chapter 2.3.3). In this section
we develop an analytic expression for the natural frequency of the bimorph structure.
In section 4.3.5 we use a modal analysis in ANSYS which accounts for further aspects

of the vibration.

According to Blevins [120] the natural frequency of a straight beam is given by

A2 |EI
L T Heciad 4.2
i 2wl2\ m (4.29)

where the index ; denotes the mode number. ); is a dimensionless parameter
reflecting the boundary conditions of the beam, [ is the length of the beam, E the
Young’s modulus, I the second moment of area, and m the mass of the beam per

unit length.

Figure 4.7: Cross section of the bimorph, the z-axis denotes the neutral surface for
bending in the wafer plane.

Our bimorphs are composite beams which require equation 4.29 to be adjusted
accordingly. To express the second moment of area for the silicon part Is;, and the
aluminium part 4, we need to find the location of the neutral surface. Figure 4.7
shows a cross section of the bimorph. The neutral surface for bending in the wafer
plane is given by the z-axes. The distance of the neutral surface from the material
interface is a. In equilibrium the total axial force in x-direction acting on the cross

section of the beam must be zero. This is expressed by [18]
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o /S ydA + Ey / ydA =0 (4.30)
3 Al

Since the height h of the bimorph is constant, the differential element of area dA
can be replaced with hdy. Inserting the integration limits, which denote the width

of the silicon and aluminium part, respectively, results in

a at+way

Egih ydy + Exh / ydy = 0 (4.31)

a—wWg;

Solving the integrals, and rearranging for a, we get

ESiwg'i - EAlw?‘ll (4 32)
2(Egiws; + Eawap)

a —

The second moment of area for the silicon part is given by

a

Ty = [ vid=nh[" ydy (4.33)

a—wg;

which is evaluated to be

1
Isiy =" <a2w5i — aws; — —3—w§1> (4.34)

Analogously, the second moment of area for the aluminium part is

I [ yaa= [T ya 4.35
Aly—/Aly —/a yay ( )
which is evaluated to be
2 2 1 5
[Aly = h <(J/ W A7 + U/LUAZ -+ —?;’LUAZ> (436)

The flexural rigidity £'7 of the bimorph is given by the sum of the flexural rigidities
of both parts

EI = Egilsy + Ealay (4.37)

The mass per unit length is the sum of the masses per unit length of both parts

of the bimorph

m = hwg;ps; + hwapa (4.38)
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where pg; and p4; are the mass densities of aluminium and silicon respectively.

With equations 4.32, 4.34, 4.36, 4.37 and 4.38, the resonant frequency for the
composite bimorph beam can be calculated from equation 4.29. For a 1000 ym long
bimorph beam (wg; = 5 um, wa; = 2.5 pm, h = 6 um) the first lateral mode f; is
47.46khz (A = 4.7300), the second lateral mode f; is 130.8kHz (Ao = 7.8532).

Mode Shape

For a freely vibrating beam, the total transverse deformation Y (z,t) can be written
as the sum of the modal deformations of the different natural modes [120]

Y(z,t) = Z AiGi(z) sin(27 fit + ¢) (4.39)

where the index ; denotes the mode number, N is the total number of modes,
A; is the amplitude, ¢; the phase angle and ¢;(z) is the function of the mode shape.
The mode shape describes the deformation pattern associated with a certain natural

mode and becomes important for resonance measurements. It is given by [120]

¥;(x) = cosh )\sz — CcoS ¥ —0; (sinh &Tx — sin )\;:c) (4.40)

Figure 4.8 shows normalised plots of the mode shapes for the first and second
mode of a clamped-clamped beam. The first mode has one half wave, the second
mode has two (o7 = 0.982502215, 05 = 1.000777312).
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Figure 4.8: Normalised mode shapes for a clamped-clamped beam, mode 1 and 2.
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4.3 ANSYS Simulations on the Clamped-Clamped

Beam Actuator

To confirm the analytical results and to extend our analyses to areas where analyt-
ical models are impractical to apply, we used ANSYS/Multiphysics [121] to carry
out simulations based on the finite element method (FEM) and the finite difference
method (FDM). Appendix D.1 lists the corresponding ANSYS log files.

4.3.1 Model for the Clamped-Clamped Actuator

All ANSYS simulations on clamped-clamped actuators are based on the same FEM-
model. The three-dimensional model consists of two rectangular blocks one of which
represents the silicon bridge of the bimorph, the other one the aluminium sidewall
deposition. The blocks were split into finite elements as shown in figure 4.9. Three-
dimensional solid elements with eight nodes were used as depicted in figure 4.10.
There are 80 elements along the length of the beam, both for the silicon and the
aluminium part of the bimorph. For thermal simulations we used an element type
with temperature as a degree of freedom (solid70), for structural simulations, an
element type with three-dimensional translation as degrees of freedom (solid45) is

used. Constant material properties were used as shown in table 4.1.

Silicon (< 100 >direction) | Aluminium
Elastic modulus [Pa] 1.3-10% 6.5 - 101
Thermal expansion Coefficent [K™'] 2.6-107° 2.5-107°
Thermal conductivity [Wm=tK™] 1.49 - 10% 2.37 - 10?
Mass density [kgm 2] 2.38 - 10° 2.7-10°
Specific Heat [Jkg™ K™ 702.2 897.7

Table 4.1: Material Properties

4.3.2 Temperature Distribution

This simulation is to check the analytical analysis on the temperature distribution
curve. It is based on the above model (see 4.3.1) and uses the thermal element type
(solid70). A heat generation of input power P is applied to the silicon part of the
bimorph. The ends of the bimorph are kept at a constant temperature 7p.

Figure 4.11 gives the simulated temperature distribution curve for a 1000 pm long
bimorph beam at an input power of P =2 mW. The curve is literally identical with
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element

Figure 4.9: ANSYS model of the clamped-clamped actuator.

Node

Element

Figure 4.10: Solid element used for ANSYS simulation.

the analytically calculated temperature distribution (figure 4.2). This confirms the

validity of our thermal model.

340 T
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Figure 4.11: Simulated temperature distribution curve compared with analytically
calculated curve (P =2 mW, [ = 1000 um, ws; = 5 um, wa = 2.5 ym, h = 6 um,
To = 300K).
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4.3.3 Static Deflection Curve

The simulated temperature distribution is used as input for a structural analysis
(element type: solid45). Both ends of the bimorph are fixed against translation in
any direction. Figure 4.12 shows the simulated deflection curve for a 1000 um long
bimorph beam at an input power of P = 2 mW. Again, it is identical with the
analytical deflection curve (figure 4.4) confirming the validity of the model.

— sim.
+ calc.

1 N

0 200 400 600 800 1000
x [um]

—

v(x) [pm]

Figure 4.12: Simulated deflection curve compared with analytically calculated curve
(P=2mW, 1l =1000 um, wg; =5 um, wa = 2.5 pum, h =6 um, Ty = 300K).

In figure 4.13, the centre deflection v, is plotted against the input power. Our
model yields a linear rise of the deflection with power, which agrees with the analytical

model (section 4.2.2).

E)
?1“1 L
/

0 0.5 1 1.5 2
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Figure 4.13: Centre deflection v, as a function of the input power P (I = 1000 pm,
wsi =5 pum, wa = 2.5 um, h =6 um, Ty = 300K).

The axial reaction forces at the supports were found to be compressive with a
value of 7.1 - 107 N. The lateral reaction forces R4 and Rp were simulated to be
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3.6-107!2 N. This is 8 orders of magnitude lower than the axial reactions confirming

that the lateral reactions are zero in practical considerations.

4.3.4 Thermal Time Constant

The operational speed of vertical bimorph actuators is limited by the thermal time
constant of the system. The time constant describes the rate at which the actuator
reaches its static state temperature distribution (see 4.2.1) and hence its maximum
lateral deflection at a given input power. From the time constant, the maximum
frequency f, of the full thermal response can be calculated. f, is also the maximum
frequency at which the full deflection is reached. It is an important criterion in

actuator applications such as micro-positioning and switching.

To find the thermal time constant, a transient thermal analysis is required. The
most widely used analytical approach is the lumped capacity method described in
[118] and [122]. This method is based on the assumption that the temperature gradi-
ent along the object investigated is negligible. This condition, however, is not met by
our bimorph actuators, since their operation is based on a temperature distribution
(see 4.2.1). Therefore, we used a transient thermal simulation in ANSYS to determine

the time constant of the actuators.

We utilise the above model (see section 4.3.1) with the thermal element type
(solid70). Initially, the whole beam is at a constant temperature 7Tp. At the time
t = to, the input power P is switched on and the transient thermal analysis option
in ANSYS simulates the temperature as a function of time 7'(¢). Figure 4.14 shows
a temperature versus time plot for a 1000 gm long bimorph beam at a pulse input
power of P =2 mW for a location at the centre of the beam T' = T'(¢t,z = [/2) for

an interval of 10 ms.
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Figure 4.14: Simulated temperature versus time plot T'(¢t,z = [/2) (P = 2 mW,
[ =1000 pum, wg; = b um, wa = 2.5 um, h =6 um, Ty = 300K).
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The shape of the temperature versus time plot 7'(¢) (figure 4.14) suggests that it
can be fitted to an exponential rise function

T@) =T, (1—e7) (4.41)

where T} is the static temperature of the centre of the bimorph for a given input
power and 7 is the thermal time constant of the system. To verify this assumption

we rephrase equation 4.41

T(t) t
l -y =2 4.42
(1 - ) == (4.42)
Therefore, plotting 1 — y on a logarithmic scale versus the time ¢ should give a
1

linear graph where the slope is equal to —%. We used the data points of the transient
ANSYS simulations to obtain the graph shown in figure 4.15. The linear graph
confirms our hypothesis that the temperature versus time plot is an exponential rise
function. Furthermore, from the slope, we found 7 to be 1.27 ms. This value can be
verified on the temperature versus time plot by taking the time at the point where
63.2 % of the static temperature T} is reached as illustrated in figure 4.14.
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Figure 4.15: Plot of l—mr{lﬁ versus time ¢ (P = 2 mW, [ = 1000 ym, wg; = 5 um,
wa = 2.5 um, h =6 um, Ty = 300K).

Assuming that a time of 5 7 is necessary to reach the full deflection after the
positive edge of an input signal (after 57, 99.3 % of the full deflection is reached for
an exponentially rising waveform) and the rest position after the negative edge, the
highest frequency f, at which the full deflection amplitude is reached is calculated to
be 78.7 Hz. Note that vibrations of higher frequency can also be thermally excited
with vertical bimorph actuators. However, there is not enough time for the beam
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to cool down to the bulk temperature T before the next heating pulse occurs. This

results in a static deflection upon which a vibration is superimposed.

4.3.5 Lateral resonances

In order to check the validity of our ANSYS model (section 4.3.1) for modal analysis
and the validity of the analytical calculations, an ANSYS modal simulation for the
straight clamped-clamped bimorph was carried out. A modal analyses in ANSYS
determines the resonant frequencies and mode shapes of structures. The above model
(section 4.3.1) was used. Both ends of the beam are fixed against any translation
movement. For a 1000 um long bimorph beam (wg; = 5 pym, wq = 2.5 pym, h =
6 pm) the first lateral mode f; is 47.27 kHz, the second lateral mode f5 is 130.4
kHz. These values agree very well with the results of the analytical calculation above

(section 4.2.5).

Figure 4.16 shows the simulated mode shapes for the same beam for the first and
second mode. They are in good agreement with the calculated mode shape functions

(see section 4.2.5).
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Figure 4.16: Simulated and calculated mode shapes for a clamped-clamped beam,
mode 1 and 2.

For the real bimorph beams, there are two additional phenomena, which have a
great influence on the resonant frequency. These phenomena are discussed below.

Tensile Stress in the Aluminium Layer

There is a tensile stress in the aluminium sidewall deposits resulting from the evapo-
ration process, where the aluminium in the crucible is heated up by an electron beam
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and is still at a temperature above room temperature when it reaches the wafer where
it is deposited. The tensile stress tends to increase the resonant frequency [120]. From
a simulation point of view this stress is accounted for by an aluminium reference tem-
perature Tr.r4 higher than room temperature. T,.f4; is the temperature at which
there is no stress in the aluminium. The exact value for 7} 4; is not known, therefore

simulations are carried out over a range of reference temperatures.

We carried out a modal analysis as described above. The aluminium reference
temperature T.r4; was varied from 300 K to 340 K in 10 steps and for each step
a solution was obtained. The lateral resonant frequency for the first mode f; and
second mode f; was then plotted against the reference temperature. Figure 4.17

shows the plots for a 1000 pm long bimorph beam.

a) g
E‘ mode 1
2, 70
<
g 60
5
=
L
E 50 /
g <
40
300 310 320 330 340
Al reference temperature 7,z [K]
b) 170
- mode 2 /’
E 160 >
“E 150 /
Q
5
% 140
&
§ 130
120
300 310 320 330 340

Al reference temperature T .z [K]

Figure 4.17: Resonant frequencies f; and f> plotted against the aluminium reference
temperature T.r4;, a) mode 1, b) mode 2 (I = 1000 pum, wg; = 5 um, wa = 2.5 um,
h =6 um, To = 300K).

Static deflection

When an AC-power beyond the maximum frequency of full thermal response f, is
applied to the actuator, a static deflection of the bimorph is caused (4.3.4). This
static displacement causes a curvature of the beam, which tends to decrease the

lateral resonant frequency [120].
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To quantify the influence of this static deflection on the resonant frequency, the
results of the static analysis were used as a prestress input for the modal analysis.
The resonant frequencies were determined for different values of static input power
resulting in different static deflections v.. Figure 4.18 shows plots of resonant fre-
quencies f; and f, for a 1000 pm long bimorph beam . The static deflections result
from input power values ranging from 0 to 2 mW.
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Figure 4.18: Resonant frequency f; and f, plotted against static deflection v, a)
mode 1, b) mode 2 (I = 1000 pum, ws; = 5 um, way = 2.5 um, h = 6 um, Ty = 300K,
Tresa = 300K).

Since the aluminium reference temperature T,.4; cannot easily be measured for
the actual devices it is useful to plot an array of curves for different 7;..r4;. Measuring
the resonant frequency for a certain static deflection then allows to determine T} 4;.
Figure 4.19 gives an array of curves by plotting the resonant frequency as a function

of the static displacement v, for different aluminium reference temperatures Ty 4;.

4.4 ANSYS Simulations on the One-Dimensional
Meander Type Actuator

Due to the complexity of the geometry, numeric simulations in ANSYS were car-

ried out to investigate the behaviour of the one-dimensional meander type actuator.
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Figure 4.19: Resonant frequencies f; and fs plotted against static deflection v, for dif-
ferent aluminium reference temperatures T;ef4;, a) mode 1, b) mode 2 (I = 1000 pm,
wg; =5 um, wa = 2.5 um, h =6 um, Ty = 300K).

Appendix D.2 lists the corresponding ANSYS log files.

4.4.1 ANSYS-Model

Figure 4.20 depicts the model for the one-dimensional meander actuator. The same
three dimensional elements as in section 4.3 were used. There are 80 elements along
the length of each of the four bimorphs, both for the silicon and the aluminium
part. For thermal simulations we used an element type with temperature as a degree
of freedom (solid70). For structural simulations an element with three-dimensional
translation as degree of freedom was used. Constant material properties were used

as shown in table 4.1.
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beam

front plate

Figure 4.20: Model for the one-dimensional meander actuator.

4.4.2 Temperature Distribution

A heat generation of power P was applied to the silicon beams apart from the front
plate region, where a gold conductor on the actual device will reduce the resistance
so that virtually no heat dissipation takes place. The ends of the silicon beam (top
left corner of the diagram) are kept at a constant temperature Tp. The thermal
element type (solid70) was used for the heat transfer analysis. Figure 4.21 shows the
resulting temperature distribution along the meander geometry. At an input power
P of 6 mW, the maximum temperature at the front plate, 401 K, is reached.

4.4.3 Static Deflection

The temperature distribution was used as the input for a structural analysis. The
ends of the beam were fixed against translation movements in any direction. Figure

4.22 depicts the deflection for an input power of 6 mW.

To obtain a deflection versus power plot, consecutive simulations were carried out
with different input power P. The deflection of the front plate was written to a file
and plotted against the input power. Figure 4.23 shows the deflection plot. A linear

rise is observed.
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SOLUTION

Figure 4.21: Temperature distribution for the one-dimensional meander actuator, P
=6 mW, Ty = 300 K, [, = 1000 um, wg; = 8 um, wy = 1.5 um, [; = 300 pm, [y =
300 pm, I3 = 300 pm, Iy, = 200 pm.

Figure 4.22: Static deflection of the one-dimensional meander actuator, displacement
in x-direction is colour-mapped, dimensions see figure 4.21.

4.4.4 Thermal Time Constant

A transient thermal analysis was carried out utilising the above model with the
thermal element type (solid70). Initially, the whole actuator was kept at temperature
To and at the time ¢ = ty the electrical input power was switched on. A temperature

versus time plot was simulated. Figure 4.24 shows the temperature versus time plot
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Figure 4.23: Deflection of the front plate against input power, dimensions see figure

4.21.
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Figure 4.24: Temperature versus time, P = 6 mW, dimensions see figure 4.21.
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The shape of the temperature versus time plot 7'(¢) in figure 4.24 suggests that it
can be fitted to an exponential rise function. This assumption was confirmed using
the method described in section 4.3.4. The time constant 7 was found to be 48
ms. It could also be confirmed from the temperature versus time plot at the point,

where 63.2 % of the maximum temperature is reached. Based on the assumption

that 57 are necessary for reaching the maximum temperature after the input power

has been applied and that another 57 are needed to cool down to Tg after the power

has been switched off, a maximum frequency for the full thermal response of 2.1 Hz

is calculated. This is the highest frequency, at which the maximum temperature and

hence the maximum displacement of the actuator is reached. Faster operation is

possible, but will mean that the actuator does not reach the maximum temperature
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and does not cool down to Tj.

4.4.5 Lateral Resonances

A modal analysis was carried out based on the above model of the one-dimensional
meander actuator. The ends of the beam were fixed against translation movement.
We have extracted the first 10 modes. The second mode is a vibration where the
front plate moves back and forth in the x-direction. This mode is the only one that
could be excited in resonant measurements (see chapter 7.3.4). For an actuator of
the above dimensions (see figure 4.21) it was simulated to be at 3.89 kHz. Figure
4.25 depicts the mode shape for the second mode.

Note, as described in section 4.2.5, there is a tensile stress in the aluminium layer
of the actual devices. Also, there is a static deflection upon which the vibrations
are superimposed. Simulations, where the static deflection and the tensile stress in
the aluminium layer (increased aluminium reference temperature) were accounted
for showed that both parameters do not have a significant influence on the resonant
frequency of the meander geometry. The resonant frequency only changed by a few
Hz.

Figure 4.25: Mode shape for the second mode of the one-dimensional meander actu-
ator.
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4.5 ANSYS Simulations on the Two-Dimensional
Meander Type Actuator

Since the analyses carried out here are very similar two those on the one-dimensional
meander type actuator, only a brief description is given. Appendix D.3 lists the

corresponding ANSYS log files.

4.5.1 Model

In figure 4.26, the model for the two-dimensional meander actuator is shown. The
same three-dimensional elements as in section 4.3 were used. There are 40 elements
along the length of each bimorph, both for the silicon and aluminium part.

Figure 4.26: Model for the two-dimensional meander actuator.

4.5.2 Temperature Distribution

Except for the beams connecting the bimorphs with the central table, where a gold
conductor on the beams of the actual device will reduce the resistance so that virtually
no heat dissipation would take place, a heat generation of power P was applied to
the silicon beams of the -x actuator. The ends of all four actuators were kept at a
constant temperature Ty. The thermal element type (solid70) was used for the heat
transfer analysis. Figure 4.27 shows the temperature distribution. At an input power
P of 6 mW, the maximum temperature at the bimorph, 354 K, is reached.
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Figure 4.27: Temperature distribution for the two-dimensional meander actuator, P
= 6 mW (-x actuator), 7o = 300 K, [, = 1000 um, ws; = 8 um, wy = 1.5 pym, [; =
1100 pm, Iy = 300 pum, I3 = 300 pm, Iy = 200 pum.

4.5.3 Static Deflection

The temperature distribution was used as the input for a structural analysis. All
ends of the beams were fixed against translation movements in any direction. Figure

4.28 depicts the deflection for an input power of 6 mW.

NODAL SOLUTION

1
1
1

Figure 4.28: Static deflection of the two-dimensional meander actuator, displacement
in x-direction is colour-mapped, dimensions see figure 4.27.

To obtain a deflection versus power plot, consecutive simulations were carried out
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with different input power P. The deflection of the central table was written to a file
and plotted against the input power (positive values for deflection in the -x direction).
Figure 4.29 shows the deflection plot. A linear rise is observed.
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Figure 4.29: Deflection of the central table against input power, dimensions see figure
4.27.

4.5.4 Thermal Time Constant

A transient thermal analysis was carried out utilising the above model with the
thermal element type (solid70). Initially, the whole device was kept at temperature
T, and at the time t = ty the electrical input power for the -x direction actuator was
switched on. A temperature versus time plot was simulated. Figure 4.30 shows the
temperature versus time plot for the point of maximum temperature (inner bimorph)

of the -x direction actuator.

The temperature versus time plot (figure 4.30 again is an exponential rise function,
which could be confirmed using the method described in section 4.3.4. The time
constant 7 was found to be 31 ms. It can also be obtained from the graph at the point,
where 63.2 % of the maximum temperature is reached. Based on the assumption
that 57 is necessary for reaching the maximum temperature after the input power
has been applied and that another 57 is needed to cool down to Tj after the power
has been switched off, a maximum frequency for the full thermal response of 3.2 Hz
is calculated. This is the highest frequency, at which the maximum displacement of

the actuator can be reached.
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Figure 4.30: Temperature versus time, P = 6 mW, dimensions see figure 4.27.

4.5.5 Lateral Resonances

A modal analysis was carried out based on the above model of the two-dimensional
meander actuator. All the ends of the actuator were fixed against translation move-
ment. We have extracted the first 10 modes. The first mode is a vibration where the
central table moves back and forth in the x-direction. For an actuator of the above
dimensions (see figure 4.27) it was simulated to be at 2.926 kHz. Figure 4.31 depicts
the mode shape for the first mode. Note, the aluminium reference temperature and

the static deflection have not been accounted for in the simulations.

Figure 4.31: Mode shape for the first mode of the two-dimensional meander actuator.
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4.6 Conclusion

We have carried out analytical and numerical analysis to predict the physical be-
haviour of vertical bimorph actuators. The simple geometry of the clamped-clamped
beam actuators allowed us to develop an analytical model for investigating the tem-
perature distribution, static deflection, vertical stiffness and lateral resonant frequen-
cies. The thermal time constant was simulated using ANSYS Multiphysics based on
the finite element method. For both the one- and the two-dimensional meander type
actuators, ANSYS simulations where used for analysing the above aspects. In gen-
eral, good agreement with measurements on the actual devices and between different

analyses has been achieved.
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Process Development

5.1 Introduction

Thermally excited vertical bimorphs are a novel approach for lateral actuation. The
geometrical structures required present a serious challenge for micro fabrication tech-

niques, with the need for new processes as well as non-standard processes.

Aluminium deposits are needed on the sidewalls of silicon beams for the bimorph
elements. This requires a new metal deposition approach (section 5.2). The micro-
relays require gold contacts, which cover both the sidewalls and the horizontal wafer
surface (section 5.3). Working with 30 um deep trenches is a challenge for the pho-
tolithography (section 5.4). Lastly, the bimorph beams need to be free to move,
which requires removal of the handle silicon and the buried oxide layer in a so-called
release etch (section 5.4). These process steps have required a considerable amount

of process development work, which is presented in this chapter.

5.2 Aluminium Sidewall Deposition

In order to fabricate planar bimorphs, a metal layer is deposited onto silicon by evap-
oration, sputtering or electroplating, which are all planar deposition processes. The
fabrication of vertical bimorphs requires a process capable of depositing aluminium
onto the sidewalls of silicon beams. As there is no single-stage sidewall deposition
process for metals, a multi-step process had to be developed. Test processes were
carried out combining sputtering as well as evaporation with wet- and dry-etching
techniques. In this section, we describe the concepts of combining the single processes

in multi-step process sequences and present the results obtained [123].
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5.2.1 Involved Processes

An overview is given of the processes needed for our aluminium sidewall deposition

experiments. Further details can be found in 3,124, 125].

Electron Beam Evaporation

Electron beam evaporation takes place in an evacuated process chamber. The alu-
minium in a crucible is heated by an electron beam, which is forced onto a circular
track by crossed electric and magnetic fields. The aluminium vaporises. Due to the
long mean free path at the very low pressure (about 107° Pa), there are only very
few collisions of aluminium particles with gas particles. Therefore, the aluminium
particles move in straight lines towards the substrate wafers, where they condense
from the vapour phase and form an aluminium film. Figure 5.1 illustrates the process
of electron beam evaporation. Due to the fact that the aluminium particles reach
the wafers from a certain angle, the step coverage is inherently poor, but can be
improved by rotation of the wafers during the evaporation. Rotation of the wafers
also improves the thickness uniformity of the deposited metal layer over the wafer.

Deposition onto sidewalls can only be achieved, if the substrate is orientated at
a shallow angle with respect to the aluminium crucible. A thickness monitor, based
on a resonant sensor, allows in situ control of the deposition thickness. When coated
with aluminium, its mass increases and hence its resonant frequency decreases. The
change in the resonant frequency is detected and can be calibrated to monitor the
film thickness.

Due to the fact that aluminium condenses from the vapour phase, it is deposited at
an elevated temperature. Since aluminium has a larger thermal expansion coefficient
than silicon, there is a thermally induced tensile stress in the aluminium deposit and

a compressive stress in the silicon substrate.

Aluminium Sputtering

In aluminium sputtering, an aluminium target mounted on the cathode is bombarded
with energetic argon ions from a DC generated plasma. This ion bombardment re-
moves aluminium particles from the target by momentum transfer and these condense
on the substrate forming an aluminium film. As sputtering is carried out at a higher
pressure than evaporation (about 1 Pa), the mean free path is much shorter and the
aluminium particles undergo many scattering collisions and arrive at the substrate
from all different angles. Consequently, the step coverage is significantly better than

that obtained by evaporation and aluminium is also deposited onto sidewalls. Figure
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Figure 5.1: Electron beam evaporation.

5.2 illustrates aluminium sputtering.
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Figure 5.2: Aluminium sputtering.

Aluminium Etching

Aluminium can be wet-etched in orthophosphoric acid. This wet-etching process
etches in an isotropic manner. For structuring aluminium layers, a photolithography
step is carried out to provide a patterned resist mask. The aluminium wet-etch
is done by immersing the wafers into the etching solution until the aluminium has
disappeared from the areas exposed by the photolithography. Due to the isotropic
character, a large under-etch can be observed as depicted in figure 5.3.

Anisotropic etching of aluminium is achieved employing a dry-etch process in
chlorine (Cly)- and silicon tetrachloride (SiCly)-plasma (figure 5.4). An oxide layer is
needed as an etch stop, since this aluminium etch process lacks selectivity to silicon.
Due to the mainly anisotropic character of the etch, hardly any undercut is observed.
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Figure 5.3: Profile view after aluminium wet-etch. Undercut due to isotropic charac-
ter.

The etch end-point is determined by a rise of the pressure in the process chamber,
which indicates that the aluminium layer has been etched through. To make sure
that aluminium has been removed over the whole exposed area, a short over etch
time is given to the process. A disadvantage of the dry-etch process is the fact that
the etch rate is higher at the edges of the wafer compared to the centre of the wafer

resulting in a radial nonuniformity.

photoresist
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Figure 5.4: Profile view after aluminium dry-etch. Only small under-cut due to the
anisotropic character.

5.2.2 Fabrication Techniques

This section describes the processes carried out for the investigation into aluminium
deposition onto sidewalls of silicon beams. The corresponding LMS-process listing is

given in appendix B.1.1.

Substrate Preparation

All experiments carried out use standard (100) silicon substrates. 6 um deep trenches
of 5 pm to 500 pm width are etched into the substrate using an anisotropic dry-etch
in hydrogen bromide (HBr) and silicon tetrachloride (SiCly). An oxide is grown
providing the etch stop layer required for the aluminium dry-etch. This oxide layer
also serves as electrical insulation in the actual bimorph devices. Figure 5.5 shows

the substrate prepared for aluminium sidewall deposition tests.
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Figure 5.5: Substrate with trenches for aluminium sidewall deposition.

Aluminium Sidewall Deposition Based on Sputtering and Dry-Etching

One approach to depositing aluminium onto sidewalls involves the sputtering of alu-
minium and subsequent aluminium blanket dry-etching. The sputtering process de-
posits aluminium onto both the horizontal surfaces and the sidewalls. The aluminium
thickness obtained on the sidewalls is about half the thickness of the layer on the hor-
izontal wafer surface as shown in Figure 5.6a. Blanket dry-etching means that the
etch process is carried out without a resist mask, thus exposing the entire aluminium
surface to the reactive species. Due to the anisotropic character of the dry-etch, some
aluminium remains on the sidewalls, if the etch process is stopped immediately after
all the aluminium has been removed from the horizontal wafer surface. Figure 5.6b

sketches the result.
2) aluminium

—+— silicon

o B o B

Figure 5.6: Sketch of aluminium sidewall deposition based on a) sputtering and b)
subsequent dry-etching.

Aluminium Sidewall Deposition based on Angled Evaporation and Dry-
Etching

The second approach for aluminium sidewall deposition utilises angled evaporation
and a subsequent aluminium blanket dry-etch. To deposit aluminium onto sidewalls,
a shallow angle @ of the substrate wafer with respect to the aluminium crucible has
to be chosen as illustrated in figure 5.7. A problem that arises from this setup is that
the aluminium thickness varies across the wafer both on the horizontal faces and on
the sidewalls. This is due to different distances and angles between the crucible and
the different areas of the wafer surface. To realise this setup in practice, a special



Chapter 5. Process Development 67

jig is used to hold the wafer above the crucible at a predetermined angle. To ensure
reproducibility of the results, the flat of the wafer is always placed at the lowest

position of the jig.

substrate wafer < x
thickness /’/D b
monitor

aluminium
crucible

Figure 5.7: Evaporation at a shallow angle ® between the wafer and the aluminium
crucible for aluminium deposition onto sidewalls.

As aresult of the line-of-sight of the angled evaporation, aluminium is deposited on
the top horizontal wafer surface, the right-hand side sidewalls and the non-shadowed
parts of the horizontal faces in the trenches (figure 5.8a). After the anisotropic blanket
dry-etch, aluminium fillets on the right-hand side sidewalls remain (figure 5.8b).

aluminium

—— silicon

> )

Figure 5.8: Sketch of aluminium sidewall deposition based on a) angled evaporation
and b) subsequent dry-etching.

Aluminium Sidewall Deposition Based on Angled Evaporation and Wet-
Etching

This approach combines angled evaporation and subsequent wet-etching of aluminium.
The evaporation is carried out at a very shallow angle ® (® < 45). This ensures that
the deposition on the right-hand side sidewall is thicker than that on the horizontal
surfaces (figure 5.9a). The isotropic wet-etch of aluminium is stopped immediately
after all aluminium on the top wafer surface has been etched away. Consequently,
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the aluminium on the sidewalls is thinned by approximately the thickness of the orig-
inal aluminium film on the horizontal face, but is not removed completely. Thus,
aluminium fillets remain on the right-hand side sidewalls (figure 5.9b).

aluminium

a)

——— silicon

T Lo

Figure 5.9: Sketch of aluminium sidewall deposition based on a) angled evaporation
and b) subsequent wet-etching.

5.2.3 Experimental Results

In this section, the results of the experiments are presented, using SEM-pictures. In
order to take pictures of profile views, the wafers were cleaved before taking SEM-
pictures. Both angled evaporation and aluminium dry-etching introduce nonunifor-
mities across the wafer. Therefore, the position along the cleave-line, referred to as
'picture position’, becomes an important parameter. It ranges from 0 (wafer flat) to
100 (wafer curve) as illustrated in figure 5.10.

wafer flat

cleaveline

100 50 0

Figure 5.10: Sketch of a cleaved wafer, illustrating 'picture position’ in numbers from
0 to 100.

Sputtering and Dry-Etching

Figure 5.11 shows a sputtered aluminium layer covering silicon trenches. The thick-
ness measured in the SEM picture is about 1.7 pm on the horizontal plane and about

0.7 pm on the sidewall. Good sidewall coverage can be observed.

Figure 5.12 shows aluminium fillets remaining after the dry-etching process. Be-
fore the dry-etch, an aluminium layer of 1 um thickness on the horizontal surface was
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Figure 5.11: Silicon trenches, sputter-coated with a 1.7 um thick aluminium layer
on horizontal faces, 0.7 ym on sidewalls (before dry-etch), a) one step, b) several
trenches (picture position: 30).

sputtered onto the wafer. The thickness of the fillets after the dry-etch is about 0.25
pm. Figure 5.12a shows a profile view of the aluminium fillet. A significant notch
in the aluminium can be observed at the bottom of the trench. At the top of the
fillet, an an over-etch can be seen. The reason for this over-etch lies in the higher
dry-etch rate at the edge of the wafer. Stopping the dry-etch when the aluminium on
the horizontal surface is removed at the centre of the wafer means that areas closer
to the edges are subject to a deeper etch visible as an over-etch. Figure 5.12b shows
a three-dimensional view of an aluminium fillet. The surface of the aluminium fillet
looks very rough. This might be a consequence of the relatively long dry-etch time
for the comparably thin deposit on the sidewall. Both the over-etch at the top of the
sidewall fillet and a notch at the foot of the fillet can be seen in this picture.

ZOKY ND:1EnR

ZHEY WD Z1HR

a)

Figure 5.12: Aluminium fillets on silicon sidewalls obtained by sputtering and sub-
sequent dry-etching a) profile view b) 3-dimensional view (aluminium thickness on
sidewalls: 0.25 pm, picture position: a) 61, b) 77).
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Angled evaporation and dry-etching

Figure 5.13 shows silicon trenches covered with an evaporated aluminium layer, 1 ym
thick. In Figure 5.13a, the shadowing effect can be seen. Good step coverage can be
observed on the left-hand side edges where there is no shadowing.
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2)

Figure 5.13: Silicon trenches, coated with a 1 pum thick (horizontal surfaces and side-
walls) evaporated aluminium layer (before dry-etch), a) profile view of a 10 um wide
trench b) profile view of a wide trench (evaporation angle ® = 60 °, picture position:
48).

Figure 5.14 shows aluminium fillets obtained by angled evaporation and subse-
quent dry-etching. The fillet shown in figure 5.14a has a significant over-etch and
notch. This is because it is located close to the edge of the wafer, where the etch
rate of the aluminium dry-etch is highest. The fillet shown in figure 5.14b is located
at the centre of the wafer. Consequently, hardly any over-etch is observed and the

notch is smaller than that in figure 5.14a.
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a) b)

Figure 5.14: Aluminium fillets on sidewalls obtained by angled evaporation and sub-
sequent dry-etch, a) profile view of an aluminium fillet, b) 3-dimensional view of
another aluminium fillet (aluminium thickness on sidewalls: 1.6 um, evaporation
angle ® = 60 °, picture position: a) 88, b) 53).
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Angled Evaporation and Wet-Etching

Figure 5.15 shows silicon steps covered with a fairly thick layer of evaporated alu-
minium (2.8 um on the sidewalls, 1.2 um on horizontal faces) deposited at a shallow
angle of ® = 24°. Since the sidewall-deposit is 1.6 um thicker than the deposit on
the horizontal surfaces, isotropic wet-etching of the aluminium results in a sidewall

thickness of approximately 1.6 um.

b)

a)

Figure 5.15: Silicon trenches, coated with an evaporated aluminium layer (before dry-
etch), a) profile view of one step b) the same step, slightly rotated to allow thickness
measurement (aluminium thickness on sidewalls: 2.8 pm, aluminium thickness on
horizontal surfaces: 1.2 um, evaporation angle &= 24 °, picture position: 60).

In figure 5.16, the thickness of the aluminium deposit obtained by angled evap-
oration (before wet-etching) on both the sidewall and on the horizontal surfaces is
plotted versus the position on the wafer. The deposits are thicker towards the flat
as the flat was placed closer to the aluminium crucible in the evaporation jig. The
thickness varies by about 25 % across the wafer. The thicknesses have been measured

from profile views in the SEM.
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Figure 5.16: Thickness of the aluminum deposit on the sidewall and on horizontal
faces plotted against the position along the cleave-line for aluminium deposition ob-
tained by angled evaporation (before wet-etch).



Chapter 5. Process Development 72

Figure 5.17 shows aluminium fillets obtained by angled evaporation and subse-
quent wet-etching. The wet-etch is stopped after the aluminium has been removed
from the horizontal wafer surface. Figure 5.17a shows a fillet close to the flat of
the wafer, where the thickest aluminium deposits could be observed before etching.
Consequently, a fairly thick fillet (2.3 pm) is still left after the isotropic wet-etch.
The over-etch and the notch at the foot of the fillet are within an acceptable range.
The fillet in figure 5.17b, which is located at the centre of the wafer, is noticeably
thinner (1.7 pm) as the original deposit was thinner. The over-etch and the notch
are slightly increased due to the relatively longer etch-time after the aluminium on

the horizontal surface has been removed in the vicinity.

a) b)H

Figure 5.17: Aluminium fillets on sidewalls obtained by angled evaporation and sub-
sequent wet-etch, a) profile view of an aluminium fillet in an area near the flat, b)
profile-view of an aluminium fillet in the centre area of the wafer (aluminium thick-
ness on sidewalls: a) 2.3 um, b) 1.7 um , evaporation angle ® = 24 °, picture position:
a) 20, b) 60).

Figure 5.18 shows the thickness of the fillets obtained by angled evaporation and
subsequent aluminium wet-etch plotted against the position along the cleave-line.
The fillets are thicker closer to the flat where the original aluminium deposit was
thicker. The thickness of the aluminium fillets varies by about 45 % across the wafer,

measured from profile views in the SEM.

The results of the wet-etch can be optimised in terms of the over-etch and notch
by varying the etch-time across the wafer. Initially, the whole wafer is immersed into
the etching solution. As soon as the aluminium at the curve (thinnest deposit) has
been removed from the horizontal surface this part of the wafer is retracted from the
etching bath. As the etching progresses, the wafer is gradually retracted further from
the etching solution with an optimised etching time for the different aluminium thick-
nesses across the wafer (figure 5.19). Figure 5.20 shows aluminium fillets obtained by
angled evaporation and the improved wet-etching technique described above. Hardly

any notch and a significantly reduced over-etch can be observed.
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Figure 5.18: Thickness of the aluminum fillets plotted against the position along the
cleave-line for aluminium deposition obtained by angled evaporation and subsequent

wet-etch.

wafer partial retraction
1 of the wafer

etching solution

Figure 5.19: Optimised aluminium wet-etch, a) wafer immersed completely, b) grad-
ual retraction of the wafer.

b)

Figure 5.20: Aluminium fillets on sidewalls obtained by angled evaporation and sub-
sequent wet-etch with gradual retraction of the wafer, a) profile view of an aluminium
fillet in the centre area of the wafer, b) profile-view of an aluminium fillet in an area
near the flat (aluminium thickness on sidewalls: a) 1.4 ym, b) 1.7 um, evaporation
angle ® = 24 ° | picture position: a) 50, b) 30).
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5.2.4 Summary

Three different multi-step process sequences to obtain aluminium deposits onto side-
walls of silicon trenches have been investigated: Aluminium sputtering and subse-
quent dry-etching, angled evaporation of aluminium and subsequent dry-etching and

angled evaporation of aluminium and subsequent wet-etching.

The sputter process has the disadvantage that sidewall deposits are thinner than
deposits on the horizontal surfaces, which leads to very long dry-etch times result-
ing in damage to the inherently thin sidewall fillets. Angled evaporation offers the
advantage that the thickness ratio between sidewalls and horizontal surfaces can be
controlled to a certain extent. This allows the dry-etch times to be reduced and the
thickness of the aluminium fillets to be increased. To avoid the non-uniformity of the
dry-etching process, wet-etching can be employed, provided that the deposits on the
sidewalls are thicker than those on the horizontal surfaces.

The overall result of the investigation showed that combining angled evaporation
and wet-etching yields the best sidewall deposits and is the easiest to control as
well as the most reproducible process. Over-etch and notching can be minimised by

gradually retracting the wafer from the etching bath.

5.3 Chrome/Gold Sidewall Contact Deposition

The micro-relays introduced in chapter 3.6 use gold contacts for the contact cir-
cuit. As the adhesion of gold is very poor on silicon or oxide, a chrome adhesion
layer is necessary. Since the moving contact moves laterally in the wafer plane, the
chrome/gold contacts are required on the opposite sidewalls of the trench etched into
the device silicon layer which forms the contact gap. In this section, the requirements
for the chrome/gold contact deposition are discussed and the results for evaporations
at different angles are given. The LMS-process file is listed in appendix B.1.3.

5.3.1 Requirements for the Chrome/Gold Contacts

The chrome/gold contacts have to cover opposite sidewalls of the trenches in the
silicon. They also need to be connected to chrome/gold conductors on the horizontal
wafer surface. Hence, a good step coverage for the chrome/gold deposition is required.
Additionally the gold coating on the sidewalls should reach down to the bottom of
the trench to maximise contact area. Figure 5.21 shows a cross-section of the contact

gap illustrating the ideal chrome/gold contact.
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Figure 5.21: Contact trench with ideal chrome/gold contact.

5.3.2 Implementation of the Chrome/Gold Deposition

Two consecutive chrome/gold evaporations at a rather steep angle of incidence @
(definition see figure 5.7) are carried out to cover the steps both on the right- and the
left-hand side of the trench using the jig for angled evaporation. The first evaporation
deposits a chrome/gold layer onto the right-hand side sidewall and the horizontal
surface of the wafer (figure 5.22a), the second evaporation deposits chrome/gold onto
the left-hand side sidewall and the horizontal surface (figure 5.22b). The rather steep
angle is chosen because the trenches for the contacts are quite narrow (6 pm to 24
pm) and deep (30 pm). Ideally, the gold coating on the sidewall should reach down
to the bottom of the trench, but not extend along the bottom of the trench. However,
it is impossible to achieve this with different aspect ratio trenches. In wide trenches,
the chrome gold deposition extends along the bottom of the trench (see figure 5.22I).
These horizonal chrome/gold areas need to be removed at the release etch stage in
order to ensure the functionality of the contacts. A standard chrome/gold wet-etch
is used. In narrow trenches, the chrome gold sidewall coating does not reach to the
bottom of the trench (figure 5.22II). Hence, the contact area is reduced.

I) wide trench 1I) narrow trench
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Figure 5.22: Two-stage chrome/gold contact evaporation.

To optimise the angle of incidence & for the contact evaporation, experiments
were carried out on silicon testwafers with 6 um deep trenches (HBr-process). Three
different angles of incidence ® were used. Figure 5.23 shows SEM images of section
views taken from the test wafers with the three different angles ®. Table 5.1 gives
the process parameters and the results for the different angles ®.
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d)

Figure 5.23: SEM section images of chrome/gold contact evaporation, a) ® = 57°,
b)®=80",¢)®=75°,d)d=75".

figure 5.23a | figure 5.23b | figure 5.23c,d
3] 57 80 75
Cr evaporation time [s] 40 20 20
Cr evaporation em. current [A] 0.05 0.05 0.05
Cr thickness, sidewall, right [nm] 320 n/a 120
Cr thickness, sidewall, left [nm] 280 n/a 130
Cr thickness, horizontal, 1 [nm] 320 n/a 200
Cr thickness, horizontal, 2 [nm] 340 50 180
Au evaporation time [s] 180 120 120
Au evaporation em. current [A] 0.4 0.4 0.4
Au thickness, sidewall, right [nm] 770 250 270
Au thickness, sidewall, left [nm] 820 200 270
Au thickness, horizontal, 1 [nm)] 680 450 400
Au thickness, horizontal, 2 [nm)] 1100 500 650

Table 5.1: Contact evaporation results (see figure 5.23).

5.3.3 Summary

For the fabrication, an angle ® of 75 ° is chosen because it gives good thicknesses for
both chrome and gold on the horizontal surface as well as on the sidewalls. It also
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ensures that the sidewall depositions reach far down the trench even at high aspect

ratio.

5.4 Thick Photoresist Patterning

The vertical bimorph actuators of the second generation (see chapter 3.4 and 3.5) are
based on SOI-substrates with a 30 um thick device silicon layer. At the beginning
of the process sequence, trenches reaching down to the buried oxide layer, are etched
into the device silicon layer to define the geometry of the actuators. This leaves
the challenge that all subsequent photolithography stages have to be carried out
on a wafer with 30 pum steps with an almost vertical sidewall angle. For better

understanding a review of basic photolithography is given below.

5.4.1 Photolithography Basics

Photolithography is used to transfer patterns from a mask into a photosensitive film,
called photoresist, which is used as a mask for the subsequent etching or deposition
process. Good references are [3,124,125]. Lithography follows this basic sequence:

e Coating: The substrate is prepared by a dehydration bake to remove moisture
on the surface and then a priming stage to improve the adhesion of the resist.
Then, the photoresist is dispensed onto the wafer and spread by spinning. The
viscosity of the resist and the spin speed determine the resist thickness.

e Softbake: The softbake is performed either on a hotplate or in a convection

oven and removes solvents from the resist layer and hardens it.

e Ixposure: The hardened photoresist is illuminated with UV light through a
mask, which starts a photochemical process in the exposed resist. In the case
of a positive resist, the exposed portions undergo a chemical change that makes
them soluble in the developer. In the case of a negative resist, the exposed
portions become insoluble in the developer, whereas the unexposed parts retain
their solubility. In this work, merely positive photoresists are used, therefore
any reference to resist always means a positive resist. Some photoresists need a
post exposure bake on a hotplate or in an oven to enhance the chemical reaction.

e Development: The wafer is immersed into a solvent, the developer, which dis-
solves the soluble portions of the photoresist. A hardbake on a hotplate or in
an oven gives the resist the required chemical or thermal robustness to with-
stand the following etching or deposition process. Figure 5.24 depicts the basic
photolithography sequence.
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Figure 5.24: Basic photolithography sequence.

5.4.2 Requirements for Thick Photoresist Patterning

Figure 5.25 illustrates the requirements for the thick-resist patterning. The remarks
in brackets refer to the location on the wafer as marked in figure 5.25. The pho-
tolithography for the following process stages requires thick photoresist patterning:

e Contact window etch: A dark-field pattern is etched into the insulation oxide to

define the contact windows for the gold contact pads. The areas of the contact
windows on the wafer surface (al) and the silicon beams (a2) need to be opened
(development) in order to reveal the oxide to the etching solution whereas the
other beams (a3) and the wafer surface(ad) have to be properly covered with

resist.

Gold Etch: A light-field mask defines the areas of the gold contacts. The contact
areas at the wafer surface (bl) and the silicon beams (b2) have to be covered
with resist, whereas the other resist on the wafer surface (b3), the beams (b4)
and in the trenches (b5) has to be removed completely in the developer.

Aluminium sidewall evaporation: A light-field pattern protects areas in the
trenches (c1) and some of the beams (c2) from the aluminium evaporation.
Again, the rest of the resist on the wafer surface (c3), the beams (c4) and in

the trenches (c5) has to be removed completely.

For the thick resist photolithography, the following practical requirements can be

concluded.

e The photoresist needs to be thicker than 30 pum in order to cover the silicon
beams. This is considerably thicker than standard photoresist at 2.2 ym. A
more viscous resist and multiple coatings were tested.
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Figure 5.25: Illustration of the requirement for thick-resist patterning.

e The exposure dose has to be chosen such that even the resist in the trenches
(highest overall resist thickness) becomes soluble in the developer. However,
the exposure dose should not be too high in order to ensure that the masked

areas of the resist retain their insolubility.

e Similar to the exposure dose, the development time has to be optimised for
complete removal of exposed resist without attacking unexposed resist.

e The soft bake and hard bake procedure has to make sure that the solvents evap-
orate from the resist to make it suitable for the subsequent etch or evaporation
process. Especially for the aluminium evaporation, the wafer is at an elevated
temperature. A careful removal of the solvents is required.

5.4.3 Process Details

In the order of the basic sequence described above, the process details are given below.
Appendix B.1.2 lists the LMS-process file.

Resist Coating

To obtain a thick coating, a viscous positive resist, Shipley Megaposit SPR220-7
[126], is used. Figure 5.26 shows a spin speed curve. We have measured the thickness
for single-spin coatings to be 9.5 um for 2000 rpm and 11 pm for 1500 rpm, which is
in good agreement with the provider’s curve. To obtain a 35 um thick coating two

spins with a spin speed of less than 1500 rpm are required.
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Figure 5.26: Spin speed curve for Megaposit SPR220-7 resist [126].

With coatings thicker than 10 um, a thick edge bead is observed as sketched in
figure 5.27. The edge bead prevents the mask from getting into proper contact with
the wafer at the exposure stage and hence reduces the imaging quality significantly.
Furthermore, the thick edge bead means a problem for baking, since the risk of
solvent bubble formation increases with resist thickness. A way to reduce the edge
bead effect is to add a second spin stage at a high speed for a short time. We found,
that a double coating with the following two stages gives an approximately 35 yum
thick resist layer on a flat wafer or a coating that reasonably covers steps and beams

on a wafer with trench topography.

e Stage 1: Spin speed: 750 rpm, time: 120 s

e Stage 2: Spin speed: 4000 rpm, time: 20 s
The disadvantages of a fast second spin stage are:

e The fast spin stage significantly reduces the resist thickness.
e On a wafer with topography, the step coverage is reduced.

e On wafers with topography, air bubble formation increases in the corners of the

trenches.

e The edge bead is only reduced, but not completely removed.

Due to these drawbacks, an additional exposure and development step is used for

edge bead removal (see below).

For the coating we found that a double spin at a spin speed of 800 rpm for 40 s
yields a resist thickness of roughly 38 um with good step coverage.
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We also investigated single spin coatings to get a resist thickness of more than
30 um. A spin speed as slow as 300 rpm is required. However, during the softbake,
the resist retreats from areas close to the edge of the wafer and close to to edges of

trenches, resulting in an unreliable step coverage.

edge

bead resist

substrate

Figure 5.27: Edge bead.

Softbake

Hot plate and oven bakes and combinations of the two have been investigated. Even
though hot plate baking is more time efficient it tends to cause a more pronounced
solvent bubble formation and can lead to unreliable step coverage as mentioned above.
Therefore, the standard softbake procedure only consists of oven baking:

e After the first spin: Bake in oven at 90 ° C for 15 minutes.

e After the second spin: Bake in oven at 90 ° C for 90 minutes.

This recipe for softbake (combined with an appropriate hardbake, see below) makes
the resist suitable for all etch and evaporation processes applied.

Edge Bead Removal

To remove the edge bead, we expose the wafer after the softbake through a mask of
circular shape that only exposes the edge bead to the UV light and protects the other
photo resist. The edge bead can then be dissolved in the developer. This approach
removes the edge bead completely and allows the simple spinning process described
above. Figure 5.28 illustrates the edge bead removal. The following process details

are used:

e Exposure: 800 s (HTG).

e Development: 7 minutes, tank development.
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Figure 5.28: Edge bead removal process.

Exposure

We use contact printing on an HTG mask aligner. Different exposure times have
been used on test wafers with the original topography (30 pum deep trenches):

e exposure time: 400 s. The pattern definition on the wafer surface is good but
there are resist residues in the trenches (after development).

e exposure time: 550 s. The pattern definition on the wafer surface is still good,

and there are no residues in the trenches (after development).

e exposure time: 650 s. The quality of the pattern definition on the wafer surface
is decreasing, and there are no residues in the trenches (after development).

An exposure time of 550 s is be used for the standard processing.

Development

A development time of 5 to 7 min in a dunk tank with manual agitation is sufficient
for good pattern definition and to remove the resist from the trench areas.

Hardbake

The hardbake is carried out in a convection oven at 90 ° C for 4 hours. The sidewalls of
the resist get rounded during the hardbake. However, for all etching and evaporation
processes applied, rounded sidewalls do not have any influence on the functionality
of the resist. Table 5.2 gives a comprehensive overview on the process parameters.
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Coating Spin SPR220-7 at 800 rpm for 40 s, twice

Soft bake Bake in convection oven at 90 ° C for 15 minutes after the
first spin and for 90 min after the second spin

Edge Bead Removal | Expose for 800 s (circular mask,HTG), develop for 7 min

Exposure Contact Print, exposure time 550 s (HTG)
Development Dunk Tank Development, 5 to 7 min
Hark bake Bake in oven at 90° C for 4 hours

Table 5.2: Overview on process parameters for thick resist patterning.

5.4.4 Summary

Applying the viscous SPR220-7 photoresist in two coatings, baking in a convection
oven, optimised exposure and development times and an edge-bead removal stage
using an additional exposure and development stage enables photolithography on
wafers with 30 um deep trenches, where areas in the trenches, on the silicon surface

and on the top of narrow silicon beams are covered or revealed as desired.

5.5 Release Etch

To obtain freely moving actuators, the handle silicon and the buried oxide layer need
to be removed in the bimorph areas of the actuators. Even though this may appear
to be a straightforward process, many problems occurred in this process, resulting in
a significant amount of process development work. Several approaches for the release
etch have been tested. In this section, we describe the different methods and highlight

their problems and advantages as well as their disadvantages.

5.5.1 KOH-etching

Anisotropic wet-etching in potassium hydroxide (KOH) is used to etch a recess from
the back of the SOI wafer reaching almost to the buried oxide layer. Deep KOH-
etching requires an oxide/nitride mask, since the selectivity to oxide is too low for
long etch processes. Furthermore, KOH rapidly etches aluminium. Therefore, the
KOH etching needs to be done as the first major process step in the fabrication

sequence. Figure 5.29 shows the relevant parts of the process sequence.

An oxide layer of 300 nm in thickness is grown (wet oxidation) and a 160 nm thick
nitride layer is deposited in an LPCVD furnace. The two layers are patterned by dry-
etching on the backside of the wafer to form the mask for wet-etching of the handle
silicon. The wet-etch is carried out in a KOH-solution at 70 ° C (figure 5.29b). The
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etch depth is measured with an optical microscope by focussing on the wafer surface
and the horizontal surface of the etch pit and measuring the difference between the
two focal points. The etch is stopped, when roughly 10 um of handle silicon still
remains. This leaves a reasonably strong membrane for the subsequent process steps.
The oxide/nitride mask is then stripped in hydrofluoric acid and orthophosphoric at
160 ° C acid respectively.

After KOH-etching, the front side processing is carried out, including contact gold
deposition and aluminium sidewall deposition (figure 5.29¢).

Before the release etch, a protection photoresist is spun onto the front of the wafer
and baked (figure 5.29d). A double coating with SPR220-7 is used as described in
section 5.4. It fulfills the following tasks:

e It prevents reactive species of the SFg-plasma from attacking silicon on the front

side of the wafer (see section 5.5.2).

e It reinforces the buried oxide membrane, when the handle silicon is completely

removed.

e It protects the beams from mechanical damage from the cooling water and from

contamination with sawdust during the sawing stage.

The remaining handle silicon is etched using an RIE blanket dry-etch in an SFg
plasma (figure 5.29e, RF-power: 100 W). With a generous overetch, this process
takes about 20 minutes. Due to the vacuum in the etching chamber and the elevated
temperature during the plasma-reaction, solvent bubble formation and cracks can
occur in the photoresist layer, especially if baked in a convection oven. More details

are given in section 5.5.2.

The buried oxide is removed in an RIE-process in a trifluoromethane (CHF3) and
Argon plasma (figure 5.29f). Solvent bubble formation and cracks in the resist are
an even bigger problem here, since an RF-power of 200 W is used and the process
takes roughly 100 minutes to completely etch the 2 um of buried oxide.

The wafer is sawn into chips with a standard rotary dicing saw (figure 5.29g).
The protection resist prevents the actuators from contamination with sawdust and
from mechanical damage through the cooling water. The photoresist is then removed
in acetone, the chips are cleaned in fuming nitric acid, rinsed in water and dried in
a laminar air flow. A dip in isopropyl-alcohol (IPA) removes stains and residues left
due to the air drying. TPA is significantly more volatile than water and hence leaves

less residues on the wafer.

The main disadvantage of etching recesses with KOH is that the whole front side

processing has to be carried out on the thin oxide/silicon membranes. A high number
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Figure 5.29: Sequence for KOH release-etch.

b) KOH etch

of devices are lost due to breakage of the membrane. The vacuum chucks on the resist
spinner and the mask aligner are the most significant threat. Furthermore, there is
still a need for silicon as well as buried oxide dry-etching. Even though the silicon
dry-etching is significantly shorter than in all the other approaches, the disadvantages
(see the following sections) of this stage cannot completely be eliminated.

5.5.2 Silicon Dry-Etching with Protection Resist

The disadvantages of the KOH release etch lead to the idea of using the SFg process
for etching the handle silicon all the way to the buried oxide layer. This allows for
the release etch to be carried out after the front side processing is completed and will
produce a significant advantage for the expected yield. As mentioned in the preceding
section, a protection resist is required for this etching stage, mainly to protect the
silicon structures on the front from being etched by stray SFg species. Figure 5.30

gives the relevant process sequence.

As mentioned above, the front side processing is carried out before the release
etch (figure 5.30b). A 1000 nm thick aluminium layer is evaporated and patterned
on the back of the wafer to form the mask for the SFg silicon etch (figure 5.30c). The
metal mask is required because neither oxide nor photoresist would withstand the

long dry-etch process.

On the front of the wafer, a photoresist layer for protection is spun (figure 5.30d).
Protection of the silicon beams on the front from being etched by reactive SFg species
is very important during the long dry-etch process. In initial etching tests without
protection resist, an etch attack could be noticed at the silicon beams already after
about 90 minutes of etching, thinning the beams by approximately 1 um on either
side, making them very fragile. After the spin, a softbake is carried out. More details



Chapter 5. Process Development 86

are discussed below.

The handle silicon wafer is etched in a semi-anisotropic SFg process, at an RF-
power of 100 Wi and a pressure of 150 mT (figure 5.30e). The etch rate is approxi-
mately 1 £ resulting in an etching time of 7.5 hours for the 450 pm thick handle
wafer. In practice, the etch rate can be as low as 0.5 £ resulting in an etching time
of 15 hours. This slow etch rate results from increased temperatures, because the
protection resist forms a thermal insulation layer, reducing the cooling effect of the

cover plate in the plasma reactor.

The semi-anisotropic character of the etch means that the aluminium mask is
significantly undercut. This undercut needs to be accounted for in the mask design.
Once the etch has reached the buried oxide it cannot progress further in depth, but
only widens the recess due to the partly isotropic character. This fact is exploited to
adjust the size of the recess at the buried oxide layer by carrying on the etch until
the length and the width of the recess in the handle wafer is slightly larger than the
dimensions of the trenches on the front of the wafer.

Figure 5.31 shows a profile view of a test wafer after the SFg through wafer etch.
The aluminium mask got undercut and overhangs the silicon by an amount e. On
the bottom of the wafer, the width of the recess is an amount d wider than the
aluminium mask. We have measured the two amounts along the cleaveline of the
wafer and found that e ranges from 370 um to 410 pm, and d ranges from 80 pm to
140 pm for the 525 pm thick test wafer. These figures were used to optimise the size
of the openings of the aluminium mask. Appendix B.1.4 lists the LMS-process file of
the corresponding test batch.

To cover cracks in the protection photoresist a second resist layer is applied and
baked in a convection oven. The aluminium mask is removed in orthophosphoric acid.
Then, the buried oxide layer is etched in 7:1 buffered hydrofluoric acid (figure 5.30f).
The protection resist prevents the insulation oxide layer on the front of the wafer as
well as the aluminium sidewall deposits from being etched. However, it is difficult to
remove the buried oxide layer without leaving residues and without the aluminium
sidewall deposits being attacked. Just a short exposure of the aluminium sidewall
deposits to HF can remove them completely from the silicon beams. The unwanted
chrome/gold patches, which were deposited onto the buried oxide layer during contact

evaporation are removed in standard chrome and gold wet-etch solutions.

Wafer sawing, resist removal and cleaning is carried out as described above (figure
5.30g).
For initial tests, a double coating of SPR220-7 resist was used for the protection

layer as described in section 5.4 with a 90 min oven bake at 90" C. An enormous
solvent bubble formation was observed after about 60 min of dry-etching. The resist
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Figure 5.30: Sequence for SFg release-etch with protection resist.

Figure 5.31: SEM profile view of a test wafer after SFg through wafer etch.

peeled off in large flakes. This phenomenon indicates that the solvent concentration
in the photo resist was not reduced to a limit acceptable for the RIE process.

An improved protection resist technique uses a single spin of SPR220-7 at 500
rpm to cover the beams on the front of the wafer. The bake is carried out on a
hotplate, which is ramped from 60 ° C to 90 ° C in 20 min and then left at 90 ° C for
15 min. The edge bead removal as described in section 5.4 is carried out followed by
a second hotplate bake, ramping from 60 ° C to 100 ° C in 30 min and then soaking at
100 ° C for 3 hours. The procedure makes the photoresist suitable for etching times
in the range of 100 to 200 minutes but it is still insufficient for the through wafer
etch process, which takes about 10 to 15 hours. The reason for this is that this long
etching time leads to a significant loss of protection resist due to ashing in the plasma

reaction.
The problems experienced with SPR220-7 call for a thermally and chemically

more stable protection resist. The epoxy based negative resist SU-8 [127-129] has
been investigated. Due to its high viscosity (SU-8 100) it covers the beam area on the



Chapter 5. Process Development 88

front of the wafer with a single coating. It is softbaked on a hotplate that is ramped
up to 150 ° C and withstands the dry-etching without noticeable changes. However,
it is very difficult to remove. The most common method is to immerse it in hot
NMP, which swells the resist and reduces its adhesion to the substrate. This removal

procedure however involves very high mechanical stress, which breaks free-standing

silicon beams.

Another alternative is PMGI positive photoresist [130]. It has a glass temperature
of 190 ° C. Its high viscosity (PMGI-SF23) allows a single spin coating at 1000 rpm to
cover the beams. It is baked on a programmable hotplate that is ramped from 20° C
to 140 ° C at a rate of 40 HSF left at 140 ° C for 1 hour and then cooled off slowly.
PMGI dissolves in NMP meaning it can be neatly removed from the wafer. However,
the adhesion of PMGI deteriorates in the dry-etch process and some solvent bubbles
occur. Furthermore, the etch rate of the dry-etch is slowed down significantly to

approximately 0.3 £%- because of the low thermal conductivity of the resist layer.

in

5.5.3 Silicon Dry-Etching with Backing Wafer Glued on with

Cool Grease

An alternative to a protection photoresist is to protect the front of the device wafer
with another silicon wafer, a so-called backing wafer. This can be glued on in various
ways. One approach is to use Cool Grease [131], a heat conductive paste specially

developed for application in plasma-etchers. Figure 5.32 gives an overview of the

respective release etch process.

The front side processing and the aluminium mask patterning are carried out as
described above. Then, Cool Grease is spread onto the backing wafer with a spatula
(figure 5.32a). The backing wafer is heated on a hotplate to assist homogeneous
spreading of the paste. There is no baking required for curing or hardening of the

paste.

The device wafer is glued onto the backing wafer such that the device silicon
side lies on the Cool Grease of the backing wafer (figure 5.32b). The two wafers are
manually pressed against each other to ensure good adhesion. The etching of the
handle silicon wafer (figure 5.32¢) and the buried oxide layer (figure 5.32d) is carried

out as described in the preceding section.

The sawing is done from the back of the device wafer (figure 5.32e¢). The saw
cut only touches the backing wafer, but does not saw it into pieces. To separate the
devices from the backing wafer, the sandwich is immersed into acetone, which slowly

dissolves Cool Grease.

The advantage of using a backing wafer glued on with Cool Grease lies in the fact
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Figure 5.32: Sequence for SFg release-etch with backing wafer glued on with Cool

Grease.

that the thermal conductivity of the wafer sandwich is very good, resulting in a fast

dry-etch rate of approximately 0.9 £,

min’

However, there are significant disadvantages, making this approach unsuitable for

the work discussed here:

e Removing Cool Grease in acetone or NMP always leaves large residues. Cool
Grease can be etched in orthophosphoric acid or photoresist developer, how-
ever these also attack aluminium, making them incompatible with the bimorph

beams.

e Due to the increased temperature during the silicon dry-etch, the Cool Grease
This causes

d) etch buried-
oxide

€) sawing,
separate wafers

T

] [§

expands and applies pressure onto the buried oxide membranes.

some of the membranes to break and Cool Grease comes onto the back of the
buried oxide layer forming a mask (figure 5.33), which prevents the oxide from
being etched later on. Figure 5.34 shows an image taken from the back of
the wafer in an optical microscope where Cool Grease has broken through the

buried oxide layer, leaving residues on the oxide.

Cool Grease —

=
A

%;

Bre

1

-

1

—_—

T

Figure 5.33: Cool Grease breaks through the buried oxide layer.
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Figure 5.34: a) Image taken in an optical microscope showing Cool Grease broken
through the buried oxide layer, leaving masking residues (taken from the back of the
wafer), b) sketch of a normally open relay for orientation.

5.5.4 Silicon Dry-Etching with PMGI Resist and Backing
Wafer Glued on with Cool Grease

In order to reinforce the buried oxide membrane, a PMGI resist layer is applied onto

the device wafer. Figure 5.35 shows the relevant process sequence.

The front side processing and the preparation of the aluminium mask is carried out
as given above. A PMGI layer is spun onto the device wafer and baked as described
in section 5.5.2. Cool Grease is applied to the backing wafer (see section 5.5.3) as

shown in figure 5.35a.

Then, the two wafers are glued together (figure 5.35b). Dry-etching of the handle
silicon (figure 5.35¢) and the wet-etching of the buried oxide layer (figure 5.35d) are

carried out as described in section 5.5.2.

The sawing is carried out from the back of the device wafer and only cuts the device
wafer into dices. To separate the devices from the backing wafer, the sandwich is
immersed into NMP which dissolves the PMGI layer and also the Cool Grease (figure

5.35¢).

The problem with this release etch method is that the PMGI layer prevents good
heat conduction and hence leads to high substrate temperatures during the silicon
etch, slowing the etch rate to approximately 0.4 £7-. The high temperature also leads
to increased stress in the Cool Grease which causes breaks even in the reinforced
buried oxide layer. Even though the PMGI layer covers the silicon beams initially,
after the wafer separation, Cool Grease residues are found on the silicon beams. These
drawbacks make this release etch approach unsuitable for bimorph devices.
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Figure 5.35: Sequence for SFg release-etch with PMGI photo-resist and backing wafer
glued on with Cool Grease.

5.5.5 Silicon Dry-Etching with Backing Wafer Glued on with
SPR220-7 Photoresist

This approach uses SPR220-7 photo resist to glue the backing wafer onto the device

wafer. Figure 5.36 gives the relevant process steps.

The front side processing and the preparation of the aluminium mask is carried
out as given in section 5.5.2. SPR220-7 photoresist is spun onto the device silicon
wafer at 800 rpm for 40 s. The softbake is carried out on a programmable hotplate,
which ramps from 20° C to 105° C at a rate of 60 %, stays at 105 ° C for 2 hours
and then cools down to 20 °C at a rate of 80 —= (figure 5.36a). SPR220-7 is also

hour

spun onto the backing wafer at 2000 rpm for 40 s.

Then, the two wafers are glued together such that the two resist layers join to-
gether. The above hotplate bake is repeated to harden the resist on the backing wafer

(figure 5.36b).

The recess into the handle silicon is etched using the SFg process (figure 5.36¢).
Even though there is a photoresist layer between the device wafer and the backing

wafer, there is good heat conduction and hence a quick etch rate of 1.0 £

The aluminium mask is removed in orthophosphoric acid. To prepare for the
buried oxide etch, the two wafers are separated in acetone (figure 5.36d) and the
device wafer is cleaned in fuming nitric acid. The backing wafer and the photoresist
are removed before the buried oxide etch because internal stress in the photoresist

can damage the silicon beams as soon as the supporting oxide is removed.
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Then the buried oxide is etched using an RIE-process in CHF3 and Ar plasma
(RF-power: 200 W, etch time 100 minutes, see figure 5.36e). The dry-etch is pre-
ferred to a wet-etch in buffered HF, because the hydrofluoric acid attacks the sidewall
aluminium on the bimorphs. No protection resist is required since this RIE process
is anisotropic and the insulation oxide on the front of the wafer is not attacked. Most
of the chrome/gold patches, which were deposited onto the buried oxide layer during
contact evaporation break off when the buried oxide is etched. No special stage for

chrome/gold etching is required.

To prepare the device wafer for sawing, a layer of SPR220-7 is spun onto a new
backing wafer at 1000 rpm for 40 s (figure 5.36f). Then, the device wafer is glued
onto the backing wafer such that the front of the device wafer lies in the photo resist
(figure 5.36g). A very thick layer of SPR220-7 is spun onto the back of the device
wafer at 200 rpm for 40 s (figure 5.36h). This means that the silicon beams are
completely encapsulated in photoresist for protection from mechanical damage by

the cooling water and from contamination with sawdust.

The device wafer is sawn from the back (figure 5.36i). The saw cut only touches
the backing wafer, but does not saw it into pieces. To separate the devices from the
backing wafer, the sandwich is immersed into acetone. The diced devices are then

cleaned in fuming nitric acid and dried in a laminar air flow.

oxide

) spi ist J d) separate wafers | B [
a) spin resis
on backing !‘ / \
wafer, —
spin resist on ‘ ‘
device-wafer =8 [ e) etch buried- R | ;
| /

f) spin resist on
backing-wafer

b) glue wafers

g) glue wafers

¢) dry-etch handle- | h) spin resist on

silicon ) back of device
ol wafer &
[ )

1) sawing, i
separate wafers % 5

Figure 5.36: Sequence for SF¢ release-etch with backing wafer glued on with SPR220-7
photoresist.
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5.5.6 Summary

Releasing the bimorph actuators without breaking the delicate beams and without re-
moving the aluminium sidewall deposits has turned out to be a difficult task. The best
solution was that described in section 5.5.5: Gluing a backing wafer with SPR220-7
photoresist for the silicon dry-etch and dry-etching the buried oxide without protec-
tion. There are no major drawbacks. However, still plenty of the silicon beams break

during the release sequence reducing the yield to rather low figures.

5.6 Conclusion

Several non-standard processes have been developed for the fabrication of vertical bi-
morph actuators. Aluminium deposition onto sidewalls of silicon trenches has been re-
alised by angled evaporation (shallow angle) and subsequent aluminium wet-etching.
Chrome/gold conductors covering both silicon sidewalls and the wafer surface are
deposited by angled chrome/gold evaporation at a steep angle of incidence. A pho-
tolithography process for the topography of 30 um deep trenches has been developed,
based on two coatings with a viscous positive resist, SPR220-7. Releasing the bi-
morph actuators is achieved using an SFg based silicon dry-etch from the back, with
a backing wafer that is glued on the front with SPR220-7 resist.



Chapter 6

Design and Fabrication

6.1 Introduction

In this chapter, the overall process sequences for different implementations of vertical
bimorph actuators as well as relevant aspects of the mask design are shown. Based on
silicon on insulator substrates (SOT), standard dry-etching and bulk micromachining
processes are combined with specially developed fabrication approaches (see chapter
5) to obtain the bimorph actuators. Even though many parts of the fabrication
process are the same for the different designs, the full process is described for a
clamped-clamped beam actuator (section 6.2.1), one- and two-dimensional meander

type actuators (section 6.2.2) and the micro-relays (section 6.2.3).

In section 6.3 the design for the clamped-clamped beam, the one- and two-
dimensional meander-type actuators, normally open and normally closed micro-relays

as well as an actuated cantilever are discussed.

6.2 Fabrication Process

6.2.1 Clamped-Clamped Beam Actuator

The clamped-clamped beam actuator was the first prototype of a vertical bimorph
actuator to be fabricated. The process is based on SOI substrates, RIE, the alu-
minium sidewall deposition process (chapter 5.2) and the KOH release etch (chapter
5.5.1). It uses aluminium as the contact metal. Figure 6.2 shows the process flow with
cross-sections in the bimorph and the contact area as marked in figure 6.1. Appendix

B.2.1 lists the corresponding LMS-process file.

The silicon on insulator substrates (SOI) used in the process consist of a device
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Figure 6.1: Clamped-clamped beam actuator.
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Figure 6.2: Fabrication process for the clamped-clamped beam actuator.

silicon layer on the top, which is 6 um thick, a buried oxide layer of 2 um in thickness
and a handle silicon layer, 525 um thick (figure 6.2a). The device silicon layer is
p-type with a resistivity of 0.12 Qcm. The SOI wafers are fabricated by bonding
two oxidised wafers together and thinning the upper wafer to the desired thickness
of the device layer by applying lapping, polishing and etching techniques. The SOI

substrates are provided by a commercial vendor.

Alignment marks for double-sided alignment are etched on the front and the back
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of the substrates. Double-sided alignment is necessary to align structures on the back
with respect to structures on the front. We first etch 5 um deep alignment marks on
the back of the wafer employing a silicon dry-etch process in a sulphur hexafluoride
(SFg) plasma. Due to the transparency of silicon in infrared light, the alignment
marks on the backs can be seen using an infrared camera on the mask aligner. This
allows aligning the marks on the front to those on the back. To assist dicing later
on, scribe lanes are also etched into the silicon both on the front and on the back.
Figure 6.2 does not show the alignment marks or the scribe lanes as they are some

distance away from the bimorph devices and the bondpads.

Etching a 500 um deep recess from the back of the wafer will facilitate the release
of the bimorph beams later on. This step is done by anisotropic potassium hydroxide
(KOH) etching (figure 6.2b). KOH etching requires an oxide/nitride mask. To provide
this mask, an oxide layer of 600 nm is grown in a wet oxidation process and a 160 nm
thick nitride layer is deposited in a low-pressure chemical vapour deposition process
(LPCVD). Both layers are patterned by photolithography and a dry-etch process in
an CHF3 plasma.

To define the shape of the bimorphs and to insulate the contact pads from the bulk
silicon, trenches are etched into the device silicon layer from the front reaching down
to the buried oxide layer (figure 6.2¢). An anisotropic dry-etch in an HBr/SiCly-
plasma is used. This etch requires an oxide mask. Therefore, a 1.3 pym thick low
temperature oxide (LTO) is deposited and structured by photolithography and a
dry-etch in an CHF3 plasma.

In order to electrically insulate the aluminium sidewall deposits from the silicon
beams, a thermal wet-oxidation (200 nm) is carried out. To allow contact between
the aluminium bond pads and the silicon underneath, contact windows have to be
etched into this oxide layer. To do so, an oxide wet-etch in buffered hydrofluoric acid

(HF) is carried out as shown in figure 6.2d.

At this stage the angled evaporation of aluminium as described in chapter 5.2 is
done at an angle ® of 24 “ aiming at a spacer thickness of 1.5 ym to 2 ym. The evap-
oration also deposits an approximately 1 pm thick aluminium layer on the horizontal
surface of the wafer, which will be used for the aluminium contact pads. Figure 6.2¢
shows the wafer after the aluminium evaporation. An aluminium wet-etch is carried
out in orthophosphoric acid to complete the aluminium sidewall deposition. In order
not to remove the aluminium at the bondpad areas, a photolithography step is done
providing a resist layer that protects the bondpads from being etched (figure 6.2f).

To release the bimorph beams, the remaining silicon of the handle layer and the
buried oxide layer have to be etched (see also chapter 5.5.1). To protect the front-side

and to reinforce the bimorph beams for sawing, a photoresist is spun on the front
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of the wafer. The release etch is done by two dry-etch stages from the back (figure
6.2g). To separate the chips, the wafer is sawn along the scribe lanes. Removing the

resist on a single chip basis completes the fabrication process.

Figure 6.3 shows SEM images of a clamped-clamped beam actuator. The actuator
is 400 pm long, the silicon part of the bimorph is 5 um wide, the aluminium part is
2 pm wide. In figure 6.3b the aluminium sidewall deposition can be seen.

a) b)

Figure 6.3: SEM images of a clamped-clamped beam actuator, | = 400 ym, wg; =5
pm, wa = 2 pm, a) whole actuator with contact pad, b) magnified view of the

bimorph.

6.2.2 Meander Type Actuators

The fabrication process for both one-dimensional and two-dimensional actuators is
an improved and extended version of the process described in section 6.2.1. The most
significant differences are that four aluminium side-wall evaporations are necessary,
which need to be selective as described below. For the release of the bimorphs we
use the dry-etch from the back with a backing wafer glued on with photo resist
(see chapter 5.5.5) instead of KOH-etching. Figure 6.4 shows the two-dimensional
actuator, where the cross-sections relevant for the fabrication process are marked.
In figure 6.5, an overview of the fabrication process is given. Figure 6.6 provides
the corresponding layout snapshots during the fabrication process. The numbering
for figure 6.6 is adopted from figure 6.5 to improve clarity. Appendix B.2.2 lists the
corresponding LMS-process file.

We use a silicon on insulator substrate (SOI) with a 30 pm thick device silicon
layer, a buried oxide layer of 2 um in thickness and a handle silicon layer, 450 pm
thick (figure 6.5a). The device silicon layer is p-type with a resistivity of 0.06 to 0.12
Qcm.

The shape of the bimorphs and the insulation trenches are etched into the device
silicon layer from the front by deep reactive ion etching (DRIE, figure 6.5b). The so-
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Figure 6.4: Two-dimensional actuator, sections marked.

called Bosch process [132] is applied, which alternates etching and sidewall passivation
cycles. The etching is carried out in an inductively coupled plasma (ICP) reactor.
The etching cycle is based on SFg. For the sidewall passivation C4Fg is used. A cycle
time of 12 s was chosen for the etching cycle, a time of 8 s for the passivation stage.
To etch the 30 pum thick device silicon, 30 cycles are required. A standard 2.2 um
thick photoresist layer (Shipley Megaposit SPRT 518) serves as the etching mask.
Figure 6.7 shows a silicon beam after the DRIE stage. A corrugated sidewall surface
can be observed, which results from the alternation of etching and passivation. The

trenches reach down to the buried oxide layer.

In order to electrically insulate the aluminium fillets of the bimorphs from the
silicon beams, a thermal wet-oxidation (200 nm) is carried out (figure 6.5¢). Contact
windows are etched into the oxide layer to allow contact between the gold contact
pads and the silicon underneath, which provides the electrical connection to the silicon
beams (figure 6.5d). Then, a chrome/gold layer is evaporated and structured to form
the gold contact pads (figure 6.5e,f).

At this stage, the aluminium sidewall deposition process as described in chapter
5.2 is carried out. The two-dimensional actuator requires four evaporations. To
obtain the aluminium fillets on the sidewall of the silicon beam where required, all
other silicon beams need to be covered with photo resist (figure 6.5g). The resist
has to be at least 30 um thick to cover the beams. The thick resist process using
SPR220-7 as described in chapter 5.4 is applied.

Then the angled evaporation of aluminium is carried out at a shallow angle of in-
cidence, which means that the aluminium deposits on the sidewalls are thicker than
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Figure 6.5: Fabrication process for the two-dimensional actuator.
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Figure 6.6: Layout sequence for the fabrication of the two-dimensional actuator.

the ones on the horizontal surfaces (figure 6.5h). The aluminium on the horizon-
tal surfaces is then etched away by a standard wet-etch process in orthophosphoric
acid (figure 6.51). The etch is stopped immediately when all the aluminium on the
horizontal surfaces is etched away, leaving behind aluminium fillets on the sidewall.
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Figure 6.7: SEM image of a silicon beam after DRIE.

Removing the photo resist lifts off the unwanted aluminium fillets and completes the
aluminium sidewall evaporation for the left-hand side fillet (figure 6.5k). For the
right-hand side fillet, the photolithography, wet-etching and resist removal (figure
6.51,m,n) are repeated accordingly resulting in the cross section depicted in figure
6.50. Two more repetitions are required to get the aluminium sidewall deposits not

shown in this cross section.

To release the bimorph beams, a recess has to be etched into the handle silicon
wafer from the back. This is done using the RIE processes described in chapter 5.5.5
(figure 6.5p). To protect the devices on the front, a backing wafer is glued onto the
device wafer with SPR220-7 photo resist. After the silicon etching the wafers are
separated and the device wafer is cleaned in fuming nitric acid. Then, the buried

oxide is etched away in a dry-etch process (figure 6.5q).

Another backing wafer is glued on to protect the device wafer during the sawing
stage. After the dicing, the backing wafer is removed in acetone and the devices are

cleaned in fuming nitric acid.

Figure 6.8 shows SEM-images of a one-dimensional meander-type actuator. The
bimorphs are 1000 um long, the silicon is 7 um wide, the aluminium on the sidewalls
is 1.4 pm wide. In figure 6.9, a two-dimensional meander actuator is shown. Its
bimorphs are 1000 um long, the silicon is 7 um wide, the aluminium on the sidewalls
is 1.8 um wide. Near the central table, there are gold patches remaining, which did

not break off completely during the buried oxide etch.

6.2.3 Micro-Relays

The fabrication is similar to the process for the meander actuator described in section
6.2.2. The most significant differences are: There are only two aluminium side-wall
evaporations. Two chrome-gold evaporations as described in chapter 5.3 are used for
the contact deposition. Appendix B.2.3 lists the corresponding LMS-process file.
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Figure 6.8: SEM images of a one-dimensional meander actuator, bimorph length:
1000pum, wg; = 7 um, wy = 1.4 pm a) whole actuator b) magnified view of a

bimorph.
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Figure 6.9: SEM images of a two-dimensional meander actuator, bimorph length:
1000 pm, ws; = 7 p m, wy = 1.8 um a) whole actuator b) magnified view of a

bimorph.
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Figure 6.10: Schematic diagram of a normally closed micro-relay.
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Figure 6.11: Fabrication process for the two-dimensional actuator.

Figure 6.11 shows the process flow at 3 different cross sections of the wafer. Col-
umn I depicts the bimorph area, column II the contact electrodes and column III the

contact pads of the actuator circuit as marked in figure 6.10.

As for the meander type actuators, we use a silicon on insulator substrate (SOI)
with a 30 um thick device silicon layer, a 2 pum thick buried oxide layer and a 450
pum thick handle silicon layer (figure 6.11a). The device silicon layer is p-type with a

resistivity of 0.06 to 0.12 Qcm.

The shape of the bimorphs and the insulation trenches are etched into the device
silicon layer from the front by DRIE as described in section 6.2.2. The trenches reach
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down to the buried oxide layer (figure 6.11b).

In order to electrically insulate the silicon from the aluminium of the bimorph and
from the contact electrodes, a thermal wet-oxidation (200 nm) is carried out (figure
6.11c). Contact windows are etched into the oxide layer to allow contact between the
gold contact pads (actuator circuit) and the silicon underneath, which provides the

electrical connection to the silicon beams (figure 6.11c, III).

For the contact pads of both the actuator circuit and the contact circuit as well
as the contact electrodes, two chrome/gold evaporations are carried out. The angle
of incidence is chosen such, that chrome/gold is deposited both on the horizontal
surfaces and on the sidewalls of the contacts as described in chapter 5.3. The first
evaporation deposits chrome/gold onto the left contact electrode (moveable contact)
as depicted in figure 6.11d, II. The second evaporation deposits chrome/gold onto
the right contact electrode (fixed contact) as shown in figure 6.11e, II. The unwanted
chrome/gold is etched away in a wet-etch (figure 6.11f).

At this stage the aluminium sidewall deposition process described in chapter 5.2
is carried out. Two aluminium evaporations are required, since aluminium sidewall
deposits are needed both on the left- and right- hand side of the silicon beams. To
obtain the aluminium spacer on the sidewall of the silicon beam where it is wanted,
all the other silicon beams need to be covered with photo resist (figure 6.11g). Then,
the angled evaporation of aluminium is carried out at a shallow angle of incidence,
which means that the aluminium deposits on the sidewalls are thicker than the ones
on the horizontal surfaces (figure 6.11h, I). The aluminium on the horizontal surfaces
is removed by a standard wet-etch. The etch is stopped immediately when all the
aluminium on the horizontal surfaces is etched away, leaving behind aluminium fillets
on the sidewalls (figure 6.11i, I). Removing the photo resist lifts off the unwanted
aluminium fillets and completes the aluminium sidewall evaporation for the left-hand
side spacer (figure 6.11k). For the right-hand side spacer, the photolithography, wet-
etching and resist removal are repeated accordingly resulting in the cross section

depicted in figure 6.111, L.

To release the bimorph beams, a recess has to be etched into the handle silicon
wafer from the back (figure 6.11m). This is done by a RIE process from the back
(see chapter 5.5.5). To protect the devices on the front, a backing wafer is glued onto
the device wafer with SPR220-7 photo resist. After the silicon etching, the wafers
are separated and the device wafer is cleaned in fuming nitric acid. Then, the buried

oxide is etched away in a dry-etch process.

Another backing wafer is glued on to protect the front of the device wafer and as
protection during the sawing stage. Excess chrome/gold are etched away in standard
wet-etch stages. The device wafer is diced and the backing wafer is removed in
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acetone. The devices are cleaned in fuming nitric acid. Figure 6.12 shows an SEM

image of a normally closed micro-relay before the release-etch.

Signal A= SE1 Date :19 Feb 2002
IT=2000kv WD= 27mm PhotoNo. =646 Time :11:36:49

Figure 6.12: SEM image of a normally closed micro-relay before the release etch.

6.3 Design

To point out relevant details of the mask design, important parts of the mask design
are shown with sketches based on the original mask design files (L-Edit), focussing
on the trench-etch, gold-etch and aluminium-etch layers.

6.3.1 Clamped-Clamped Beam Actuator

The double clamped actuators were the first prototypes for thermally actuated ver-
tical bimorphs. The feasibility of the principle and the fabrication process had to be
proven. Hence, many designs of different dimensions were implemented.

Figure 6.13 shows sketches of the layouts of clamped-clamped beam actuators
with and without a central platform. The actuator shown in figure 6.13b consists of
a divided bimorph beam of length [, = 300 um for the upper as well as the lower part
of the beam. The central platform is a square of length [, = 170 ym. The contact
pads are squares of length [, = 500 pm. The width wg; = 5 pm of the silicon part
of the bimorph can be seen as a narrow white line surrounded by rectangles of the
trench etch layer. The layers for the KOH back-etch, the alignment marks and the
contact windows (oxide wet-etch) are not shown in the picture. Figure 6.13a shows
an actuator element without central platform. The bimorph has a length { = 1000
pm. All other dimensions are the same as described above.

The different designs included in our layout set comprise the following:
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Figure 6.13: Layout of double-clamped actuators, a) without central platform, b)
with central platform, trench etch pattern and aluminium etch pattern shown.

e Actuator elements with a central platform (as depicted in figure 6.13b) with a
bimorph length of [, = 200 pm, 300 gm, 500 pm, 700 pum and with a silicon
width we; = 2 ym, 3 pm, 5 um.

e Actuator elements without a central platform (as depicted in figure 6.13a) with
a bimorph length /[ = 400 gm, 600 pm, 1000 pm, 1400 um and a silicon width
wg; = 2 pm, 3 pym, 5 ym.

This results in 24 different designs, which are distributed across each wafer.

6.3.2 One-Dimensional Meander Type Actuator

Figure 6.14 depicts a part of a one-dimensional meander type actuator. The trench-
etch pattern is shown. It is a dark field pattern, which means after the photo lithog-
raphy, there will be photoresist where the pattern is not drawn, and there will be no
photoresist where the pattern is present. The length of the bimorphs [, is 1000 pm,
the width of the silicon wg; is either 5 ym or 8 um. The other dimensions are: I, =
300 um, lp = 300 pm, I3 = 300 pum, Iy = 200 pm. The insulation trench is 80 um
wide.

In figure 6.15, the trench etch and the gold etch patterns are shown. The gold

etch pattern is a light field pattern, which means there will be resist wherever there is
the pattern. The length of the square contact pad [, is 400 ym. The gold-etch patch
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Figure 6.14: Layout of a one-dimensional meander type actuator, trench-etch layer
shown.

at the front plate is needed for the gold conductor on top of the silicon beam (chapter
3.4). It overlaps the silicon beams by [, which is about 80 pm to make sure that the
thick resist will cover the silicon beams. This is necessary because the sidewalls of the
thick photoresist are not perfectly rectangular but rounded. That means, the beams
would protrude from the resist if the patch of the gold etch mask would not overlap

the silicon beams as illustrated in figure 6.16.

j dark field pattern for
trench etch

D light field pattern for
gold etch

contact pad

S

cross section [,

Figure 6.15: Layout of a one-dimensional meander type actuator, trench-etch and
gold etch layers shown.

Figure 6.17 shows the trench etch and the first aluminium etch pattern, which
is light field tone. The photoresist of the aluminium etch pattern fulfills the task
of covering the areas in the trench region, where no aluminium sidewall deposition
takes place. Only left-hand side bimorphs and horizontal surfaces are revealed to the

aluminium evaporation. A zigzag pattern between the two branches of the silicon
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Figure 6.16: Cross section of the front plate area, illustrating the necessity of the gold
etch pattern overlap.

beam means that the angle of incidence for the aluminium evaporation onto the
photoresist is very shallow. Therefore, the aluminium thickness on the sidewall of this
zigzag photoresist pattern does not exceed the aluminium thickness on the horizontal
surfaces and hence this sidewall deposit is entirely removed from the photoresist in

the aluminium wet-etch.

D dark field pattern for
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. light field pattern for

zig-zag pattern Al evaporation

Figure 6.17: Layout of a one-dimensional meander type actuator, trench-etch and
first aluminium-etch patterns shown.

In figure 6.18, the trench etch pattern and the second aluminium etch pattern
(light field) are shown. Only right-hand side bimorphs and horizontal surfaces are
revealed to the aluminium evaporation. To make sure that there are no sidewall
deposits on the edge of the photoresist, the aluminium etch pattern goes very close
to the rim of the trench, resulting in sidewall deposits that do not reach down to the
buried oxide (figure 6.19), which therefore are lifted off in the resist removal stage.
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Figure 6.18: Layout of a one-dimensional meander type actuator, trench-etch and
second aluminium-etch patterns shown.
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Figure 6.19: Cross section of the rim of the trench with the photoresist of the alu-
minium etch pattern.

6.3.3 Two-Dimensional Meander Type Actuator

Figure 6.20 depicts a part of a two-dimensional meander type actuator showing the
trench-etch pattern (dark field). The length of the bimorphs [, is either 800 or 1000
pum, the width of the silicon is either 5 um or 8 um. The other dimensions are: [; =
900 or 1100 pm, Iy = 300 pum, I3 = 300 um, I, = 200 pum, I, = 255 um. The insulation
trench is 80 pum wide.

In figure 6.21, the trench etch and the gold etch (light field) patterns are shown.
The width of the square contact pad [, is 400 yum. The cross-shaped gold-etch pattern
is for the gold conductors on top of the silicon beams in the central area of the

actuator. It overlaps the the beams by [, which is 80 pym.

Similar to the one-dimensional actuator, the aluminium-etch patterns go very
close to the trench-etch rim and zigzag patterns are used to avoid unwanted deposi-
tions of aluminium on the sidewalls of the photoresist (figure 6.22).
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Figure 6.20: Layout of a two-dimensional meander type actuator, trench-etch pattern
shown.
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Figure 6.21: Layout of a two-dimensional meander type actuator, trench-etch and
gold-etch patterns shown.

6.3.4 Micro-Relays

Figure 6.23 depicts the layout for a normally-closed micro-relay with the trench etch
pattern (dark field) shown. The length of the bimorphs [, is 1000 pm, the width of
the silicon wg; is either 5 ym or 8 um. The other dimensions are: I; = 300 pm, [y
= 300 pum, I3 = 300 um, I, = 200 pym. The insulation trench is 80 pym wide. The
contact gap is either 6 yum, 12 um or 20 um wide. The different gap dimensions will
result in different opening and closing characteristics. Although initially, there is a
contact gap for the normally closed micro-relay, the moving contact moves towards
the fixed contact pair (at room temperature) and closes the electrical contact as soon
as the buried oxide layer is removed in the release etch process. This results from the
elevated temperature at which the aluminium is evaporated (chapters 4.3.5, 5.2).
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Figure 6.22: Layout of a two-dimensional meander type actuator, trench-etch and
first aluminium-etch patterns shown.
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Figure 6.23: Layout of a normally-closed micro-relay, trench-etch pattern shown.

In figure 6.24, the trench etch and the gold etch (light field) patterns are shown.
The gold-etch pattern for the contact circuit not only covers areas on the wafer
surface but also patches within the trench including the contact gap. This results in
a chrome/gold layer on top of the buried oxide remaining after the gold etch step.
This chrome/gold layer needs to be removed in the release-etch stage in order to avoid

a short-circuit between the two fixed contacts.

Figure 6.25 shows the trench-etch and the first aluminium-etch (light field) pat-
terns for a normally-closed micro-relay. The aluminium etch pattern only reveals the
left side of the left-hand side bimorphs. The second aluminium etch pattern will reveal
the right side of the right hand side bimorphs. This means that the normally closed
relay gets the aluminum deposits on the outside of the bimorphs. The aluminium etch
layers go very close to the rim of the trench to avoid unwanted aluminium sidewall

fillets. oF 30%
5
MBRARY >

e
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Figure 6.24: Layout of a normally-closed micro-relay, trench-etch and gold-etch pat-
terns shown.
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Figure 6.25: Layout of a normally closed micro-relay, trench-etch and first aluminium-
etch patterns shown.

In figure 6.26, the trench-etch and the first aluminium-etch (light field) patterns
for a normally-open micro-relay are shown. The first aluminium etch pattern only
reveals the left side of the right bimorphs. The second aluminium etch pattern will
reveal the right side of the left bimorphs. This means the aluminium fillets for the
normally open relay are on the inside of the bimorphs, resulting in opposite movement
upon heating as compared to the normally-closed micro-relay (see chapter 3.6).
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Figure 6.26: Layout of a normally closed micro-relay, trench-etch and first aluminium-
etch patterns shown.

6.3.5 Actuated Cantilever

Figure 6.27 depicts the trench-etch and gold-etch layer of an actuated cantilever. The
cantilevers are 1000 um or 1500 pum long (). The silicon width is either 5 um or
8 um. The oxide layer underneath contact pad A is removed in the contact window
etch (see figure 6.28). Therefore, contact pad A is in electrical contact with the
device silicon layer underneath. Contact pad B is insulated from the silicon by the
oxide layer, but overlaps with the bimorph, meaning that it is electrically connected
to the aluminium of the bimorph. At the tip of the bimorph cantilever, the oxide
layer is removed and a chrome/gold contact patch overlaps with the aluminium of the
cantilever, providing an electrical connection between the silicon and the aluminium
of the bimorph. Thus, there is a path for an electrical current from contact pad A
through the silicon and the aluminium of the bimorph to contact pad B (see also

chapter 3.7). This current is used for heating the cantilever.

dark field pattern for
===
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Figure 6.27: Layout of an actuated cantilever, trench-etch pattern shown.
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Figure 6.28: Layout of an actuated cantilever, trench-etch, gold-etch contact window
etch patterns shown.

6.4 Conclusion

Vertical bimorph actuators require a comparably complicated fabrication process in-
volving many nonstandard stages. Starting with an SOI substrate, the actuator
geometry is defined by silicon trench etching. Chrome/gold deposition for the con-
tacts, angled evaporation of aluminium for the sidewall deposits and a release etch
based on silicon dry-etching are combined to obtain freely moving actuators.

The mask design includes actuators of different dimensions for each implementa-
tion. Especially the clamped-clamped beam, the first prototype of vertical bimorphs,
has been designed in a wide range of dimensions. The length of the bimorphs, the
width of the silicon beams and the contact gap for the micro-relay are the most im-
portant design parameters. Special detailed solutions have been found in designing

the aluminium etch patterns to avoid undesired sidewall deposits.



Chapter 7

Test and Measurements

7.1 Introduction

In this chapter, measurements on clamped-clamped beam actuators and one-dimensional
meander type actuators are described. The main measurement tool is an SEM that
allows precise displacement measurements with its cursor tools and provides a vacuum
environment. Static deflection, thermal time constants and lateral resonant modes
have been measured and compared to the results of analytical calculations and sim-
ulations. The sections on two-dimensional meander actuators and micro-switches
discuss preliminary results and problems that have occurred during the fabrication

and measurement stages.

7.2 Clamped-Clamped Beam Actuator

The measurement of static deflection, thermal time constant and lateral resonances
for clamped-clamped beam actuators is described. The significance of the thermal
time constant for the maximum frequency of full thermal response is discussed in
chapter 4.3.4. Thermally exciting lateral resonances with vertical bimorph actuators
is a novel approach. The theoretical background is documented in chapter 4.2.5.

The measurement results have been published in [117,133,134]. More details are
found in the project reports of Ian Tomlin [135] and Biyun Huang [136].
7.2.1 Test Setup

Figure 7.1 depicts the setup for testing the bimorph actuators. A power supply pro-
vides the input power for heating the bimorphs. The power supply is replaced with
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either a pulse generator or a signal generator for time-constant or resonance mea-
surements. The current through the bimorph and the applied voltage is measured in
order to obtain the electrical input power. The actuator chip is placed in an SEM-
chamber where accurate measurement of the lateral displacement can be performed.
Furthermore, the SEM-chamber provides a vacuum environment to eliminate influ-
ences of the ambience. Thus, the test conditions are close to the theoretical model
discussed in chapter 4.2.1. However, it should be pointed out that the actuators also
work in air since conduction is the dominant heat loss mechanism. A peltier-cooler

keeps the bulk silicon of the device at a constant temperature.

"1 é//%/
il

power supply/ peltier actuator SEM

pulse generator/ cooler chip chamber
signal generator

Figure 7.1: Setup for the test of the actuators.

A test-jig has been fabricated to hold and contact the actuator chips during the
measurement. It accommodates the peltier-cooler and the contact pins as shown in
figure 7.2. The actuator chip is held in place by the springs, clamping it against the
surface of the peltier-cooler. The springs also form the electrical connections to the
bond pads. It has been fitted with connectors compatible with the feed-throughs of
the SEM so that it can be used inside the SEM chamber.

contact
spring

acutator
chip’

peltier
cooler.

Figure 7.2: Setup for the test of the actuators.
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7.2.2 Static Displacement

For measuring static deflection, actuation voltage and current are measured and the
electrical input power P is calculated for each measurement point. The corresponding
centre deflection v, is measured with the cursor tools of the SEM. Figure 7.4 depicts
a plot of centre deflection versus input power for a bimorph with the following dimen-
sions: Bimorph length [: 1000 pm, width of aluminium wy;: 2.5 pm, width of silicon
wg;: 5 pum, bimorph height h: 6 yum. The centre deflection denotes the displacement
of the centre of the beam (compare figure 7.3) in the positive y-direction with re-
spect to the unheated state. It should be noted that in the unheated state, the beam
is curved with a centre deflection of 1.7 um in the negative y-direction compared
to a straight line through the supports. This initial curvature results from stress
within the aluminium coating due to the elevated temperature during the aluminium
evaporation. At 3 mW input power, a displacement of about 4.5 um was obtained.
The measured curve shows displacements in the same order of magnitude as a graph
obtained by the analytical calculation described in chapter 4.2.2 and the structural
ANSYS simulation described in chapter 4.3.3. The direction of the displacement
in the positive y-direction is consistent with the simulation. The resistance of the
beam was measured to be 45.2 k€2, which agrees with the calculated value of 45.0 k2

resulting from the resistivity specification.

contact pad

aluminium

deflection
upon heating

oxide
silicon

buried oxide

bulk silicon =

Figure 7.3: Deflection of a clamped-clamped bimorph upon heating.

Figure 7.5 shows displacement versus input power for a beam with the same
dimensions (bimorph length: 1000 pm, width of silicon: 5 pm, bimorph height: 6
pum), but without an aluminium coating. The deflection merely results from buckling
of the silicon beam under the thermally induced axial compression. There is no
bimetal effect. With an input power of 3 mW the displacement is about 0.45 pm,
which is an order of magnitude smaller than the bimorph displacement.

Figure 7.6 shows displacement versus input power for the same beam as used in fig-
ure 7.4. The input power is increased from 0 mW to about 7 mW and then decreased
to 0 mW allowing about 5 minutes for the whole cycle. Hysteresis is observed be-
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Figure 7.4: Displacement against power, static DC-measurement (I = 1000 um, w4,
= 2.5 pm, wg; = 5 pum, h = 6 um).
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Figure 7.5: Displacement against power for a beam without aluminium sidewall spac-
ers, static dc-measurement (I = 1000 pm, wg; = 5 um, h = 6 pm).

tween the increasing-power and decreasing-power branches. Repeated measurements
show that the hysteresis is repeatable. The exact reason is not understood. It should
be pointed out that no hysteresis was observed in the other measurements (figure
7.4, figure 7.7) where a lower input power was applied. This suggests there is a
threshold value for the input power or possibly a threshold value for the temperature
beyond which a hysteresis occurs. Possible reasons are thermal loading beyond the
elastic range of the bimorph materials (aluminium and silicon) or a change in the
temperature distribution of the whole chip (possible heating of the bulk silicon).

Figure 7.7 shows another plot of displacement as a function of input power. For
these measurements, a pulsed input signal with a pulse time of 20 ms and a pause
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Figure 7.6: Displacement against power, static DC-measurement (I = 1000 pum, wy;
= 2.5 pym, wg; = 5 um, h = 6 pum). A hysteresis effect curve for increasing and
decreasing power is observed.

time of 20 ms was applied to a bimorph with the following dimensions: [ = 1400 pum,
wy = 2.5 pm, wg; = 5 um, h = 6 um. The advantage of using a pulsed input power
is that bimorph cools down to the starting temperature during the pause time of the
signal. Therefore, possible gradual heating effects of the bulk silicon are eliminated.
During the pause time, the centre deflection is measured with the SEM cursor tools.
A pulsed input power of 1 mW produced a displacement of around 4 um. Again,
the calculation gives displacement in the same order of magnitude. The resistance of
the beam was measured to be 63.6 k€2, which is close to the calculated value of 63.0
k() resulting from the resistivity specification. No twisting of the beams has been

observed.

7.2.3 Thermal Time constant

The time constant can be determined by applying a Joule-heating voltage pulse and
measuring the deflection amplitude for different pulse and pause widths. To obtain
the response to a positive edge (switching on the power), a pulsed input signal, where
the pulse time is much shorter than the pause time, is applied to the actuator and
the corresponding deflection amplitude is measured. Gradually increasing the pulse
width, increases the deflection amplitude until the maximum deflection is reached
as illustrated in figure 7.8a. The maximum deflection has the same magnitude as
the static deflection obtained by applying a DC input of the same power. Similarly,
using an input signal, where the pause time is much shorter than the pulse time,
the deflection response for a negative edge (switching off the power) is obtained.
The pause width is increased gradually and the corresponding deflection amplitude
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Figure 7.7: Displacement against power, pulsed input signal: pulse time: 10 ms, pause
time: 10 ms, (I = 1400 um, wa; = 2.5 ym, wg; = 5 pm, h = 6 pm).

is measured (figure 7.8b). To facilitate deflection measurements on the SEM screen,
the frequency of the pulse generator is synchronised with the scanning frequency of
the SEM (50 Hz) to obtain a stationary picture.

a) input power
T ine
deflection

A\ i

b) input power

time

—
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Figure 7.8: Pulsed input signal and deflection response for measurement of the time
constant a) to a positive edge, b) to a negative edge.

Using this measurement method, deflection versus elapsed time plots have been
obtained. Figure 7.9 shows the plots for a bimorph actuator of the following dimen-
sions: [ = 600 pm, h = 6 pm, wg; = 4.3 um, w4 = 3.1 pm. The input power P is 3.2
mW during the pulse (device resistance R = 28.9 k), current I = 332 pA, voltage V
= 9.6 V). Using the method described in chapter 4.3.2, the rise of the deflection curve
in figure 7.9 is found to be exponential with a time constant 7 of 0.5 ms. Assuming
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that a time of 57 is necessary to reach the full deflection after a positive edge of the
input signal (after 57, 99.3 of the full deflection is reached for an exponentially rising
waveform) and the rest position after a negative edge, the maximum frequency of full
thermal response f, is calculated to be 200 Hz.

Table 7.1 gives the time constants and the operational frequencies for actuators of
different dimensions. Larger dimensions increase the time constant due to increased
thermal mass. Table 7.1 also gives the simulated time constants 7s based on a tran-
sient thermal simulation in ANSYS (see chapter 4.3.2). The measured and simulated
time constants are in good agreement.
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Figure 7.9: Measured deflection versus elapsed time after a) positive edge and b)
negative edge (I = 600 ym, h = 6 pm, wg; = 4.3 pum, wy = 3.1 um.)

[ [pm)] 600 | 1000 | 1000 | 1400
wg; [pm] 43 | 28 | 5.1 | 5.0
wa [pm] 3.1 | 32 | 28 | 3.0

Ts [ms] (simulated) | 0.47 | 1.22 | 1.33 | 3.6
7 [ms| (measured) | 0.50 | 1.20 | 1.48 | 3.8
7, 7] 200 | 83 | 67 | 26

Table 7.1: Measured time constant 7 and maximum frequency of full thermal response
fo for actuators of different dimensions, compared with the simulated time constant
Ts-
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7.2.4 Lateral Resonant Frequency

To measure lateral resonances, the actuator is driven with an AC input. Frequencies
that significantly exceed the maximum frequency of full thermal response are used,
which does not allow the beam to cool down to the bulk temperature. Therefore, the
input signal causes a static deflection upon which a vibration is superimposed. This
static deflection can be minimised through the application of a low AC input power.
However, experiments have shown that a fairly large AC input signal is required
(approximately 1 to 2 mW) to excite lateral modes that can be easily detected in
the SEM. Since both the positive and the negative half wave of the signal heat up
the beam, the frequency of the temperature change and hence the frequency of the
vibration is double the frequency of the driving signal. The driving frequency is
manually swept from a value below half the calculated resonant frequency to a value
above this frequency and then decreased again. The vibration amplitude is measured
with the SEM cursor tool at the centre of the bimorph beam for several frequency
values to obtain an amplitude versus frequency plot. We found, the most accurate
way of measuring the vibration amplitude is to measure the total width of the blurred
image of the beam and subtract the width of the static beam. Figure 7.10 depicts
SEM-images of the bimorph actuator viewed from above both in its stationary (figure
7.10a) and resonating stage (figure 7.10b). Although the frequency of the resonating
beam is significantly higher than the refresh rate of the SEM-screen, the minimum
and maximum deflection can be clearly seen by vertical lines in the blurred image
occurring on the SEM screen. This is due to the repetitive and reproducible character
of the vibration. Thus, the deflection amplitude can be measured with the SEM
cursors. This method is a very straightforward approach to measuring in wafer-plane
movement without great instrumental complexity as would be required by interference

techniques [137].
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Figure 7.10: SEM images of a bimorph actuator (top view) a) stationary, b) vibrating
at resonance (I = 1000 ym, h = 6 um, wg; = 5.1 pm, wy = 2.8 pum).

Figure 7.11 shows an amplitude versus frequency plot for the same bimorph ac-
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tuator as depicted in figure 7.10. The input voltage is 10 V, the resistance of the
actuator is 39 k(2. The resonant frequency is found to be 44.6 kHz, which is in rea-
sonable agreement with the analytical calculation of 49.6 kHz for the first mode of a
straight composite beam (see chapter 4.2.5). According to chapter 4.3.5, an ANSYS
modal simulation was carried out using the measured dimensions of the actuator. It
also takes the static deflection and the aluminium reference temperature into account.
The static deflection is caused by the rms-value of the ac-input power which is 1.3
mW. The aluminium reference temperature is set to 314 K. A resonant frequency of
44.8 kHz is obtained, which is in good agreement with the measurement. The shape
of the measured curve suggests a slightly non-linear resonance with a hard spring
characteristic [120]. The static deflection of the beam is measured to be 2.9 pm.

1.6
€1.4
=
0l.2
|
= [
g {
<ag 4 )
0.6 £ ? ; ! i
43 44 45 46 47
Frequency [kHz]

—e— increasing frequency =—o— decreasing frequency

Figure 7.11: Vibration amplitude versus frequency (I = 1000 um, h = 6 pm, wg; =
5.1 um, wy = 2.8 um, rms-value of the ac-input power: 1.3 mW).

For a 1400 pm long actuator (h = 6 um, wg; = 5.6 um, wy = 2.7 pm), we
have measured the first (20.9 kHz) and second lateral mode (56.1 kHz). The input
voltage is 10 V, the resistance of the actuator is 57 kf2. To confirm the mode shape
we measured the vibration amplitude along the length of the bimorph beam. These
measurements only give the magnitude for the displacement, not the direction. Figure
7.12 gives plots of the deflection amplitude as a function of the position along the
beam. To compare the curves with the calculated mode shape curves (see chapter
4.2.5), the absolute values for the calculated curves are taken. The measured and
the calculated curves follow the same trend. The discrepancy between the measured
and the calculated curves is due to the limited measurement accuracy using the SEM
cursor tools for submicron deflections and due to noise in the SEM image.

Table 7.2 gives the calculated and measured values for the lateral resonant fre-
quencies of actuators with different dimensions. The discrepancy between measured
and analytical values results from the static deflection, which means there is an initial
curvature, which tends to decrease the resonant frequency [138]. The static deflection
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Figure 7.12: Vibration amplitude along the bimorph beam (I = 1400 ym, h = 6 pm,
ws; = 5.6 um, wa = 2.7 pm) for the 1st (20.9 kHz) and the 2nd lateral mode (56.1
kHz), rms-value of ac-input power: 1.0 mW).

has been accounted for in a modal analysis using ANSYS, where the rms-value of the
AC input power was used to obtain the static deflection as described in chapter 4.3.5.
The values for the power P used in the simulation, are also given in the table. An
aluminium reference temperature of 314 K was used. The temperature of the bulk
silicon T was set to 300 K. The simulation results are in good agreement with the
measurements. Note, a fairly large amplitude for the ac-signal resulting in rms-values
of 1 mW to 3.8 mW was used since this power level is required to obtain resonant
vibrations that can easily be detected in the SEM.

[ [pm] 600 | 1000 | 1000 | 1400
ws; [um] 33 | 28 | 51 | 5.6
W Aj [,um] 3.2 3.2 2.8 2.7
P [mW] 32 | 14 | 1.0 | 38

fr [kHz] (calculated) | 109.1 | 36.6 | 49.6 | 26.6
fr [kHz] (simulated) | 87.1 | 32.9 | 44.8 | 20.5
fr [kHz] (measured) | 84.8 | 33.1 | 44.6 | 20.9

Table 7.2: Calculated, simulated and measured resonant frequencies (mode 1) for
actuators of different dimensions.

7.2.5 Summary

The static displacement of clamped-clamped beam actuators was measured in an
SEM. With a 1000 um long beam a displacement of about 4.5 ym was obtained at
an input power of 3 mW. A 1400 pm long beam produced a deflection of 4 um at
1 mW input power. The bimorph displacement was found to be about an order of



Chapter 7. Test and Measurements 125

magnitude larger than the buckling deflection of silicon beams without aluminium

coating.

The time constants for the response of vertical bimorph actuators to input pulses
has been measured. From these measurements the maximum frequency of full thermal
response was calculated to be between 26 Hz and 200 Hz depending on the actuator
size. Lateral modes were excited thermally and found to be between 20 and 85 kHz,

significantly above the maximum frequency of full thermal response.

7.3 One-Dimensional Meander Type Actuator

7.3.1 Test Setup

A similar test setup as for measurements on the clamped-clamped beam actuator is
used (section 7.2.1). A power-supply, pulse generator and signal generator individ-
ually provide the electrical input for static deflection, time constant and resonance
measurements respectively. Input voltage and current are measured to obtain the
electrical input power, whilst displacement measurements are carried out with the
SEM cursor tools. The actuator chips are packaged onto a 28-pin dual in-line (DIL)
package as shown in figure 7.13.

Figure 7.13: Actuator chip packaged into a 28-pin DIL package.

7.3.2 Static Deflection

A DC input is applied to the actuator placed in the SEM chamber and the dis-
placement of the front plate is measured with the cursors. Upon applying an input
power, the front plate of the actuator moves towards the contact pads, which agrees
with the simulated direction of movement. Figure 7.14 shows a plot of displacement
versus input power. The diagram shows three measured graphs, which have an al-
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most linear rise with a small hysteresis between the increasing and decreasing power
branches (when decreasing the power, a slightly higher displacement is observed for
the same input power when increasing). For an input power of 6 mW, a displacement
of 13.2 um is observed. The three measurements were carried out within a time in-
terval of about 30 minutes and are quite identical within the measurement tolerance,

confirming the reproducibility of the experiment.

The two dashed lines represent simulated graphs based on thermal and struc-
tural simulations performed in ANSYS as described in chapter 4.4.2 and 4.4.3. The
measured dimensions of the actuator have been used in the simulations, too. The
simulated graphs are linear rise functions, where the steeper of the two is based on a
thermal expansion coefficient of aluminium of a4 = 2.5 - 107° which is the standard
value for bulk aluminium and has been used in previous simulations. This simulated
displacement is noticeably higher than that of the measurements, but is of the same
order of magnitude. The discrepancy may be due to slightly different material prop-
erties, especially a4;. Therefore a simulated graph has been added for ay; = 1.5-1075.
Measurements on cantilever devices showed that a4; can vary between 1.5-107° and
2.5-107° for aluminium sidewall deposits [136]. This implies the two simulated graphs
give a range of expected deflection values. The measurements lie at the lower end of

this range suggesting that a; is roughly 1.5 - 1073 for the measured actuator.

Possible reasons for the hysteresis between increasing and decreasing power branches
are thermal loading beyond the elastic range of the bimorph materials (aluminium
and silicon) or a change in the temperature distribution of the whole chip. The elec-
trical resistance of the actuator is measured to be 5.8 k2, which agrees well with the

calculated 5.4 k€2 from the resistivity specification.

Another displacement measurement has been carried out using an optical micro-
scope where the actuator operates in ambient conditions. For each measurement
point, a photo is taken with a digital camera fitted onto the microscope. From the
photos, the displacement could be measured and scaled to the actual deflection. The
displacement is significantly smaller than in the vacuum of the SEM due to convec-
tion heat losses. With an input power of 30 mW, a deflection of 5.3 pum has been
obtained. Figure 7.15 shows the displacement plot, again showing the curve to de-
note a linear response. The reason for the significantly smaller deflections is that
heat conduction through air becomes a second mechanism for heat loss. Therefore,
the bimorph beams reach a significantly lower temperature for the same input power.
The ANSYS model presented in chapter 4.4 does not account for convection losses.
The temperature of the bimorphs has not been measured, neither in vacuum nor in
ambient conditions. However, failure experiments have shown, that the silicon beams
of the actuator break when an input power of roughly 30 mW is applied under the
vacuum conditions in the SEM. With the same input power of 30 mW, the deflection
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Figure 7.14: Deflection v against input power P for a one-dimensional meander actu-
ator, measurement in the SEM, [, = 1000 um, wg; = 8 pum, wy = 1.5 pum, 1 = 300
pm, ly = 300 pm, I3 = 300 um, I, = 200 pm.

of the actuator in ambient conditions is a moderate 5.3 um, suggesting a much lower
temperature than in vacuum conditions. No hysteresis could be observed for this

measurement, also suggesting a significantly lower temperature.
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Figure 7.15: Deflection v against input power P for a one-dimensional meander ac-
tuator, measurement on an optical microscope in ambient conditions, dimensions see

figure 7.14.
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7.3.3 Thermal Time Constant

Using the new LEO SEM [139] allows capturing screen images at any time, which
is highly beneficial for time constant measurements. A pulsed input is applied to
the actuator, where both the pulse time and the pause time are 250 ms. The peak
input power P is 6 mW. Figure 7.16 shows SEM images of the actuator: a) the
whole actuator (no input power applied, b) the front plate (input pulses applied),
c¢) a magnified view of the front plate allowing measurement of displacement versus
time for a positive edge (switching on the power), d) a magnified view of the front
plate for displacement versus time measurements after a negative edge of the signal.

front plate

Signal A =SE1 Date :14 Aug 2002 Signal A = SE1 Date :14 Aug 2002
EHT=2000kv WD= 16mm Photo No. = 2181 Time :10:07:38 }_’ EHT=2000kv WD= 16mm Photo No. =2178  Time :10:06:14

250 ms 2
250 ms

Signal A= SE1 Date :14 Aug 2002 Signal A= SE1 Date :14 Aug 2002
EHT=2000k/ WD= 16mm Photo No.=2176  Time :9:57:15 — EHT=2000kV WD= 16mm Photo No. = 2175 Time :9:56:45

Figure 7.16: SEM images of the one-dimensional meander actuator a) the whole actu-
ator (no input power applied, b) the front plate (input pulses applied), c) magnified
view of the front plate, for measurement of displacement versus time for a positive
edge, d) magnified view of the front plate, for measurement of displacement versus
time for a negative edge, dimensions see figure 7.14, peak input power: 6 mW .

The images in figure 7.16 c,d are taken at scan rate 4, which means it takes 640
ms to scan the whole screen area. While the SEM scans the image line by line,
the input pulse gradually heats up the actuator making it move to the left (figure
7.16d), making the resulting SEM image a plot of position versus time, where the
time axis is the vertical axis. In figure 7.16¢, the input pulse is switched off and the
actuator cools down and moves to the right while the image is scanned. From the
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Figure 7.17: Deflection v against time, a) after positive edge, b) after negative edge,
dimensions see figure 7.14.

two images, displacement versus time plots both for the positive and the negative
edge have been extracted. The plots are shown in figure 7.17. The dashed curves
are the results of the transient ANSYS simulation (temperature against time, see
chapter 4.4.4), normalised to the measured displacement. The simulation is based on
the dimensions of the measured device and the same peak input power of 6 mW. The
measured graphs are almost identical to the simulated ones. The method described
in chapter 4.3.4 was used to prove that the graphs are exponential rise functions and
to determine the time constant. For the measurement, a time constant 7 of 49 ms

was obtained (compared to 7 = 48 ms for the simulation).

7.3.4 Lateral Resonances

The actuator is driven with an AC input whose frequency is significantly above the
maximum frequency for full thermal response, meaning there is a static deflection
upon which a vibration is superimposed. The rms value of the AC input is 5 mW. This
fairly high input power is necessary to obtain vibration amplitudes that can easily
be detected in the SEM. Since both the negative and the positive half cycles of the
input signal heat up the beam, the temperature changes at double its frequency. The
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driving frequency is manually swept from a value below half the calculated resonant
frequency to a value above and then decreased again. The vibration amplitude is
measured with the SEM cursor tool at the front plate of the actuator by measuring
the total width of the vibration image of the beam and subtracting the width of the
static beam. Figure 7.18 shows SEM images of the front plate of the actuator in its
static (a) and vibrating state (c,d).

Signal A=SE1__ Dato 15 Aug 2002 ) N 15 Aug 2002
00kvV  WD= 15mm Photo No. = 2208 Time :17:02:36 2 =2208 Time :17:03:28

==5rd
Signal A= SE1
=2215 Ti

SignalA=SE1 _ Date 15A2002
Photo No. = 2210  Time :17:04:26

Figure 7.18: SEM images of the front plate a) static, no input power, b) AC input
at 1.700 kHz, no resonance, ¢) AC input at 1.786 kHz, vibrating at resonance, d)
AC input at 1.788 kHz, maximium vibration amplitude at the peak of the resonance,
dimensions see figure 7.14, rms-value of input power: 5 mW.

Figure 7.19 shows vibration amplitude versus frequency plots for the first and
second harmonic of the lateral mode. The curve is symmetric and is identical for
increasing and decreasing frequency. The fact that no axial forces can build up in
the meander geometry is the likely reason for the symmetrical shape of the resonance
curve [140] (for the clamped-clamped beam actuator, a hard spring characteristic was
observed, section 7.2.4). The vibration peak is found to be at 3576 Hz for the first
harmonic and 7148 Hz for the second harmonic. The modal ANSYS simulation finds
the first harmonic at 3899 Hz (see chapter 4.4.5). Figure 7.20 shows SEM images of
half the actuator in its resonant state both for the first (a) and the second harmonic
(b). The zigzag shape of the beams, caused by the vibration along the bimorphs
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and the front plate of the actuator, gives a qualitative image of the mode shape,
by distinguishing the areas of small and large vibration. The vibration pattern is
qualitatively consistent with the mode shape of the simulation (see chapter 4.4.5,
figure 4.25), which also shows the highest vibration amplitude at the bimorphs and
the front plate.
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Figure 7.19: Vibration amplitude against frequency for the first lateral mode a) first
harmonic, b) second harmonic, dimensions see figure 7.14, rms-value of input power:

5 mW.

7.3.5 Summary

The static displacement of the one-dimensional meander actuator has been measured
both in an SEM and with an optical microscope. In the SEM, a displacement of 13.2
pm was obtained at 6 mW input power. In ambient conditions, 30 mW are necessary
to produce a displacement of 5.3 um. A linear relation between input power and
deflection has been observed, which is consistent with FEA simulations.

The thermal time constant was measured to be 49 ms. From this measurement,
a maximum frequency for full thermal response of 2.1 Hz was calculated. Lateral
resonances were excited thermally and found to be at 3576 Hz (first harmonic) and
7148 Hz (second harmonic). Both frequencies are significantly above the frequency
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Figure 7.20: SEM images of the one-dimensional meander actuator a) resonating at
3576 Hz (first harmonic) b) resonating at 7148 Hz (second harmonic) dimensions see
figure 7.14, rms-value of input power: 5 mW.

for full thermal response.

7.4 Two-Dimensional Meander Type Actuator

Due to the problems of the fabrication process, particulary the release etching (see
chapter 5.5) and the complex geometry of the two-dimensional meander actuator,
only one device with fully intact silicon beams was left after completion of the batch
process. Preliminary measurements on this actuator showed that movement can be
achieved when an actuation voltage is applied. However, the motion was always in
the same direction, no matter which of the four actuators was powered. The amount
of movement was different for the different actuators. We believe, the reason for
this behaviour is residual gold, which forms bridges connecting the silicon beams and
hence has a significant influence on the mechanical compliance of the whole actuator
(see figure 7.21). Measurements on devices, where parts of the silicon beams have been
broken off during the fabrication process indicate that actuators without gold bridges
move in the expected direction (see chapter 3.5). However, due to the asymmetrical
character of the break, there was always a small component of the movement which
is perpendicular to the expected direction. More work on these actuators is planned

in the future.

7.5 Micro-relays

All preliminary tests were carried out on micro-relays fabricated from a wafer, which
had undergone tests with Cool Grease (see chapter 5.5.3). An optical microscope was
used as inspection tool. In order to apply the electrical input power, the devices were
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Figure 7.21: SEM image of the two-dimensional meander actuator, showing bridges
of gold residues.

packaged into a DIL package as shown in figure 7.13. After completion of the release
etch, the following observations were made:

e For most of the normally closed micro-switches, the moveable contact was firmly
pressed against the fixed contact pair. When an input power was applied to the
actuator (20 mW), the moveable contact moved away from the fixed contact
pair by about 3 um. This behaviour is consistent with the desired switching

movement.

e For most normally open micro-switches the moveable contact had moved away
from the fixed contact pair. When an input power was applied to the actuator,
the moveable contact moved towards the fixed contact pair until it touched (at
about 25 mW). This behaviour is also consistent with the desired switching

movement.

However, even when they were firmly pressed against each other, there was no
electrical contact between the fixed and the movable contacts, not even when a voltage
of 30 V was applied to the contact pads of the contact circuit. Possible reasons are:

e Contamination of the contact area prevented an electrical contact between the
moveable and the fixed contacts. Cool Grease residues may be responsible for

this contamination.

e It was observed that the adhesion of the chrome/gold layer used for the contacts
was poor in parts of the wafer. Missing metal patches could be the reason for

not getting electrical contact.
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More work needs to be done on the fabrication and measurement of micro-switches

in the future focussing on improved contact deposition and more quantitative mea-

surements.

7.6 Conclusion

The clamped-clamped beam actuator and the one-dimensional meander type actu-
ator were characterised. With a 1000 pum long clamped-clamped beam actuator, a
displacement of approximately 4.5 ym was achieved with an input power of 3 mW.
The displacement versus power plot is close to the linear behaviour predicted by the
simulation. The thermal time constant ranges from 0.5 ms to 3.8 ms depending on

the size of the actuator. The lateral resonant frequencies were found to be between
20 and 85 kHz.

The one-dimensional meander actuator produced a displacement of 13.2 ym at 6
mW input power. The thermal time constant was measured to be 49 ms. The first
lateral resonant mode was measured to be 3576 Hz for the first harmonic and 7148
Hz for the second harmonic. Both for the clamped-clamped beam actuator and the
one-dimensional meander type actuator, reasonable and at times a good agreement of
the measurements with the analytical calculations or the simulations was observed.

Due to the lack of fully operational devices, the two-dimensional meander ac-
tuators and the micro-switches could not be quantitatively characterised. However,
preliminary experiments suggest that the actuators work in principle. More work will
be required on fabricating working devices before any thorough characterisation can

comimernce.



Chapter 8

Conclusion and Suggestions for
Further Work

8.1 Conclusion

Micropositioning stages for application in integrated scanning probe devices require
micro actuators that enable large displacements with a low input power and low ac-
tuation voltages. Piezoelectric and electrostatic implementations cannot fulfill these
requirements whereas thermal bimorph actuators are suitable candidates to meet
these goals. Up to now, only planar bimorphs have been realised, where a metal layer
is deposited on top of a silicon bridge. When heated, the bridge performs a move-
ment perpendicular to the wafer plane. For micropositioning applications, movement
parallel to the wafer plane is required. To fulfil this goal, we have developed vertical
bimorphs, consisting of silicon beams, side-coated with aluminium. When heated

they produce lateral movement.

A clamped-clamped silicon beam with an aluminium sidewall deposition is the
simplest implementation of a vertical bimorph actuator. It is heated by a current
through the silicon. With a 1000 ym long beam, a displacement of 4.5 um was
obtained at an input power of 3 mW. A 1400 pum long beam produced a deflection of
4 pym at 1 mW input power. At low input power, the deflection versus input power
plot follows a linear function as predicted by analytical calculations and ANSYS
simulations. The thermal time constant was measured to be between 0.5 ms to 3.8
ms depending on the dimensions of the actuator. Good agreement with transient
ANSYS simulations was achieved. The first lateral mode was excited thermally and
was found to be between 20 and 85 kHz, also depending on the device dimensions. A
modal analysis in ANSYS taking static deflection and intrinsic stress in the aluminium

layer into account confirmed the measurement results.
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To increase the actuation range with still a comparable level of input power, an
advanced actuator design was devised based on a meander shaped silicon beam, also
heated by an electrical current through the silicon. The one-dimensional meander
actuator consists of four bimorphs, 1000 um long. The symmetrical design ensures
linear displacement. A displacement of 13.2 um was achieved with an input power of
6 mW. The deflection versus power plot shows a linear characteristic agreeing with
the ANSYS simulation. The thermal time constant was measured to be 49 ms as
compared with 48 ms obtained by a transient ANSYS simulation. Measurements for
the first lateral mode are at 3576 Hz for the first harmonic and 7148 Hz for the second

harmonic.

By combining 4 meander type actuators, a two-dimensional positioning stage is
obtained. To move its central table in the x-direction, the x-actuator is powered whilst
the three passive actuators merely act as compliant suspensions. The symmetrical
design ensures linear movement. Preliminary measurements confirm the functionality
of the device in principle. ANSYS simulations predict a static deflection of 4.2 um
with 8 mW of input power, a thermal time constant of 31 ms and the first lateral

mode at 2926 kHz.

As an example for a practical application of vertical bimorph actuators, normally
open and normally closed micro-switches have been designed. They are based on a
one-dimensional meander type actuator that moves a gold contact towards or away
from a fixed contact pair closing or opening the electrical contact on the contact
circuit. The contact electrodes are gold patches on the sidewall of the contact trench.
Preliminary results show that the actuators are capable of moving the movable con-

tact as required, however no electrical contact could be achieved between the movable

and the fixed electrodes.

In order to fabricate vertical bimorph devices, a number of non-standard fabri-
cation processes had to be developed. Most importantly, a process to deposit alu-
minium onto the sidewalls of silicon beams was implemented. Aluminium sputtering
and angled evaporation of aluminium combined with dry- and wet-etching was inves-
tigated. Angled evaporation followed by an isotropic aluminium wet-etch yields the
best results. An optimised aluminium wet etch accounts for non-uniformities in the
aluminium thickness across the wafer introduced by an inhomogeneous distance of

the different wafer parts from the aluminium crucible during the evaporation process.

For the contacts of the micro-relays, chrome/gold depositions are required on
opposite sidewalls of the narrow contact trench as well as for gold conductors on
the horizontal wafer surface. These requirements could be met with two consecutive
chrome/gold evaporation stages at a steep angle of incidence from either side of the
contact trench. A chrome/gold wet-etch defines the pattern of the gold conductors
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on the wafer surface.

After the definition of the silicon beams by a DRIE process, 30 pm deep trenches
become a challenge for all photolithography steps. A lithography procedure based on
a viscous Shipley SPR220-7 resist was developed which is capable of covering areas
on the horizontal wafer surface, in the trenches and even on the silicon beams. On
the other hand exposed areas can be cleanly developed regardless of whether they

are on the wafer surface, in trenches or on silicon beams. We used a double coating

at 800 rpm spin speed.

To make the bimorph beams free to move, the handle silicon and the buried oxide
layer has to be removed from the back. We have investigated different approaches
for this release etch including KOH etching and dry-etching in an SFg plasma. The
dry-etch from the back requires the front of the wafer to be protected from reactive
species. Different protection methods were investigated including different protection
photoresists and gluing of a backing wafer. It turns out that dry-etching with a
backing wafer glued on using SPR220-7 photoresist is the best alternative for etching
the handle silicon wafer. To etch the buried oxide, a standard dry-etch in CHF3 and

Ar was used.

The batch fabrication process is based on SOI substrates with a 6 um or 30 ym
thick device silicon layer. The patterns of the silicon beams are defined by a DRIE
process. For the contacts, gold is evaporated and patterned. In the case of the micro-
relays, the double evaporation process is used. To deposit the aluminium sidewall
coatings for the bimorphs, the angled evaporation and aluminium wet-etching is
carried out up to 4 times from different directions. A thick resist pattern used for
lift-off makes the sidewall evaporation selective. Lastly, the release etch from the

back makes the actuators free to move.

Using the above processes and designs we have shown that thermally actuated

vertical bimorphs are a versatile alternative for in-wafer plane actuation.

8.2 Suggestions for Further Work

8.2.1 Two-Dimensional Meander Actuators

More work is required on the current design of the two-dimensional meander type
actuators. There are three wafers left at the stage where the silicon beams and the
gold contacts have been defined. Completing the remaining stages, mainly aluminium
sidewall deposition and the release etch, should give a number of working devices.
Furthermore, to increase the process yield, the use of DRIE, which offers a helium
cooling system for the wafer, for the release etch should be investigated. Quantitative
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measurements should be carried out, including static deflection, thermal time con-
stant and lateral resonances. A mask redesign should include thicker silicon beams

to increase the yield of the fabrication process.

8.2.2 Micro-Relays

For the micro-relays, there are four more wafers left, where the silicon beams have
been defined. By completing the contact evaporation, the aluminium sidewall depo-
sition and the release etch, more devices could be obtained. Most importantly, the
release has to be carried out using a backing wafer glued onto the device wafer with
SPR220-7 photoresist, thereby avoiding contact contamination as introduced by Cool
Grease. To improve the adhesion of the chrome/gold contacts, a test batch could be
carried out, further investigating different layer thicknesses and evaporation angles.
A mask redesign should aim at increasing the contact area. Also, a thicker device

silicon layer would help to increase the contact area.

8.2.3 Different Actuator Metals and Sidewall Deposition Ap-

proach

To construct the actuator bimorphs we have used aluminium, mainly because both an
aluminium evaporation and sputtering process was available. Although aluminium is
ranked as a fairly good material for thermal actuators [141] it has the disadvantage
of a low melting point at 660 ° C. Nickel, copper and manganese would be worth
investigating, since they have the best properties in terms of achievable work, dis-
placement and blocking force [141]. Chrome/gold may be an alternative because of
their well known deposition techniques, even though their properties are not ranked
very high. Although, the aluminium sidewall deposition process is a reproducible way
of obtaining vertical bimorph devices, a process that yields a better uniformity across
the wafer would be desirable for mass fabrication. Even though initial experiments
ruled out sputtering and dry-etching, more profound experiments might lead to an

alternative process sequence.

8.2.4 Integrated Scanning Probe devices

Based on the two-dimensional meander actuators, micro scanning probe devices could
be designed. A tip needs to be integrated onto the central table of the device. This
could be done by mounting a separately fabricated tip or by using tip-etching tech-
niques to define a tip on the central table before the definition of the silicon beams.
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For the required displacement in the z-direction (due to the topography of the sam-
ple) the compliance of the actuator should be sufficient for initial tests. A more
advanced design should have an integrated z-actuator, which could be a thermally
actuated planar bimorph. Furthermore, control circuitry for the scanning movement

and a sensor for the z-displacement would be required.

8.2.5 Further Applications

As mentioned above, thermal vertical bimorph actuators are versatile devices and
their application is not restricted to micro-positioning tasks.

Microgripper

Figure 8.1 depicts the layout of a micro-gripper, based on thermally actuated bi-
morphs arranged similarly to the meander actuator design. Applying a driving volt-
age between both bondpad sets (marked A and B) heats up the bimorphs and pushes

the tweezer-like ends of the gripper together.
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Figure 8.1: Micro-gripper based on thermally actuated vertical bimorphs.

Micro-Fluidic Valve

In Figure 8.2, a microfluidic valve based on a clamped-clamped vertical bimorph is
depicted. The valve consists of two wafers, a silicon wafer with a recess and an SOI
wafer with the bimorph. The fabrication process requires wafer-bonding of two silicon
wafers. The oxide layer of the SOI-wafer is used as a sacrificial layer to release the
bimorph. Details of the process sequence would need further work. In figure 8.2a,
the valve is closed. Applying a driving voltage between the bondpads Al and A2, the
bimorph is heated up moving the shutter away from the left fluid channel enabling
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a liquid to pass from the left fluid channel through the valve chamber into the right
fluid channel. Achieving a proper sealing characteristic may be difficult.

shutter ——

valve \

chamber @
[
b) silicon wafer

e ==

fluid channel ————

silicon ——— = aluminium
oxide -
L — — SOI-wafer
silicon — | ‘

Figure 8.2: Micro-fluidic valve based on a thermally actuated vertical bimorph, a)
plan view, b) cross-section.



Appendix A

Analytical Analysis on the
Clamped-Clamped Beam Actuator

Accounting for Axial Forces

This appendix gives an analytical calculation to obtain the equation of the deflection
curve for a clamped-clamped beam actuator. The calculation presented in chapter
4.2.2 does not account for axial reaction forces at the ends of the beam. In the
calculation below we account for these axial reactions as illustrated in figure A.la.
The axial reaction forces R4, and Rp,, the lateral reaction forces R4 and Rp as well
as the reaction couples M4 and Mg at the supports of the beam are shown.
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Figure A.1: a) Reaction forces and reaction couples at the supports of the beam, b)
free body diagram.

From the free body diagram (figure A.1b), the equilibrium of moments is obtained



Appendix A. Analytical Analysis on the Clamped-Clamped Beam Actuator 142

M = M4 + Rv(x) (A1)

Note that the lateral reaction forces R4 and Rp have been omitted in equation

A.1, because in previous calculations and simulations it was shown that they are zero
(see chapter 4.2.2).

Analogously to chapter 4.2.2, we get the differential equation of the deflection
curve (the temperature distribution, chapter 4.2.1, equations 4.6, 4.7, is substituted)

v R My BC
_—— = = —=+4+ —2z“ - BC A2
w EY T E T v (A-2)
Equation A.2 is an inhomogeneous second order linear differential equation with
constant coefficients. It can be solved by solving the homogeneous differential equa-
tion and superposing this solution with a particular solution of the inhomogeneous
differential equation, which can be found using a trial function [142]. The homoge-

neous differential equation is

d?v R

Its general solution is given by

vp(z) = Cle\/%‘v + Cge_\/gx (A.4)

where C and (5 are constants, which have to be determined using the boundary
conditions. To find a particular solution v,(z) for the inhomogeneous differential
equation, we use a trial function, which is of the same form as the term on the right

of the differential equation.

uy(7) = Agx® + Arz + Ay (A.5)

where A,, A; and Ag are constants. By substituting the trial function A.5 into
the differential equation A.2, the constants can be determined and the particular

solution becomes

_ BCEI , BCEI M, 2BC(EI)?

vp(z) T = x + 7 Iz (A.6)

Superposing the solution of the homogeneous differential equation v, (z) and the
particular solution of the inhomogeneous equation v,(z), we get the general solution

of the differential equation
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M 2
v(z) = 016@35 + Che VEI® 4 BCE]$2 _ BCEI A 2BC(EI)

IR R *TR IR (AT)

The first derivative of the general solution is

dv R JEe R S Ee 2BCE] BCEI
%'—01 E}‘@ EI "‘CQ E@ + R X — i (AS)

The unknowns, C;, Cy, M4 and R, have to be determined from the boundary

conditions

viz=0)=0 (A.9)
vix=1)=0 (A.10)
%(azzO) =0 (A.11)
;i—;(x ~ =0 (A.12)
Z_:; <x = é) = () (A.13)

These boundary conditions give a system of five nonlinear equations with four
unknowns, C;, Cy, M4 and R. Even though there are five equations for four un-
knowns, the system is indeterminate. Three of the four unknowns, Cy, Cs, My, can
be expressed in terms of the fourth unknown, R. From equation A.13, we get

Cl = CQ e %l (A14)

Using equation A.14 in equation A.12 gives

L BCEI
R‘/EBT (1 — e“\/§l>

Substituting equation A.15 into equation A.14 gives

Cy (A.15)

_ BOE] __ VA (A.16)
R\/E&I (1 —e Vv ﬁl)

Using equations A.15 and A.16 in equation A.11 gives identity, but no further
information is obtained. Substituting equations A.15 and A.16 into equation A.9, we

Cy
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obtain

—./ £
BCFEI (1+e Efl) 2BC(EI)2
My = + B (A.17)
R[% (1-VE)

Substituting equations A.15, A.16 and A.17 into equation A.10 gives identity and

again no further information is obtained.

With equations A.15, A.16 and A.17, equation A.7 gives a function in z with the

axial force R as a parameter.

Using the simulated axial reaction, R = 7.1-107* N, the deflection curve can be
plotted based on equation A.7. Figure A.2 shows the deflection curve according to
equation A.7 compared with the simulated deflection curve and the analytical curve
calculated according to chapter 4.2.2. The centre deflection is 1.1 um for the analysis
taking the axial forces into account, whereas the simple analytical calculation and
the structural ANSYS simulation given in chapter 4.3.3 give a centre deflection of
2.1 um. The reaction couple M4 is —1.81 - 107 Nm (equation A.17). The couple
resulting from the axial reaction force and the centre deflection of the beam Ru, is
8.2-1071° Nm. The fact that both values are on the same order of magnitude means
that the axial reaction forces cannot be neglected. Therefore it is surprising, that the
simple calculation neglecting the axial reactions gives the same result as the ANSYS

simulation.
3 = sim.
+ calc. standard

p— — calc. ax. force
g 2
=
—\
= |
3 /( \

0 -t \r

0 200 400 600 800 1000
X [pm]

Figure A.2: Calculated deflection curve according to equation A.7 (marked calc. ax.
force), compared with the simulated deflection curve (marked sim.) and calculated
curve (marked calc. standard, see chapter 4.2.2), (P =2 mW, [ = 1000 um, wg; =
5 um, wa = 2.5 um, h =6 um, Ty = 300K).

Varying the parameter R in equation A.7, the following observations have been

made.
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e With very small reaction forces R (R — 0), the deflection curve approaches the
deflection curve found with the simple analysis neglecting the axial reactions
(chapter 4.2.2). The centre deflection becomes 2.1 um for the above dimensions

of the actuator.

o With a positive reaction force R (compressive stress), the centre deflection is
smaller than the centre deflection found with the simple analysis neglecting the

axial reactions (chapter 4.2.2).

o With a negative reaction force R (tensile stress), the centre deflection is greater
than the centre deflection found with the simple analysis neglecting the axial

reactions (chapter 4.2.2).

It is surprising that a compressive stress causes a smaller centre deflection than a
tensile stress. Therefore, the expansion of the beam caused by the thermal expansion

is compared with the elongation of the beam because of the shape of the deflection

curve.

In both analytical models and in the ANSYS model, the distance [ between the
supports of the beam is constant. At the reference temperature Ty, when the beam is
straight, the length of the beam is also [. When the beam heats up and assumes the
shape of the deflection curve, the beam expands to a length [ + Al;. This elongation
due to the shape of the deflection curve is given by [142]

I 2
Ali:/o 1+ (%) dz — 1 (A.18)

With the above dimensions (see figure A.2) and the deflection curve for a very
small force (R =1-10"% N, v, = 2.1 um) we get an elongation Al; of 1.14- 1072 um.

Now, we consider a bimorph that is free to move at either end but does not
bend. Heating up the bimorph causes an elongation Al; of the beam due to thermal
expansion. Aluminium has a higher thermal expansion coefficient than silicon, hence
aluminium expands more than silicon. Since both material are bonded together in
bimorph actuators, the elongation at the bearing surface of the two material has to
be equal. Hence, the aluminium experiences a compressive stress and the silicon a

tensile stress. Similar to [7] we get

Al = IAT,, (aAl— i — ) (A.19)

Eg;wg; Earwag

where ATy, is the average temperature difference of the bimorph actuator with

respect to the reference temperature Ty. It can be calculated from the temperature
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distribution AT (x) (chapter 4.2.1, equation 4.6) according to [142]

1 I
ATy = - / AT (z)dz (A.20)
[ Jo

Using equations A.19 and A.20 for a bimorph of the above dimensions (see figure
A.2), we get an elongation Al; due to thermal expansion of 0.89 um, which is two
orders of magnitude greater than the elongation Al; due to the shape of the deflec-
tion curve. This confirms that the thermal expansion causes compressive reaction
forces at the supports of the clamped-clamped bimorph beam. The question, why

a compressive axial stress causes a smaller deflection than a tensile stress remains

unanswered.



Appendix B

LMS Process Listings

In this appendix, the LMS process listings are given for the fabrication batches asso-
clated with this work. For a detailed description of the fabrication processes refer to
chapters 5 and 6. LMS is a library system which allows to create a fabrication batch

file from a large variety of standard and nonstandard process steps.

B.1 Process Development Batches

B.1.1 Aluminium Sidewall Deposition (K1789)

The LMS-file for the test-batch into aluminium sidewall deposition is listed. Chapter
5.2 describes the work in detail.

rl
gl
X G-S12 Title page 9 wafers: p-type {100 checks
2 x G-1P Lithography Notes k599m
G-1 Notebook page
g2 silicon dry etch
4 x W-C1 RCA clean
F4-00 Wet oxidation: 1.1 micron, 1100degC:
1,r0O2,x’'w02,30°’d02, x’wO2,uN2
6 x P-G2 Photolith mask K599M A A, DF Field: nom. 2.2um resist
7 x P-RHBD  Hardbake for dry etch
8 x D-018 Etch Si02 Anisot. OPT80+ CHF3+Ar
9 x P-RS Resist strip asher 50 min
10 x W-C2 Fuming Nitric acid clean, 2nd pot only
11 x D-S5 Trench etch Si. 5 microns SYS90 HBr process

12 x WH-TE1 Wet etch oxide, 7:1 BHF 25degC. To hydrophobic Si + 20secs.
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13 x
14 x

15

16

17

18

19

20

21

22

23

24

25

26

27

28

b
X

et

X

Ftt++
X

—X

b
X

W-C1
F4-0

g3

MS-AS10

MS-0

MS-0

ME-ALO

ME-ALQ

ME-ALQ

D-MAT1

g4

MS-AS10

MS-0

MS-0

ME-ALO

ME-ALO

xME-ALO

D-MAT1

RCA clean
Wet oxidation 200nm-+-10nm, 1000degC, 10°02,x’wet02,30’N2.

Al deposition/patterning

Sputter 1000nm Al/Si 1% in TRIKON SIGMA see engineer,
wafer 1

Sputter 2000nm Al/Si 1% in TRIKON SIGMA see engineer,
wafer 2

Sputter 3000nm Al/Si 1% in TRIKON SIGMA see engineer,
wafer 3

Evaporate pure Aluminium: 1000 nm, angled evaporation, no
rotation WAFERS COULD BE Au CONTAMINATED.

see engineer, wafer 4

Evaporate pure Aluminium: 1500 nm, angled evaporation, no
rotation WAFERS COULD BE Au CONTAMINATED.

see engineer, wafer 5

Evaporate pure Aluminium: 2000 nm, angled evaporation, no
rotation WAFERS COULD BE Au CONTAMINATED.

see engineer, wafer 6
Etch Al . SRS SS1C C12+SiCl4+Ar (wafer 1,2,3,4,5,6)

Repeat aluminum depositions as required, depending on

results above (wafer 7,8,9)

Sputter 1000nm Al/Si 1% in TRIKON SIGMA see engineer,
1 wafer

Sputter 2000nm Al/Si 1% in TRIKON SIGMA see engineer,
1 wafer

Sputter 3000nm Al/Si 1% in TRIKON SIGMA see engineer,
1 wafer

Evaporate pure Aluminium: 1000 nm, angled evaporation, no
rotation WAFERS COULD BE Au CONTAMINATED.

see engineer, 1 wafer

Evaporate pure Aluminium: 1500 nm, angled evaporation, no
rotation WAFERS COULD BE Au CONTAMINATED.

see engineer, 1 wafer

Evaporate pure Aluminium: 2000 nm, angled evaporation, no
rotation WAFERS COULD BE Au CONTAMINATED.

see engineer, 1 wafer

Etch Al SRS SS1C Cl2+-8iCld+Ar (wafer 7,8,9)
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B.1.2 Thick Photoresist Lithography (R2033)

The LMS-file for the test-batch on thick photoresist lithography is listed. Chapter
5.4 describes the work in detail. Please note, the batch was carried out using Shipley
SPR220-7 photoresist instead of STR 1075 as written in the listing.

rl
gl
1 x P-EM E-BEAM Mask/Reticle Writing
2 x G-S12 Title Page: 5 wafers, MATERIAL: p-type (100)
3 x G-1P Lithography Notes
4 x G-1 Notebook page
evaporation
ME-ALO  Evaporate pure Aluminium thickness: 1000 nm
P-GO Photolith mask K988M AE, LF Field: STR 1075)

P-RHBW  Hardbake for wet etch
WM-A2 Wet etch Al, Orthophosphoric acid, 37degC, till clear.

O 0 N & o
ol T -

P-RS Resist strip
evapangll
10 x P-GO Photolith mask K988M A1, DF Field: STR 1075
11 x P-RHBW  Hardbake for wet etch
12 x ME-0 Angled evaporation of pure aluminium using wafer
jig, monitor reading 600 nm, flat up, see engineer
13 x WM-0 Wet etch Al, Orthophosphoric acid, 37degC, till
clear on horizontal surfaces
14 x P-RS Resist strip
evapangl2
15 x P-GO Photolith mask K988M A2, DF Field: STR 1075
16 x P-RHBW  Hardbake for wet etch
17 x ME-0 Angled evaporation of pure aluminium using wafer
jig, monitor reading 600 nm, flat down, see engineer
18 x WM-0 Wet etch Al, Orthophosphoric acid, 37degC, till
clear on horizontal surfaces
19 x P-RS Resist strip

B.1.3 Chrome/Gold Contact Deposition (R2072)

The LMS-file for the test-batch on chrome/gold contact deposition is listed. Chapter
5.3 describes the work in detail.

rl
gl
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1 x P-EM E-BEAM Mask/Reticle Writing

2 x G-S12 Title Page: 6 wafers: 4 from r1819r and 2 from r1942r

3 x G-1P Lithography Notes

4 x G-1 Notebook page

+++++

5 x G-3 Special Instructions Wafer 1

6 x— ME-0 Evaporate Chrome-Gold: Angled Evaporation, Use
special jig. chrome: 40 nm, gold 200 nm

7 x— ME-0 Evaporate Chrome-Gold: Angled Evaporation, Use
special jig. chrome: 40 nm, gold 200 nm, rotate
wafer 180 deg

8 x— G-3 Special Instructions CLEAVE WAFER AND MEASURE
Au THICKNESS ON SEM

9 —x G-3 * Special Instructions Wafer 2

10 —x ME-0 Evaporate Chrome-Gold: Angled Evaporation, Use
special jig. chrome: 40 nm, gold 300 nm

11 —x ME-0 Evaporate Chrome-Gold: Angled Evaporation, Use
special jig. chrome: 40 nm, gold 300 nm, rotate
wafer 180 deg

12 —x G-3 Special Instructions CLEAVE WAFER AND MEASURE
Au THICKNESS ON SEM

13 ——x— G-3 Special Instructions Wafer 3

14 e ME-0 Evaporate Chrome-Gold: Angled Evaporation, Use
special jig. chrome: 40 nm, gold 400 nm

15 —x— ME-0 Fvaporate Chrome-Gold: Angled Evaporation, Use
special jig. chrome: 40 nm, gold 400 nm, rotate
wafer 180 deg

16 ——x— G-3 Special Instructions CLEAVE WAFER AND MEASURE
Au THICKNESS ON SEM

17 X— G-3 Special Instructions Wafer 4

18 X—— ME-0 Evaporate Chrome-Gold: Angled Evaporation, Use
special jig. chrome: 40 nm, gold 500 nm

19 X ME-0 Evaporate Chrome-Gold: Angled Evaporation, Use
special jig. chrome: 40 nm, gold 500 nm,rotate
wafer 180 deg

20 X— G-3 Special Instructions CLEAVE WAFER AND MEASURE
Au THICKNESS ON SEM

21— x G-3 Special Instructions Wafer 5 and 6

22— x W-C1 RCA clean

23 —x F4-W0010 Wet oxidation 200nm-+-10nm, 1000degC,
10°02,x’wet02,30'N2.

24 ——x ME-0 Evaporate Chrome-Gold: Angled Evaporation, Use
special jig. chrome: 40 nm, gold 300 nm

25 —————x ME-0 Evaporate Chrome-Gold: Angled Evaporation, Use

special jig. chrome: 40 nm, gold 300 nm,
Rotate wafer 180 deg

26 ——x P-GOX Photolith mask K988M AE, Light Field: Sprt220
(for wafers with GOLD)
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27
28
29
30
31

Mo X X X

P-RHBX
WM-0X
WM-0X
P-RSX
G-3

Hardbake for wet etch (for wafers with GOLD)

Wet etch gold, (Wafers with GOLD)

Wet etch Chrome, (Wafers with GOLD)

Resist strip (for wafers with GOLD)

Special Instructions CLEAVE WAFER AND MEASURE
Au THICKNESS ON SEM

B.1.4 Through Wafer Etching Using SFy; (D2166)

The LMS-file for the test-batch on through wafer etching using the SFg process is
listed. The process is needed for releasing the actuator beams by silicon dry-etching

Chapter 5.5 describes the work in detail.

R R

10
11

12

13
14

15
16

17

18

19
20

Moo MW

—X

rl

gl
P-EM
G-S12
G-1P
G-1

sf6etch
G-3
W-C2
P-G2

P-RHBD
D-S25

P-RS
ME-AL10D

P-GOX

P-RHBX
WM-0X

P-RSX
D-0X

G-3
G-3

W-C1
F4-W1000

E-BEAM Mask/Reticle Writing

Title Page: 12 wafers, MATERIAL: p-type checks
Lithography Notes

Notebook page

Special Instructions: waferl to 6

Fuming Nitric acid clean, 2nd pot only

Photolith mask KA25M, BE Dark Field: nom. 2.2um
resist

Hardbake for dry etch

Deep etch Si Partially anisot. on fronts

OPT80+ SF6 1 um

Resist strip

Evaporate pure Al 1000nm +- 100nm WITHOUT dip
etch, fronts

Photlith mask KA25M BE, Dark Field: nom: 2.2 um
resist for Au contam. wafers, fronts

Hardbake (for wafers with GOLD)

Wet etch Al, Othophosphoric acid, 37 degC, till
clear, for Au contam. wafers

Resist strip (for wafers with GOLD)

Dry etch: Deep etch Si. Partially anisotrop Au
contam PT RIE80 SF6, 450 um

Special Instructions: Cleave wafer and view in

the SEM

Special Instructions: wafer 7 to 12

RCA clean

Wet oxidation: 1.0micron, 1100degC:
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1L,rO2,x’'w02,30°d02, x’wO2,uN2

21 x— P-RF Frontspin resist S1818

22 x— P-RHBW  Hardbake for wet etch

23 x— WH-7TE1  Wet etch oxide, 7:1 BHF 25degC. To hydrophobic
Si + 20secs. (on backs)

24 x— P-RS Resist strip

25 x— ME-AL10B Evaporate pure Al 1000nm onto BACKS.no dip etch

26 x— P-GOX Photlith mask KA25M BE, Dark Field: nom: 2.2 um
resist for Au contam. wafers, backs

27 x— P-RHBX  Hardbake {for wafers with GOLD)

28 x— WM-0X Wet etch Al, Othophosphoric acid, 37 degC, till
clear (backs), for Au contam. wafers

29 x— P-RSX Resist strip (for wafers with GOLD)

30 x— D-0X Dry etch: Deep etch Si. Partially anisotrop Au
contam PT RIE80 SF6, from backs, to oxide layer

31 x— G-3 Special Instructions: Cleave wafer and view in
the SEM

B.2 Device Fabrication Batches

B.2.1 Clamped-Clamped Beam Actuator(K1859)

The LMS-file for the fabrication batch of the clamped-clamped beam actuator is
listed. Chapter 6.2.1 describes the fabrication batch in detail.

rl
gl
1 x G-S6 Title Page: 6 wafers, MATERIAL: SOI STHMO007,
6 um Si, 2 um Si02, 525 um handle
2 x G-1P Lithography Notes
G-1 Notebook page
g2 double sided alignment
X W-C2 Fuming Nitric acid clean, 2nd pot only
5 X P-GF Photolith mask K927M, layer S2, Dark Field on
BACKS (frouts protected), 1.1um,
6 x P-RHBD  Hardbake for dry etch, 30 min, 115 deg
D-S7 Etch Si: Alignment marks backs. For OPTICAL
resist OPT80+ SF6, 5 um deep
8 x P-RS Resist strip
9 x W-C2 Fuming Nitric acid clean, 2nd pot only
10 % P-GDB Photolith mask K927M,layer S1, Dark Field on

FRONTS, DoubleSided Alignment 1.1 um, (backs protected)
11 x G-2 See Engineer: Inspect
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12 x P-RHBD  Hardbake for dry etch, 30 min, 115 deg
13 x D-S7 Etch Si: Alignment marks Fronts. For OPTICAL
resist OPT80+ SF6, 1 um deep
14 x P-RS Resist strip
g3 KOH back etch
15 x W-C1 RCA clean
16 x F4-W0060 Wet oxidation: 600nm, 1000degC:
L,rO2,x’wO2,ulN2
17 x LN-160 Deposit Si3N4 160nm+-20nm @ 740degC
DCS:NH4 1:4, 2.3nm/m.
18 x P-GB Photolith mask K927M layer BE, Dark Field on
BACKS (fronts protected) 1.1um
19 x P-RG Spin resist on edges
20 x G-2 See Engineer: Inspect
21 x P-RHBD  Hardbake for dry etch, 30 min, 115 deg
22 x D-NO1S  Etch Si3N4 or Si3N4+PadSiO2. Anisot. OPTICAL
resist OPT80+ CHF3+Ar
23 x P-RS Resist strip
24 x WH-2D1  Dip etch, 20:1 BHF 25degC. Until just hydrophobic
25 x WS-3 Etch silicon in KOH, 500 um deep
26 x WN-1 Strip/Wet etch Si3N4, Orthophosphoric acid
160degC
27 x WH-7C1  Strip all SiO2 from wafer: 7:1 BHF 25degC
hi silicon trench etch
28 x W-C1 RCA clean
29 x LO-0 Blank sheet for LPCVD LTO. 1.3 microns
30 x P-GF Photolith mask K927M layer TE, Dark Field on
FRONTS (backs protected), 1.1um
31 x G-2 See Engineer: Inspect
32 x P-RHBD  Hardbake for dry etch, 30 min, 115 deg
33 x D-018 Etch Si02 . Anisot. OPT80+ CHF3+Ar
34 x P-RS Resist strip
35 x W-C2 Fuming Nitric acid clean, 2nd pot only
36 x D-S5 Trench etch Si. Anisot. 5.5 microns, SYS90, HBr
process, etch to buried oxide layer
37 x WH-7C1  Strip all SiO2 from wafer: 7:1 BHF 25degC
h3 oxidation
38 x W-C1 RCA clean
39 x F4-0 *Furnace 4: wet oxidation, 200 nm, 950 degC,
5degC ramp up/down
40 x P-GF Photolith mask K927M, layer OE, Dark Field on
FRONTS (backs protected) 1.1 um resist
41 x G-2 See Engineer: Inspect
42 x P-RHBW  Hardbake for wet etch

43 x WH-2E1  Wet etch oxide, 20:1 BHF 25degC. To hydrophobic
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Si + 40secs., open contact pads

44 x P-RS Resist strip
+-+
45 x — ME-ALO  Evaporate FRONTS pure Aluminium: 2000 nm, monitor

reading 600 nm, angled evaporation, no rotation,
see engineer, see special instructions

46 x — P-GF Photolith mask K927M, layer AE, Light Field on
FRONTS (backs protected), 1.1 um

47 x — G-2 See Engineer: Inspect

48 x — P-RHBW  Hardbake for wet etch

49 x — WM-A2 Wet etch Al, Orthophosphoric acid, 37degC, till
clear on top, stop and rinse immediately

50 x — P-RS Resist strip

51 x — W-C3 Fuming Nitric Acid clean, metallised wafers

52 x — F9-H45 Alloy/ Anneal: 30mins H2/N2 450degC

5'N2,30'H2/N2,5'N2.

h7 bimorph release wafer (1 and 2)
53 x — P-RF Frontspin resist 2.2 um
54 x — P-RHBD  Hardbake for dry etch
95 x — D-528 Deep etch Si. Partially anisot. For OPTICAL
resist OPT80+ SF6, from back
56 x — D-018 Etch 8i02 Anisot. For OPTICAL resist OPT80+ CHF3+Ar
h8 sawing (wafer 1 and 2)
57 x — G-3 saw chips
58 x — G-3 remove resist in Aceton on a single chip basis
h2 Al deposition/patterning (wafers 3,4,5,6)
59 —x ME-ALO  Evaporate FRONTS pure Aluminium: 2000 nm, monitor

reading 600 nm, angled evaporation, no rotation,

see engineer, see special instructions

60 — x P-GF Photolith mask K927M, layer AE, Light Field on
FRONTS (backs protected), 1.1 um

61 — x G-2 See Engineer: Inspect

62 — x P-RHBW  Hardbake for wet etch

63 — x WM-A2 Wet etch Al, Orthophosphoric acid, 37degC, till
clear on top, stop and rinse immediately

64 — x P-RS Resist strip

65 — x W-C3 Fuming Nitric Acid clean, metallised wafers

66 — x F9-H45 Alloy/ Anneal: 30mins H2/N2 450degC

5'N2,30'H2/N2,5'N2.

h4 bimorph release (wafers 3,4,5,6)
67 — x P-RF Frontspin resist 2.2 um
68 —x P-RHBD  Hardbake for dry etch
69 —x D-5825 Deep etch Si. Partially anisot. For OPTICAL

resist OPT80+ SF6, from back
70 — x D-01S Etch SiO2 Anisot. For OPTICAL resist OPT80+ CHF3-+Ar
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h5 sawing (wafers 3,4,5,6)
71 — x G-3 saw chips
72 —x G-3 remove resist in Aceton on a single chip basis

B.2.2 Meander Actuators (K2136)

The LMS-file for the fabrication batch of the meander actuators is listed. Chapter
6.2.2 describes the fabrication batch in detail.

rl
gl
X P-EM E-BEAM Mask/Reticle Writing
2 x G-S6 Title Page: 6 wafers, MATERIAL: SOI STHM007, 30
um Si, 2 um SiO2, polished on both sides
+ 6 check wafers 100
3 x G-1P Lithography Notes
G-1 Notebook page
g2 trench etch
5 X W-C2 Fuming Nitric acid clean, 2nd pot only,
+ 6 check wafers
6 x P-GF Photolith mask KA25M, layer TE , Dark Field on
fronts, 1.1um, + 6 check wafers
7 x G-2 See Engineer: Inspect + 6 check wafers
8 x P-RHBD  Hardbake for dry etch, 30 min, 115 deg + 6 check wafers
9 x G-3 Dry etch: DRIE to buried oxide
External RAL + 6 check wafers
10 x P-RS Resist strip + 6 check wafers
h2 backside alignment
11 x P-GDB Photolith mask KA25M, S2 Dark Field on BACKS:
DoubleSided Alignment
For DOUBLE-POLISHED wafers only 1.1 um resist
12 x P-RHBD  Hardbake for dry etch
13 x D-S28 Deep etch Si Partially anisot. For ANY resist
OPT80+ SF6, 5 um, on Backs
14 x P-RS Resist strip
h9 oxidation and contact window etch
15 x W-C1 RCA clean
16 x F4-W0060 Wet oxidation: 300nm, 1000degC:
LrO2,x’'wO2,uN2
17 x P-0 Photolith mask KA25M, layer OF, DF, on Fronts, SPRT 220-7
18 x G-2 See Engineer: Inspect
19 x P-RHBD  Hardbake for dry etch
20 x D-O1F Etch SiO2 Anisot. For D/F EBMF/OPTICAL
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21

22
23
24

25
26
27
28
29
30
31

32
33

34

35

36

37

™

b

MoK MW K M

»

38 x
39 x

40

41

42

43

44 x
45 x

46

resist OPT80+ CHF3-+Ar 300nm
P-RS Resist strip

hl planar gold evaporation
WH-2D5  Dip etch, 20:1 BHF 25degC. For 10secs ONLY
ME-CRAUO Evaporate Chrome-Gold: gold thickness 400 nm

P-0X Photolith mask K25M, layer GE,LF, on Fronts, SPRT
220-7 (for wafers with GOLD)
G-2 See Engineer: Inspect

P-RHBX  Hardbake (for wafers with GOLD)
WM-0 Wet etch gold

WM-0 Wet etch chrome

P-RSX Resist strip (for wafers with GOLD)

h611 angled evaporation 1

P-0X Photolith mask KA25M, layer A1, LF, SPRT 220-7, 30
um (for wafers with GOLD)

G-2 See Engineer: Inspect

P-RHBX  Hardbake (for wafers with GOLD)

ME-ALO  Evaporate FRONTS pure Aluminium: monitor reading
450 nm, angled evaporation in special jig, flat
position in jig 0 deg

WM-0X Wet etch Al, Orthophosphoric acid, 37 degC, until
clear on horizontal surfaces, stop and rinse
immediately (for wafers with GOLD)

P-RSX Resist strip (for wafers with GOLD)
h612 angled evaporation 2

P-0X Photolith mask KA25M, layer A2, L¥F, SPRT 220-7, 30
um (for wafers with GOLD)
G-2 See Engineer: Inspect

P-RHBX  Hardbake (for wafers with GOLD)

ME-ALO  Evaporate FRONTS pure Aluminium: monitor reading
450 nm, angled evaporation in special jig, flat
position in jig 180 deg

WM-0X Wet etch Al, Orthophosphoric acid, 37 degC,
until clear on horizontal surfaces, stop and rinse
immediately (for wafers with GOLD)

P-RSX Resist strip (for wafers with GOLD)

h613 angled evaporation 3

P-0X Photolith mask KA25M, layer A3, LF, SPRT 220-7, 30
um (for wafers with GOLD)

G-2 See Engineer: Inspect

P-RHBX  Hardbake (for wafers with GOLD)

ME-ALO  Evaporate FRONTS pure Aluminium: monitor reading
450 nm, angled evaporation in special jig, flat
position in jig 90 deg

WM-0X Wet etch Al, Orthophosphoric acid, 37 degC, until
clear on horizontal surfaces, stop and rinse
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immediately (for wafers with GOLD)

47 x P-RSX Resist strip (for wafers with GOLD)
h614 angled evaporation 4
48 x P-0X Photolith mask KA25M, layer A4, LF, SPRT 220-7, 30
um (for wafers with GOLD)
49 x G-2 See Engineer: Inspect
50 x P-RHBX  Hardbake (for wafers with GOLD)
51 x ME-ALO  Evaporate FRONTS pure Aluminium: monitor reading

450 nm, angled evaporation in special jig, flat
position in jig 270 deg

52 x WM-0X Wet etch Al, Orthophosphoric acid, 37 degC, until
clear on horizontal surfaces, stop and rinse
immediately (for wafers with GOLD)

53 x P-RSX Resist strip (for wafers with GOLD)
54 x G-2 See Engineer for instructions
55 x F7-0 Alloy/Anneal according to requirements NOTE:

Walfers have Cr/Au on them

h7 bimorph release

56 x ME-AL10B Evaporate pure Al 1000nm onto BACKS. WAFERS
COULD BE Au CONTAMINATED

57 x P-GOX Photolith mask KA25M RE, Dark Field: SPRT 518,
1,1 um, on backs (for wafers with GOLD)

58 x P-RGX Frontpin resist SPRT 220-7 (for wafers with GOLD)

59 x P-RHBX  Hardbake (for wafers with GOLD)

60 x WM-0X Wet etch aluminium, orthophosphoric acid, 37 degC,
until clear on back, wafers with gold

61 x P-RSX Resist strip (for wafers with GOLD)

62 x P-0X Glue backing wafer, using SPR220-7

63 x P-RHBX  Hardbake on programmable hotplate, ramp to 105
degC at 60 degC/hr, soak 120 min

64 x D-S2X + Deep etch Si. Partially anisot. Au CONTAM

PT RIER0 SF6 from BACK (photoresist
will be removed during etch)
65 x P-RSX separate wafers in acetone and resist strip in FNA
66 x WM-0X Wet etch aluminium, orthophosphoric acid, 37 degC,
strip all Al from back, wafers with gold

67 x D-01X Etch SiO2 Anisot. Au CONTAM PT RIE80 CHF3+Ar from BACK
h8 sawing

68 x P-0X Glue backing wafer, using SPR220-7

69 x P-RGX Backspin resist SPRT 220-7 (for wafers with GOLD)

70 x P-RHBX  Hardbake in oven 50 degC

71 x G-3 saw chips

72 x G-3 remove resist on a single chip basis
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B.2.3 Micro-Relays (K2135)

The LMS-file for the fabrication batch of the micro-relays is listed. Chapter 6.2.3

describes the fabrication batch in detail.

rl
gl
X P-EM E-BEAM Mask/Reticle Writing
2 x G-5S6 Title Page: 6 wafers, MATERIAL: SOI STHMO007, 30
um Si, 2 um Si02, polished on both sides
+ 6 check wafers 100
3 x G-1P Lithography Notes
G-1 Notebook page
g22 trench etch
5 x W-C2 Fuming Nitric acid clean, 2nd pot only, +6 check wafers
P-GF Photolith mask KA26M, TE |, Dark Field on fronts,
1.1um, + 6 check wafers
7 x G-2 See Engineer: Inspect -6 check wafers
8 x P-RHBD  Hardbake for dry etch, 30 min, 115 deg, +6 check wafers
9 x G-3 Dry etch: DRIE to buried oxide
External RAL + 6 check wafers
10 x P-RS Resist strip + 6 check wafers
h23 backside alignment
11 x P-GDB Photolith mask KA26M, S2 Dark Field on BACKS:
DoubleSided Alignment
For DOUBLE-POLISHED wafers only 1.1 um resist
12 x P-RHBD  Hardbake for dry etch
13 x D-828 Deep etch Si Partially anisot. OPT80+
SF'6, 5 um, on Backs
14 x P-RS Resist strip
h99 oxidation and contact window etch
15 x W-C1 RCA clean
16 x F4-W0060 Wet oxidation: 300nm, 1000degC:
1,rO2,x’'w0O2,uN2
17 x P-0 Photolith mask KA26M, layer OE, DF, on Fronts,
SPRT 220-7
18 x G-2 See Engineer: Inspect
19 x P-RHBW  Hardbake for wet etch
20 x D-O1F Etch Si02 Anisot. For D/F EBMF/OPTICAL
resist OPT80+ CHF3+Ar
21 x P-RS Resist strip
h gold evaporation
22 x WH-2D5  Dip etch, 20:1 BHF 25degC. For 10secs ONLY
23 x ME-CRAUOQ Evaporate Chrome-Gold: angled evaporation in

special jig, Cr 40 nm, Au 300 nm, flat position 0
deg FRONTS
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24 x ME-CRAUO Evaporate Chrome-Gold: angled evaporation in
special jig, Cr 40 nm, Au 300 nm, flat position
180 deg FRONTS

25 x P-0X Photolith mask KA26M, layer GE, LF, SPRT 220-7, 30
um (for wafers with GOLD)

26 x G-2 See Engineer: Inspect

27 x P-RHBX  Hardbake (for wafers with GOLD)

28 x WM-0 Wet etch gold

29 x WM-0 Wet etch chrome

30 x WM-0 Wet etch gold

31 x WM-0 Wet etch chrome

32 x P-RSX Resist strip (for wafers with GOLD)

h621 angled evaporation 1

33 x P-0X Photolith mask KA26M, layer Al, LF, SPRT 220-7, 30
um (for wafers with GOLD)

34 x G-2 See Engineer: Inspect

35 x P-RHBX  Hardbake (for wafers with GOLD)

36 x ME-ALO  Evaporate FRONTS pure Aluminium: monitor reading

450 nm, angled evaporation in special jig, flat
position in jig 0 deg

37 x WM-0X Wet etch Al, Orthophosphoric acid, 37 degC, until
clear on horizontal surfaces, stop and rinse
immediately (for wafers with GOLD)

38 x P-RSX Resist strip (for wafers with GOLD)
h612 angled evaporation 2
um (for wafers with GOLD)
40 x G-2 See Engineer: Inspect
41 x P-RHBX  Hardbake (for wafers with GOLD)
42 x ME-ALO  Evaporate FRONTS pure Aluminium: monitor reading

450 nm, angled evaporation in special jig, flat
position in jig 180 deg

43 x WM-0X Wet etch Al, Orthophosphoric acid, 37 degC, until
clear on horizontal surfaces, stop and rinse
immediately (for wafers with GOLD)

44 x P-RSX Resist strip (for wafers with GOLD)

45 x G-2 See Engineer for instructions

46 x F7-0 Alloy/Anneal according to requirements

h7 bimorph release

47 x ME-AL10B Evaporate pure Al 1000nm onto BACKS. WAFERS
COULD BE Au CONTAMINATED

48 x P-GOX Photolith mask KA26M RE, Dark Field: SPRT 518,
1,1 um, on backs (for wafers with GOLD)

49 x P-RGX Frontpin resist SPRT 220-7 (for wafers with
GOLD)

50 x P-RHBX  Hardbake (for wafers with GOLD)

51 x WM-0X Wet etch aluminium, orthophosphoric acid, 37 degC,

until clear on back, wafers with gold
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52 x

53 x

54
55

Lol

56 x

57
58

Moo

D-S2X

WM-0X

D-01X

WM-0X

WM-0X

h8
G-3

Deep etch Si Partially anisot. Au CONTAM

PT RIES0 SF6 from BACK (photoresist

will be removed during etch)

Wet etch aluminium, orthophosphoric acid, 37 degC,

strip all Al from back, wafers with gold

Etch 8iO2 Anisot. Au CONTAM PT RIE80 CHF3+Ar from BACK
Wet etch aluminium, orthophosphoric acid, 37 degC,

remove Al residues from sidewall evaporation, for

gold wafers

Wet etch chrome/gold

sawing
saw chips
remove resist on a single chip basis
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Mask Layout Detalils

In this appendix, details of the mask layout for the three device fabrication batches
are given. The mask layouts were created in Tanner EDA L-Edit version 8.20 [143].
The different designs are saved as different cells. A cell can include another cell as an
instance. The highest level cell, called 'topcell’, shows the distribution of the different
design across the wafer. It includes the cells for all different designs. The following
sections describe the mask design for the clamped-clamped beam actuator, meander
actuators and micro-relays. The description is easy to follow on a computer with
the corresponding L-edit file, opening the cells according to the description. Only a
few images of the mask layout are given since capturing significant information on a
screen shot is difficult. It is most efficient to view the design on a computer screen,

where zooming in and out is easily possible.

C.1 Clamped-Clamped Beam Actuator, Mask K927m

The file 'k927m.tdb’ is the L-edit layout file for the clamped-clamped beam actuator.
It can be found in \\hisalpha\users\cad\masks\k927m. It contains the following

layers:

e S1: Alignment, dark field, front, etching of alignment marks on the front of the

waler.

S2: Alignment, dark field, back, etching of alignment marks on the back of the

walfer.

BE: Backside etch, dark field, back, KOH etching for device release.

e TE: Trench etch, dark field, front, trench etch to define beam geometry.

e OE: Oxide etch, dark field, front, etch contact windows for pads.
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e AE: Aluminium etch, light field, front, etch aluminium.

Figure C.1 shows sketches of the layouts of clamped-clamped beam actuators
with and without a central platform. The characteristic dimensions are marked. The
central platform is a square of length [, = 170 um. The contact pads are squares of
length [, = 500 pum. The other dimensions vary with the different designs.

a) b)
D dark field pattern for
trench etch
. light field pattern for
' aluminium etch

‘ i
J ! I, ¢ j— central table
1 Ly silicon beam

C I

Figure C.1: Layout of double-clamped actuators, a) without central platform, b) with
central platform, trench etch pattern and aluminium etch pattern shown.

insulation trench

Table C.1 gives the cell names and characteristic dimensions of the different de-

signs. The cells are all instances in the topcell.

C.2 Meander Actuators (Mask KA25m) and Micro-
Relays (Mask KA26m).

The file ’ka25_26m.tdb’ is the L-edit layout file for the meander actuators (and the
micro-relays. It can be found in \\hisalpha\users\cad\masks\ka25m_26m. KA25m
is the mask set for the meander actuators, KA26m is the mask set for the micro relays.

The following layers are included in the design file:

e S2: Alignment, dark field, back, etching of alignment marks on the back of the

wafer.
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Cell name central platform | 1 [um] | I, [pm] | we; [pm]
mainl200tSi2 yes - 200 2
mainl200tSi3 yes - 200 3
mainl200tSi5 yes - 200 5
mainl300tSi2 yes - 300 2
mainl300tSi3 yes - 300 3
mainl300tSib yes - 300 )
mainl500tSi2 yes - 500 2
mainl500tSi3 yes - 500 3
mainl500tSi5 yes - 500 5
mainl700tSi2 yes - 700 2
mainl700tSi3 yes - 700 3
mainl700tSi5 yes - 700 5
whole_1200tSi2 no 400 - 2
whole_1200tSi3 no 400 - 3
whole_1200tSi5 no 400 - 5
whole_1300tSi2 no 600 - 2
whole_1300tSi3 no 600 - 3
whole_1300tSi5 no 600 - 5
whole_1500tSi2 no 1000 - 2
whole_1500t513 no 1000 - 3
whole_1500t3i5 no 1000 - 5
whole_1700tSi2 no 1400 - 2
whole_1700tSi3 no 1400 - 3
whole_1700tSi5 no 1400 - 5

Table C.1: Cell names for clamped-clamped beam actuators and the characteristic
device dimensions.

e BE: Backside etch, dark field, back, RIE for device release.

e TE: Trench etch, course patterns, dark field, front, trench etch to define beam

geometry.

e TE2: Trench etch, fine patterns, dark field, front, trench etch to define beam
geometry (note: the trench etch layer was split in course and fine to reduce

time for e-beam writing of the mask).
e OE: Oxide etch, dark field, front, etch contact windows for pads.
o GE: Gold etch, light field, front, etch gold for contact pads.

e Al: Aluminium 1, light field, front, lift-off pattern for aluminium sidewall evap-

oration 1.

o A2: Aluminium 2, light field, front, lift-off pattern for aluminium sidewall evap-

oration 2.



Appendix C. Mask Layout Details 164

e A3: Aluminium 3, light field, front, lift-off pattern for aluminium sidewall evap-

oration 3.

e A4: Aluminium 4, light field, front, lift-off pattern for aluminium sidewall evap-

oration 4.

C.2.1 Meander Actuators (Mask KA25m)

Figure C.2 depicts a part of a one-dimensional meander type actuator. It shows the
characteristic dimensions of the one-dimensional meander actuator. The length of
the bimorphs [/, is 1000 pm, the width of the silicon wg; is either 5 um or 8 um. The
other dimensions are: [; = 300 pm, Iy = 300 um, I3 = 300 um, I, = 200 pm. The

insulation trench is 80 um wide.

1 " E] dark field pattern for
trench etch
i
| l, Ik,
Ve
front plate ; I
Ly
(Al |
| S |
insulation trench
v \— silicon beam

Figure C.2: Layout of a one-dimensional meander type actuator, trench-etch layer
shown.

Figure C.3 depicts a part of a two-dimensional meander type actuator. The length
of the bimorphs I, is either 800 or 1000 pm, the width of the silicon is either 5 ym or
8 um. The other dimensions are: {1 = 900 or 1100 pym , I = 300 pm, I3 = 300 um,
l4 = 200 pm, [, = 255 pm. The insulation trench is 80 um wide.

The topcell for KA25m is called ’topcell 2d’. It includes the following cells:
e 2d_805_main: Two-dimensional meander actuator, [, = 800 um, /; = 900 um,
Wg; = 5 pm.

e 2d_1008_main: Two-dimensional meander actuator, /[, = 1000 pm, Iy = 1100

pm, wg; = 8 pm.

e 1d_main: Four one-dimensional actuators, two of them with wg; = 5 um and

two of them with wg; = 8 pm.
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- ‘ ‘ ‘ =
T \ { [ f dark field pattern for
L._l_3._, ;L L ,}J ﬂ :] trench etch
S I, w
e |
ek ] =
5 central table
| ]
b 12
insulation trench 1 silicon beam
/
s
|

Figure C.3: Layout of a two-dimensional meander type actuator, trench-etch pattern
shown.

e ac_main: Actuated Cantilevers, 1000 ym and 1500 um long, wg; is 5 um and 8

pam.

e sc_main: Simple test cantilevers, 1000 ym and 1500 pym long, wg; is 5 um and

8 pm.

C.2.2 Micro Relays (Mask KA26m)

Figure C.4 depicts the layout for a micro-relay. The length of the bimorphs /, is 1000
pm, the width of the silicon wg; is either 5 um or 8 um. The other dimensions are:
l; = 300 pum, Iy = 300 pm, I3 = 300 um, Iy = 200 um. The insulation trench is 80
pm wide. The contact gap is either 6 ym, 12 ym or 20 ym wide.

i 1 I movable : dark field pattern for
-~ S| - contact ' trench etch
[ |
14 |
o]
| A
contact gap
l
| b lz
insulation trench |
\/ : silicon beam

|
-]

Figure C.4: Layout of a normally-closed micro relay, trench-etch pattern shown.
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The topcell for KA25m is called 'topcell.ms’. It includes the following cells:

e ms_1005_main_612: Two normally open micro-relays with a contact gap of 6
pm and 12 um, two normally closed micro-relays with a contact gap of 6 ym

and 12 um, wg; = 5 pum for all four relays.

o ms_1008_main_612: Two normally open micro-relays with a contact gap of 6
pum and 12 pm, two normally closed micro-relays with a contact gap of 6 pm

and 12 um, wg; = 8 pum for all four relays.

e ms_1005_main_620: Two normally open micro-relays with a contact gap of 6
um and 12 pm, two normally closed micro-relays with a contact gap of 6 pm

and 20 pum, wg; = 5 pm for all four relays.

e ms_1008_main_620: Two normally open micro-relays with a contact gap of 6
um and 12 pum, two normally closed micro-relays with a contact gap of 6 um

and 20 um, wg; = 8 um for all four relays.

e ms_ac_main: Actuated Cantilevers, 1000 um and 1500 pm long, wg; is 5 pm

and 8 pm.

e ms_mc_main: Test structures for laterally vibrating cantilevers.
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ANSYS Log-Files

In this appendix, the ANSYS log-files are listed for the simulations described in chap-
ter 4 and chapter 7, including simulations on the clamped-clamped beam (D.1), the
one-dimensional meander actuator (D.2) and the two-dimensional meander actuator
(D.3). For each actuator, the model is defined first, followed by thermal, structural,
transient and modal analyses. The ANSYS log-files include a list of ANSYS com-
mands and are read into the ANSYS Multi Physics software.

D.1 Clamped-Clamped Beam

The ANSYS-files for the clamped-clamped beam actuator are listed in this section,
starting with the model, which is needed for all other simulations. The simulations

are described in chapter 4.3.

D.1.1 Model for the Clamped-Clamped Beam

Sk sk sk 3f i 3K 3K SR 3k SR SRR o ok skook sk skokook 3k ok Rk sk sk ok ook stk sk sk sk kol kR R ROk kR ok kR

/pnum,volu,1

/prep?

emunit,mks

sk sk sk sk ok ok Sk Sk sk s ok e sk sk SR sk sk skesk sk skt sk sk sk sk sk sk skosk sk sk ok sk sk ok sk skokoskosk sk kR kR
ldimensions

1=1000e-6

h=6e-6

wSi=5e-6

wAl=2.5e-6

t=0.01

volSi=1*wSi*h

pwr=2e-3

pwrden=pwr /volSi

sk ok sk sk sk sk ke ok sk sk skok sk sk sk sk sk st sk sk sk sk sk sk sk sk sk sk stk sk sk sk sk skl sk skok sk skokeok ok
Imaterial properties

nu=0.3
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ESI=1.3e11

aS3i=2.6e-6

kSi=1.49¢2

denSi=2.38e3

cSi=702.24

trefSi=300

EAl=6.5¢10

aAl=2.5e-5

kAl=2.37e2

denAl=2.7e3

cAl=898.7

trefAl=300

Sk 3k sk ok sfe s sk sk sk sk skok Skook sk sk skook sk sk sk kol sk sk sk skeskosk sk skt sk sk sk sk skok sk sk sk kokok sk
Iset material properties
Imaterial 1 = silicon
mp,ex,1,ESi

mp,alpx,1,aSi
mp,kxx,1,kSi
mp,prxy,l,nu
mp,dens,1,denSi
mp,reft,1,trefSi

mp,¢c,1,eS1

Imaterial 2 = aluminium
mp,ex,2,EAl
mp,alpx,2,aAl
mp,kxx,2 kAl
mp,prxy,2,nu
mp,dens,2,denAl
mp,reft,2,trefAl
mp,c,2,cAl

sk 3f ok sk sk sk sk kool sk sk sk ok sk sk sk ok sk ok stk sk sk Sk sk sk sk sk sk sk sk skook sk sk skok skosk sk skokokosk
element type

et,1,70 | element type
boptn,keep,no

Sk sk sk sk sk sk sk skesk sk sk skeok ok ok stk skosk sk sk sk skosk ok sk sk sk sk sk sk sk skok skok skok sk skok kok skck
!define geometry
block,0,1,0,wSi,0,h
block,0,1,wSi, wSi4+wAlLOh
sk 3 ok sk s sk skook sk sk skosk sk sk skt ook sk sk skesk sk sk sk sk stk skesk sk sk skok sk skok sk sk sk ok skok
lassign materials
vsel,s,volu,,1

vatt,1,,1

allsel

vsel,s,volu,,2

vatt,2,,1

allsel

S sk 3ok s ok koK skook skosk sk sk sk sk sk ko sk 3R 3k Skoskok ok sk ok sk sk skok sk seokokoskokoskoskskoskok sk

ldetermine mesh density
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Isel,s,length,,h
lesize,all,,,1
allsel
Isel,s,length,,wSi
lesize,all,,,1
allsel
Isel,s,length,,wAl
lesize,all,,,1
allsel
Isel,s,length,,]
lesize,all,,,80
allsel

sk s sk sk s st ok ok ok stk R ok o sk oo sk sk stk sk ok sk sk ok e f s sk st st e ok ok

Imesh the model
vmesh,all
allsel

sk sfesf sk s sk sk skok stk sk skeskokok sk skotesk skokokok sk skokoskokokoskoRokskok skskokeskskokkoskok

!merge the two materials
nummrg,node,le-7
nummrg,kp,le-7

save

D.1.2 Temperature Distribution (Clamped-Clamped Beam)

stk kst ok sk ok sk ok koo ok skok ok skok skok sk okok skok sk sk ok sk kR 3R kR skok sk Rk kR ok skkok

lapply thermal boundary conditions
/solu

asel,s,loc,x,0 ! select areas at x=0, right terminal face

da,all,temp,300
allsel

asel,s,loc,x,1 | select areas at x=I, left terminal face

da,all,temp,300
allsel

vsel,s,mat,,1
bfv,all,hgen,pwrden
allsel

ks sk ok >R 3K oK 3R SRR ok 3k koK skook ook ok sk sk sk ok R ok SRk ok ok R kR sokoskoskokokok skoR kR

lobtain thermal solution

solve

D.1.3 Deflection Curve (Clamped-Clamped Beam)

st sk sk sk koo sk sk sk ok Sk kok stk skokoskoskokokoskokeoskokokoskoskskor Seokosteok skokoskekok skekokok

lapply structural boundary conditions

/prep7
et,1,45

nsel,s,loc,x,0 ! select all nodes at x=0

d,all,all
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allsel

nsel,gloc,x,1 | select all nodes at x=1

d,all all

allsel

sk sk sk sk sk sk sk sk ok sk ok ok sk sk sk sk sk sk sk stk sk sk sk skok ko skok sk sk sk sk sk skosk sk skok skokok skokok sk
Iread results of thermal simulation
ldread,temp,,,,,,rth ! read temperature load

s sk sk s st s sk sk sk sk ok sk sk sk sk sk sk sk sk sk sk sk stk siesk sk R sk sk sk skoskok sk sk okok skokok skoekoskk
lobtain structural solution

/solve

antype,static

pstres,on

solve

finish

sheosk sk 3k sk sk ok sk sk sk sk sk skeok skesk sk sk sk sk sk sk sk skesk skok sk sk skok sk sk skokoskokoskokosk skokkok
Iplot deflection shape

/postl

plnsol,u,y,0

D.1.4 Thermal Time Constant (Clamped-Clamped Beam)

ks sk ok sk sk ok ok Sk ok Sk ks koo sk sk kR Rk Ok 3R R R kR Kok stk skok skok sk kR sk ok kR Kok ok

! set up transient solution
/solu

antype,trans,new
solcontrol,on,0

tunif,300 ! initial condition, temperature for all nodes = tref

allsel

asel,s,loc,x,0 ! select areas at x=0, right terminal face
da,all,temp,300

allsel

asel,s,loc,x,1 | select areas at x=I, left terminal face
da,all,temp,300

allsel

save

time,t

allsel

autots,on

DELTIM,0.01%t,0.01%4,0.1%¢,1

kbe,1

vsel,s,mat,,1

bfv,all,hgen,pwrden

allsel

outres,all,all

save

s sk sk sk sk sk ok sk ok ok sk ok sk sk sk sk sk sk sk sk ok sk sk sk sk ok s sk sk sk sk ok ok sk kol sk sk sk skoskoskoskoskok skok
! obtain transient solution

solve
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3ok sk sk sk s sk sk ek skoskok skoskok skoskskoskesk sk sk okok stk sk skosk ok skoskok sk skeskoskeok skeokok skok

! plot temperature versus time
/post26

nsol, 2,43 temp

/yrange, 300,340
/xrange,0,1e-2
/gropt,axnsc,1.6
/gropt,ltyp,0

Jaxlab,x time[s]
Jaxlab,y,temperature[K]
/gropt,divx,5
/gropt,divy,4

plvar,2

prvar,2

D.1.5 Lateral Resonances (Clamped-Clamped Beam)

Standard Analysis (Lateral Resonances, Clamped-Clamped Beam)

Sk ok ok ok koK ok ek stk skokok skokokok Rk kR sk sk sk stk skokskok skoekokskoskokoskskokoksk

! setup modal analysis
antype,modal

modopt,lanb,6

allsel

asel,s,loc,x,0 | select areas at x=0
da,all,ux,0 ! constraints
da,all,uy,0

da,all,uz,0

allsel

asel,sloc,x,l | select areas at x=1
da,all,ux,0 ! constraints
da,all,uy,0

da,all,uz,0

allgel

mxpand,b

sk sk ske sk sk sk 3k sk sk sk ok sk sk sk sk sk sk sk sk sk sk sk sk sk koo sk ok sk sk sk sk skt stk skokoskok skoskok sksk kok
I obtain modal solution

solve

sk sk ok ok sk sk ok sk sk sk ok s sk sk sk sk sk sk e s sk sk sk sk skesk sk ok sk sk skok sk ok sk skokoskeostok skok ks ko
I print displacement along x-axis
/postl

set,list

set,1,4

pldisp,0

lanmode, 10,0

path,pl,2

ppath,1,,0,0,0

ppath,2,,1,0,0

pdef,disp,u,y
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prpath,disp

Analysis Varying the Static Deflection (Lateral Resonances, Clamped-
Clamped Beam)

2R3 3K K ok 3kosk sk sk oR 3R SR 3K ok ok 3K R 3K ok 3k ok sk stk sk stk sk ok R KRR SOk ok sk okok ok kok

Inumber of points
rep=10

Imultiplier power=counter*multiplier*le-3
mult=0.2

Sk sfeske sk Sk sk sk sk sk sk sk sk sk sk sk sk sk skesk sk sk skosk sk sk sk stk koot sk sk skeoioskoskok sk ok skokok skokokok
! loop thermal solution
*do,counter,0,rep,1
/prep7
pwr=counter*mult*le-3
pwrden=pwr/volSi
et,1,70

asel,s,loc,x,0

da,all temp,300

allsel

asel,s,loc,x,1
da,all,temp,300

allsel

allsel

vsel,s,mat,,1

bfv,all hgen,pwrden
allsel

/solu

antype,static
outres,nsol
Iswrite,counter+1
*enddo

sk sk sk sk 3k sk sk sk sk sk sk sk sk sk sk ok ok sk sk sk ok sk sk sk sk sk ok ok ok ok sk sk sk sk skosk kR Skok skosk sk kokskok
! obtain thermal solution
Issolve,1,counter+1

save
finish

3 s sk sk ok ok oK ok sk sk sk sk sk skosk sk sk ok ok sk sk sk SRk skesk skok sk oskoskokokoskok sk skok skoskoskosk
I loop structural and modal solution
*do,counter,0,rep,1

/prep7

et,1,45

nsel,s,loc,x,0 ! select all nodes at x=0

d,all,all

allsel

nsel,s,loc,x,l | select all nodes at x=1

d,all;all

allsel
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/solu

ldread,temp,counter+1,,,,,rth

bfedele,all,hgen

antype,static

K3 o sk ok o o ok ok o ok oK ok oK ok sk sk sk ok R oK SR ok sk s o sk sk ook kR o oK sk ok sk ok sk ok ok
! obtain structural solution

solve

finish

3k sk ok ok sk ok sk sk ok 3k sk sk sk sk ok sk sk sk sk skosk ok kR sksk sk sk skosk skoskoskoskoskokockoskockok skokok skokoskk
! write output file

/postl

nsort,u,y,1
*get,ve,sort,, max

finish

/solu

antype,modal

pstres,on

modopt,subsp,4

allsel

nsel,s,loc,x,0 | select all nodes at x=0
d,all,all

allsel

nsel,s,loc,x,1 | select all nodes at x=1
d,all,all

allsel

mxpand,4

outres,all,all

solve

/postl

set,1,1

*get, frmod1,active,,set,freq
nsort,u,y,1
*get,max._uyl,sort,,max
nsort,u,z,1
*get,max._uzl,sort,,max
set,1,2
*get,frmod?2,active,,set,freq
nsort,u,y,1
*get,max_uy2,sort,,max
nsort,u,z,1
*get,max_uz2,sort,,max
set,1,3
*get,frmod3,active,,set,freq
nsort,u,y,1
*get,max_uy3,sort,,max
nsort,u,z,1

*get, max_uz3,sort,,max
set,1,4
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*get, frmod4,active,,set,freq

nsort,u,y,1

*get, max_uy4,sort,, max

nsort,u,z,1

*get,max_uz4,sort,,max

pwr.mW=counter*mult

*cfopen,resdata,txt,,append

*ywrite,trefAl,pwr.mW,ve,frmodl, max_uyl,max_uzl,frmod2,max_uy2,max_uz2,
frmod3,max_uy3,max_uz3,frmod4,max_uy4,max_uz4
(£5.1,2x,f4.2,2x,69.4,,4%,18.1,1x,67.2,1x,e7.2,4x,18.1,1x,e7.2,1x,e7.2,4%,
8.1,1x,67.2,1x,67.2,4x,18.11x,e7.2,1x,67.2)

*cfelos,resdata, txt

finish

*enddo

Amalysis Varying the Aluminium Reference Temperature (Lateral Reso-
nances, Clamped-Clamped Beam)
sk >kosk sk >k sk ok sk sk sk sk sk sk sk sk stk sk sk sk sk sk skookosk sk sk sk sk sk sk skokok sk skeok sokosk ok skok

Inumber of points

rep=10

ltemperature range, trefAl=300+trange

trange=40

sk sk sk ok ok sk ok ko ok ok sk sk ok ok ok sk sk sk sk ok ok ok sk sk skok sk ok skeok sk sk ok sk ko skoskoskokok skok kok
lloop aluminium reference temperature
*do,counter,0,trange,trange /rep

>k 3k sk ok ok ok skesksk ok skook 3k koK R oK ok ok 3K sk ok koo ROk ok sk ok sk ok skok kiR kock skokok Rk Rk

Istructural analysis

/prep7

et,1,45

tunif,300

trefAl=300--counter

mp,reft,2,trefAl

nsel,s,loc,x,0 | select all nodes at x=0
d,all,all

allsel

nsel;s,loc,x,1 | select all nodes at x=1
d,all,all

allsel

/solve

antype,static

pstres,on

st sk sk ok 3k sk 3k sk >k sk ok sk sk sk stk skosk ok sk sk sk sk sk skostosk sk skoskok sk storokok ok skokok skekoskok
lobtain structural solution

solve
finish

stk R oK 3R o R Sk Skosk sk ok sk sk ok R Sk R KR 3K 3k 3k ok sk ok 3k sk ok sk skokek sk skokokok sk kok skok

Imodal analysis
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/solu

antype,modal

pstres,on

modopt,subsp,4

allsel

nsel,s,loc,x,0 ! select all nodes at x=0
d,all,all

allsel

nsel,s,loc,x,1 | select all nodes at x=1
d,all,all

allsel

mxpand,5

solve

sk sk sk sk ok ok ok sk sk sk sk sk sk sk sk s sk sk e sk ok sk sk sk skook sk sk sk skosk skosk skeskokesk skokoskokok skok
lwrite data to output file
/postl

set,1,1
*get,frmod1,active,,set,freq
nsort,u,y,1
*get,max._uyl,sort,,max
nsort,u,z,1
*get,max_uzl,sort,,max
set,1,2
*get,frmod2,active,,set,freq
nsort,u,y,1

*get max_uy?2,s0rt,,max
nsort,u,z,1
*get,max_uz2,sort,,max
set,1,3
*get,frmod3,active,,set,freq
nsort,u,y,1
*get,max.uy3,sort,,max
nsort,u,z,1

*get, max.uz3,s0rt,,max
set,1,4

*get, frmodd4,active,,set,freq
nsort,u,y,1

*get, max_uy4,sort,,max
nsort,u,z,1

*get, max_uz4,sort,,max
pwr-mW=0
*cfopen,resdata,txt,,append

*vwrite,trefAl, pwr_.mW,frmod1,max_uyl,max_uzl,frmod2,max_uy2,max_uz2,

frmod3,max_uy3,max._uz3,frmod4,max_uy4,max_uzd

(£6.2,2x,14.2 4% e12.6,1x,e7.2,1x,e7.2,4x,e12.6,1x,e7.2,1x,

€7.2,4xe12.6,1x,e7.2,1x,e7.2,4xe12.6,1x,e7.2,1x,e7.2)
*cfclos,resdata, txt
finish
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*enddo

D.2 One-Dimensional Meander Actuator

The ANSYS-files for the one-dimensional meander actuator are listed in this section,
starting with the model, which is needed for all other simulations. The simulations

are described in chapter 4.4.

D.2.1 Model for the One-Dimensional Meander Actuator

Shesfesk sk sk sk sk ok sk sk ok eookok sk skok ko sk skokok sk skok kR kosk ok sk kR Rk ok sk skokok skok

Imodel

/pnum,volu,1

/prep7

emunit, mks

>k sk sk sk sk sk skook ok sk sk sk sk skesk sk sk sk skosk sk sk sk sk sk sk sk skok sk ok sk sk sk sk ko sk sk skok skok kok
!dimensions

[=1000e-6

h=30e-6

wSi=8e-6

b=300e-6

11=100e-6

wAl=1.5e-6

wer==8e-6

wl=8e-6

w2=8e-6
voll=4*1*wSi*h
vol2=2*b*w1*h
vol3=4*b*w2*h
volSi=voll+vol2+vol3
ks sk sk sk sk sk ok ok ok sk sk sk sk sk sk sk sk skosk sk stk sk sk sk skokook sk sk sk sk sk sk skook Skoskokoskeskokok
Imaterial properties
nu==0.3

tref=300

ESI=1.3ell

aSi=2.6e-6

kSi=1.49e2
denSi=2.38e3
cSi=702.24
EAI=6.5¢10
aAl=2.5e-5

kA1=2.37e2
denAl=2.7e3
cAl=898.7

skeskook s sk sk SR 3R oK SRk sk okosk sk ok sk Sk sk skook skok stk skt sk stk ok skok skok ok seokskokoskokok k
Iset material properties
Imaterial 1 = silicon
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mp,ex,1,ESi
mp,alpx,1,aSi
mp,kxx,1,kSi
mp,prxy,1l,nu
mp,dens,1,denSi
mp,reft,1,tref
mp,c,1,cSi
Imaterial 2 = aluminium
mp,ex,2,EAl
mp,alpx,2,aAl
mp,kxx,2, kAl
mp,prxy,2,nu
mp,dens,2,denAl
mp,reft,2,tref
mp,c,2,cAl

sk sk sk sk sk sk skeok sk sk SR R ok sk sk sk sk sk skosk kol sk sk oK ok ko skok skok ki sk ok sk kR ok ok Rk

lelement type, thermal
et, 1,70

Sk 3k sk Kok sfesk sk skook kR sk skt sk stk siok skokoskok ek skolok skokokoskoskokokoskok skokoskokokoskok

ldefine geometry

boptn,keep,no
block,0,b-wAlll4+w2,0,h
block,b-wALb,1,1+w2,0,h
block,b,b+wSi,]1+w2,0,h
block,b,b+wSi,wl1,1,0,h
block,b,b+wSi,0,w1,0,h
block,b+wSi,b+wSi+wAl0,w1,0,h
block,b+wSi+wAl 2*b-wSi-wALO,w1,0,h
block,2*b-wSi-wAl,2*b-wSi,0,w1,0,h
block,2*¥b-wSi,2*b,0,w1,0,h
block,2*b-wSi,2*b,w1,1,0,h
block,2*¥b-wSi,2*b,1,14+w2,0,h
block,2*b,2*b+wAlLl+w2,0,h
block,2*b+wAl3%b,11+w2,0,h
block,3*b,3*b+wer,1,14+w2,0,h
block,3*b,3*b+wer, 1 4+w2,1+w2+11,0,h
block,b-wAlLb,0,w1,0,h
block,b-wAlLb,w1,1,0,h
block,2*b,2*b+wAl,0,w1,0,h
block,2*b,2*b+wAl,w1,1,0,h

allsel

sk sk ook sfe sk sk skoskok skok skeskskoskoskeoskosk skoskskok sk SRk kR skokoskok skokokoskok skokskokskokoskok

lassign materials to geometry
vsel,all

vatt,1,,1

allsel

vsel,s,loc,x,b-wAlLDb
vsel,u,loc,y,1,14+w2
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vatt,2,,1

allsel
vsel,s,loc,x,2%b,2%b+wAl
vsel,u,loc,y,l,1+w2

vatt,2,,1

allsel

Sk 3k SR 3K sk skeok ok ok K Sk sk sk sk sk sk ok stk skodosk skesk sk sk ok sk ok ok skook skeok skook skeok skesk skok skokosk skok
!define mesh density
lsel,s,length,.h

lesize,all,,,1

allsel

Isel,s,length,,wSi
lesize,all,,,1

allsel

Isel,s,length,,h

lesize,all,,, 1

allsel

Isel,s,length, wSi
lesize,all,,,1

allsel

Isel,s,Jength, wAl
lesize,all,,,1

allsel

Isel,s,length,,wer
lesize,all,,,1

allsel

Isel,s,length,, wl
lesize,all,,,1

allsel

Isel,s,length, w2
lesize,all,,,1

allsel
Isel,s,length,,l-2*wSi,1+wSi
lesize,all,,, 80

allsel

Isel,s,Jength, 11-wSi,11+wSi
lesize,all,,, 10

allsel

Isel,s,Jength, b-2*wSi,b+2*wSi
lesize,all,,,20

allsel
Isel,s,length,,1-2%wSi,1+wSi
lesize,all,, .80

allsel
Isel,s,Jength,,11-wSi,11+wSi
lesize,all,,.5

allsel
Isel,s,length,,b-2*wSi,b-+2*wSi
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lesize,all,,,20

allsel

3K >k sk ko sk sk sk sk sk ok sk sk sk sk sk sk sk sk o sk sk sk skt koo sk sk sk skoskosk sk skokokok skoskok sk ok
Imesh the model

vmesh,all

vsel,all

>k >k sk sk sk sk sk kR Ok sk sk sk ik sk sk sk koo sk sk sk ok sk ok ok ok SR sk sk ok skook ok sk skok sk ok sk skok sk ok
Imirror half structure

local,11,0,0,14+w2+11,0

vsymm,y,all

allsel

>k >k sk ok sk sk sk sk sk skl ok sk sk sk sksk ok sk skeok ok sk sk koot sk sk Sk sk sk sk skook sk sk stk skosk sk skokoskok
Imerge the two materials

nummrg,node,le-7

nummrg,kp,le-7

finish

D.2.2 Temperature Distribution (One-Dimensional Meander

Actuator)

Sheske sk s sk sgosk sk ko okok ko skokokok skl sk ek skekokokskok ok sk skokeskokokokosk skok kokok skskokok

ldefine volumes and input power

/prep?

et,1,70 ! element type

voll=4*1*wSi*h

vol2=2*b*wl1*h

vol3=4*b*w2*h

volSi=voll +vol2+vol3

pwr=06e-3

pwrden=pwr /volSi

asel,s,loc,x,0 ! select areas at x=0

3k 3k sk sk sk sk sk sk sk 3k sk sk sk sk o sk ok sk sk ok sk skesk sk sk sk sk sk koot sk skoskoskokoskoskoskoskok sk ok
lapply thermal boundary conditions and loads
da,all,temp,300

allsel

vsel,s,mat,,1

vsel,u,loc,x,3%b,3*b+wer

bfv,all,hgen,pwrden

allsel

sk sfeske sk sk sk sk sk sk sk sk sk stk sk ok sk sk skosk sk sk skosk sk sk sk sk skesk sk sk sk sk skok sk sk skekoskosk ok
lobtain thermal solution

/solve

solve
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D.2.3 Static Deflection (One-Dimensional Meander Actua-
tor)

Simple Analysis (Static Deflection, One-Dimensional Meander Actuator)

S >k 3k ke sk sk sk s sk ok ok ok sk sk koo sk sk sk skl sk sk skt skesk skok skeoskokosk ok sk skl skeok sk sk ok kok sksk
lapply structural boundary conditions

/prep7

et,1,45

nsels,loc,x,0 | select all nodes at x=0

d,all,all

allsel

ek sk sk 3k ok sk sk sk sk sk sk sk sk sk skok sk sk sk sk sk sk sk sk sk skeokoskosk sk sk skokok sk skok skoskokokok ko
Iread results of thermal analysis

ldread,temp,,,,,,rth ! read temperature load

finish

ek 3k sk > 3 ok sk sk sk sk sk sk sk sk sk sk sk skt sk sk stk ok sk sk sk sk skoslosk Sk sk skskoskook sk skoskok sk sk skok
lapply thermal boundary conditions

/solve

antype,static

solve

finish

Analysis Varying the Input Power (Static Deflection, One-Dimensional
Meander Actuator)

oKk 3k 3K SR 3ok ok ok Sk ok sk 3R kR SRR R Stk sk skesk skok sk Kook kR sk skok Rk skokok sk skok sk

Iset maximum power

maxpower=2

>k sk sk sk ks sk sk sk sk sk sk sk sk skoskeok sk sk sk sk sk sk sk skoskok sk sk sk sk skolokok skokoskokok skockoskok
! loop for thermal analysis

*do,counter,1,maxpower,1

pwr=counter*le-3

pwrden=pwr/volSi

/prep?

sk sk sk sk 3K sk s e sk ofe sk sk sk sk skt sk sk sk sk sk sk sk sk sk sk sk sk sk sk skosk sk sk sk sk skesk stk sk skok sk sk sk
I thermal analysis

et,1,70 | element type

asel,s,loc,x,0 ! select areas at x=0

da,all,temp,300

allsel vsels,mat,,1 lvsel,u,loc,x,3*b,3*b-+wer biv,all,hgen,pwrden
allsel

/solu antype,static outres,nsol lswrite,counter *enddo
shesk sk >k 3k ok sk Sk sk sk sk sk sk sk sk sk skok skosk sk kool sk sk sk skesk sk sk sk kol sk sk ok sk skokok skok ok
lobtain thermal solution

Issolve, 1, maxpower

save

finish

Stesfesk okesk ki ook sk sk skoskosk stk sk Sk stk skokosk sk skok skok skokokosiokosk skok skokokoR kokekokok
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oop for structural analysis
*do,counter,1,maxpower,6

/prep7

et,1,45

nsel,;s,loc,x,0 ! select all nodes at x=0

st sk 3k o sk sk sk sk sk oK sk sk sk sk sk sk sk sk sk skosk sk ok sk Sk sk skesk sk sk skoskook sk skt sk skosk skokoskoskosk kok
Istructural boundary conditions

d,all,all

allsel

ldread,temp,counter,,,,,rth | read temperature load
bfedele,all,hgen

finish

/solu

antype,static

sk sk ok sk sk sk sk ok sk Sk koo sk sk sk sk stk skeoske sk sk sk skt skosk sk sk kol ok s skokosk skokosk skokok skok ko
lobtain structural solution

solve

finish

sk sk 3k sk ok sk sk seosk Sk sk koot sk sk sk sk sk sk skosk sk sk sk sk kit sk sk kst ok sk skok sk sk skok skeokokoskosk ko
lwrite data to output file

/postl

pwr.mW=counter

*get,defl node,953,u,x
*cfopen,meald_stat.1,txt,,append
*vwrite,pwr_.mW,defl
(£5.1,2x,e15.7)
*cfclos,meald_stat_1,txt

finish

*enddo

D.2.4 Thermal Time Constant (One-Dimensional Meander

Actuator)

ke sfesk sk sk ok ok ok ok sk Sk ok sk sk sk skokok ok skokoR skokosk sk skok skokok skofotokok sokokok skokoskok

I specify transient analysis

/solu

antype,trans,new

solcontrol,on,0

sk sk sk sk sk sk sk ok sk sk sk sk sk sk sk sk sk sk sk sk sk koo ke sk sk sk sk sk okosk sk skok SRk skoko sk skokokok
Idefine thermal boundary condtions

tunif,300 ! initial condition, temperature for all nodes = tref
allsel

asel,s,loc,x,0 | select areas at x=0

da,all,temp,300

allsel

save

sk stk oK ok ok ok 3k Sk sfeske sk sk sk sk skook Rk R R KRk ok sk ok sk ok sk sk ok R Rk ok Rokok kR SRk kok

Isetup transient analysis
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time,t

allsel

autots,on
DELTIM,0.01%¢,0.01%¢,0.1%¢,1
kbe,1

vsel,s,mat,,1
fvsel,u,loc,x,3*b,3*b+wer
bfv,all,hgen,pwrden

allsel

outres,all,all

save

sk sk sk ok sk sk sk sk sk sk sk ok Sk sk sk ks sk sk skl sk skl sk sk sk skok skt sk skok skokoskoskokskskokok
lobtain transient solution
solve

>k >k sk sk ok sk ok sk ok ok sk Sk stk sk sk Sk sk sk sk skesk skt sk skok sk skosk sk sk sk ok skokosk kokok skokskok
Iplot temperature versus time
/post26

nsol,2,953 temp
/yrange,300,420

/xrange,0,t

/gropt,axnsc,1.6
/gropt,ltyp,0

/axlab,x,time]s]
/axlab,y,temperature[K]
/gropt,divx,5

/gropt,divy,4

plvar,2

prvar,2

D.2.5 Lateral Resonances (One-Dimensional Meander Actu-

ator)
sk 3f s sk skeok sk ok ok sk ok skesk skook skl sk skok sk sk sk kok kiR ok sk skokoskokok ok oskok sk ok ok

! thermal analysis

/solu

asel,s,loc,x,0 ! select areas at x=0
da,all,temp,300

allsel

vsel,s,mat,,1
lvsel,u,loc,x,3%b,3*b+wer
bfv,all,hgen,pwrden

allsel

solve

/prep7

et,1,45

nsel,s,loc,x,0 ! select all nodes at x=0
d,all,all

allsel
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ldread,temp,,,,,,rth ! read temperature load
2k 3k ok sk sk sk sk skeosk ok sk ok ok sk ok sk sk sk skok sk sk sk stk skosk sk skook sk sk skosk skok sk skok skok ek ok
! obtain thermal solution

/solve

antype,static

pstres,on

solve

finish

3K 3K 3K s ok o s sfe sk 3ok Sk e ok ok o sk sk ok ok Kk sk o ok sk Kok Skok sk sk ok ok ok sk sk skok ok sk Rk
! modal analysis

/solu

antype,modal

pstres,on

modopt,lanb,10

allsel

asel,s,loc,x,0 | select areas at x=0
da,all,ux,0 ! constraints

da,all,uy,0

da,all,uz,0

allsel

mxpand,10

solve

/postl

set,list

set,1,2

pldisp,0

lanmode, 10,0

D.3 Two-Dimensional Meander Actuator

The ANSYS-files for the two-dimensional meander actuator are listed in this section,
starting with the model, which is needed for all other simulations. The simulations

are described in chapter 4.5.

D.3.1 Model for the Two-Dimensional Meander Actuator

KK 3k sk ok ok oK R oK K OR KK sk ok kR R KR 3K K ok R ok R SRk 3R K sk kR Ok Kok ok skok sk okok Rk

/pnum,volu,1

/prep?

emunit,mks

Sskk 3k sk Rk 2R R R sk ok sk sk sk sk sk sk skoskosk s sk ok sk skosk skok sk skok skok skok skoskoskoskok skosk kok
!dimensions

1=1000e-6

h=30e-6

wSi=8e-6

a=300e-6

b=300e-6
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c¢=100e-6

m=100e-6

n=100e-6

wAl=1.5e-6

wa=28e-6

wh=8e-6

we=8e-6

wm=10e-6

d=l+wb+n-c-wm-wc

>k 22k 3k ok sk sk sk sk sk sk ok sk sk skeok skt skeokosk sk sk skooko sk sk sk sk skok koo skosk sk sk ok sk okok skok skok
Imaterial properties

nu=0.3

tref=300

ESI=1.3el1

aSi=2.6e-6

kSi=1.49¢2

denSi=2.38e3

EAl=6.5e10

aAl=2.5e-5

kAl=2.37e2

denAl=2.7e3

>k 3k 3k ok ok sk sk ok sk ook sk sk skesk sk sk sk sk sk sk ko sk sk ok sk sk sk koot sk sk sk ok sk sk sk sk sk ok sk sk skok
Iset material properties

Imaterial 1 = silicon

mp,ex,1,ESi

mp,alpx,1,aSi

mp,kxx,1,kSi

mp,prxy,l,nu

mp,dens,1,denSi

mp,reft,1,tref

Imaterial 2 = aluminium

mp,ex,2,EAl

mp,alpx,2,aAl

mp,kxx,2,kAl

mp,prxy,2,nu

mp,dens,2,denAl

mp,reft,2 tref

>feskesk 2k oK skOK K ook sk sk sk sk sk sk ok sk sk sk sk ok sk sk sk sk sk sk sk skesk stk skskosk skoskokoskokok sk
! silicon geometry
local,12,0,-m-we-d-wme-c-2*wSi-b-a,-m-we-1-wb,0,0
WpCsys

block,0,a-wALl+wb,l+wb-+wa,0,h
block,a~-wAl,a,l+wb,l+wb+wa,0,h
block,a,a+wSi,14+wb,l+wb+wa,0,h
block,a,a+wSi,wb,l+wb,0,h
block,a,a+wSi,0,wb,0,h
block,a+wSi,a+wSi+wAl0,wb,0,h
block,a+wSi+wAl,a+wSi+b-wAl 0,wb,0,h



Appendix D. ANSYS Log-Files

185

block,a+wSi-+b-wAl,a+wSi+b,0,wb,0,h
block,a+wSi+b,a+2*wSi+b,0,wb,0,h
block,a+wSi+b,a+2*wSi+b,wb,wb+1,0,h
block,a+wSi+b,a+2*wSi+b,wb-+1,wb+l+wc,0,h
block,a+2*wSi+b,a+2*wSi+b+wAl,wb-+1,wb+1+wc,0,h
block,a+2*wSi+b+wAl a+2*wSi+b+c,wb+l,wb-+1+we,0,h
block,a+2*wSi+b+c,a+2*wSi+b+c+wm,wb+1,wb+1+wc,0,h
Iblock,a+2*wSi+b+c,a+2*wSi-+b+c+wm,wh-+1+wa,wb+1+we-+m,0,h
block,a+2*wSi+b+c+wm,a+2*wSi+b-+c+wm+d,wb+1,wb+1+wc,0,h
block,a+2*wSi+b+c+wm-+d,a+2*wSi+b-+c+wm+d+we,wh+l+we,whb+1+we+m,0,h
skt ok o s skesk ok stk s sk sk sk ok ok of ke sk sk sk sk sk sk ok ok s sk sk skt sk skok ko ok

! settings for meshing

et,1,70

vatt,1,,1

Isel,s,Jength,,h

lesize,all,,,1

Isel,s,length,, wSi

lesize,all,,,1

Isel,s,length,,wAl

lesize,all,,,1

Isel,s,length,,wa

lesize,all,,,1

Isel,s,Jength,,wb

lesize,all,,,1

Isel,s,length,,wc

lesize,all,,,1

Isel,s,Jength,,wm

lesize,all,,,1

Isel,s,length,,]

lesize,all,,,40

Isel,s,length,,m

lesize,all,, 4

Isel,s,length,,a

lesize,all,,,10

Isel,s,length,,b

lesize,all,,, 10

Isel,s,length,,c

lesize,all,,,10

Isel,s,length,,d

lesize,all,,,30

vmesh,all

local,13,0,0,0,0,45

vsymm,y,all

csys,12

WpCSyS
block,a+2*wSi+b-+c+wm—+d,a+2*wSi-+b+c+wm-+d+we,wh-+l,wb-+1+we,0,h
vatt,1,,1

Isel,s,length,,wc
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lesize,all,,,1

vmesh,all

csys,0

wpcesys

vsymm,y,all

vsymm,x,all

AR ok R SRR R R R o K ok kR Rk s R sk kR ekl ok
! aluminium geometry (x-act.)

vsel,none

csys,12

WpCsys

block,a~-wAl,a,0,wb,0,h
block,a-wAl,a,wb,wb-+1,0,h
block,a+2*wSi+b,a+2*wSi+b+wAlL0,wb,0,h
block,a+2*wSi+b,a+2*wSi+b+wAl,wb,wb+1,0,h
vatt,2,,1

Isel,s,Jength,,wAl

lesize,all,,,1

Isel,s,length, I,

lesize,all,,,40

vmesh,all

stk sk kR kR ks Rk R sk okl Rtk ok ek ok
! create the whole model

csys,13

vsymm,y,all

¢sys,0

vsymm,y,all

vsymm,x,all

sk sk kR Rk Rk sk Rk ok ok sk skt sk ok ok sk stk ks sk sk ke ok
! merge materials

allgel

nummrg,node,le-7

nummrg,kp,le-7

D.3.2 Temperature Distribution (Two-Dimensional Mean-

der Actuator)

Skosfesk sk koo ok sk skoskok ook skok skokokoskok kiR ke stk skokokskokok skokoskok ok solor ook

Ithermal analysis

/prep?

csys,0

et,1,70 | element type
voll=4*1*wSi*h
vol2=2%a*wa*h
vol3=2*b*wb*h

vold=2*c*wc*h
vol5=2*wa*wSi*h+4*wb*wSi*h
vol6=2*wc*wSi*h
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volSi=voll+vol2-+vol3-+vold+vol5+vol6

pwr=6e-3

pwrden=pwr /volSi

>k sk sk ofe s sk s sk sk ok sk stk sk sk sk sk sk sk sk sk skook skesk ok sk sk sk sk sk ok skeok sk ok sk osk sk sk ok skok
Ithermal boundary conditions

asel s loc,x,-m-we-d-wm-c-2*wSi-b-a
asel,a,loc,x,m+we+d+wm-+c+2*wSi+b-+a
asel,aloc,y,-m-we-d-wm-c-2*wSi-b-a
asel,a,loc,y,m+wc+d+wm—+c+2*wSi+b+a
da,all,temp,300

allsel

vsel,s,loc,x,-m-we-d-wm-c-2*wSi-b-a,-m-we-d
vsel,u,loc,y,m+we+14+wh+n,m+wet+d+wm-+c+2*wSi+b+a
vsel,u,loc,y,-m-we-l-wb-n -m-we-d-wm-c-2*wSi-b-a
vsel,u,mat,,2

3K sk >k e sk sk ok ok R SR 3kosk skeok ok ok Stk skosk skok Sk sk okosk stk sk sk ok skosk skok skokoskok ok ok
lapply heat generation

bfv,all,hgen,pwrden

allsel

Sk 2k 2k e sfe ok ke sk sk 2k oA ok sk st sk e sk ok sk ok ok sk sk sk sk b ok ok sk sk sk ke s o ok ok sk sk ok ok sk ki ok ok koK
lobtain thermal solution

/solve

solve

>k >k ok sk ok sk sk sk sk skeskook sk sk sk sk sk sk sk sk sk stk ks sk ok s sk sk sk kool sk sk sk sk stk sk skok sk ok ok
Iplot temperature distribution

/postl

plnsol,temp

D.3.3 Static Deflection (Two-Dimensional Meander Actua-
tor)

SRR oK ok Kok ok ok sk ok sk sk skook sk ok sk stk sk sk ok skook Sk kol sk sk ok skok skok sk skok ok skokoskoskskok

I structural analysis

/prep?

csys,0

et,1,45

st sk sk ok sk sk >k sk skl sk s sk sk ok sk stk sk sk sk sk koot sk sk sk sk sk sk skskook o sk sk stk skt koskok Rk ok
! structural boundary conditions
asel,s,loc,x,-m-we-d-win-c-2*wSi-b-a,
asel,a,loc,x,m+we+d+wm-+c+2*wSi-+b-+a
asel,a,loc,y,-m-we-d-wm-c-2*wSi-b-a
asel,a,loc,y,m-+we+d+wm-+c+2*¥wSi-+b-+a

da,all,all

allsel

sk sk sk ok ok sk sk sk skeok ok Sk sk sk sk sk sk sk sk sk sfeske skeske sk sk sk sk sk sk sk skok stk skokok ok skokoskok
Iread results of thermal analysis

ldread,temp,,,,,,rth ! read temperature load
sk sk sk oK sk ok 3K K koK ok Sk stk sk ok sk ok Sk sk skosk ook ok ok stk sk ok sk sk ok skok ok koot skeskok ok sk okok
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lobtain structural solution
/solve

solve

>k >k ok sk ok o ok ok o Sk 3k ok ok skook Sk sk sk ok o ok sk sk ok ok ok ok >k 3k sk ok 3k sk ok ok sk sk sk sk sk SR ok ok ok ok sk ok
! plot deflection results
/postl

plnsol,u,x

/dscale,all,5

nsel,s,,,693

prnsol,u,s

allsel

D.3.4 Thermal Time Constant (Two-Dimensional Meander

Actuator)

Shesfesfe sk sk sk skesk Skooko ok sk stk sk skookok skt sk sk sokosk skoksk sk skokok sk ok skeokok sk skek

! transient analysis

/solu

antype,trans,new

solcontrol,on,0

3k o sk 3k ok sk sk sk sk ok sk Sk sk sk sk sk sk sk sk skosk ok sk sk skosk sk sk sk skok sk ok ko skok ok skok skokokok
lapply thermal boundary conditions

tunif,300 ! initial condition, temperature for all nodes 300 K
allsel

asel,s,loc,x,~-m-we-d-win-c-2*wSi-b-a
asel,a,loc,x,m+we+d+wm-+c+2*wSi+-b-+a
asel,a,loc,y,-m-we-d-wm-c-2*wSi-b-a
asel,a,loc,y,m+wc+d+wm-+c+2*wSi+-b+a
da,all,temp,300

save

time,t

allsel

autots,on

DELTIM,0.01%t,0.01%t,0.1*%¢,1

kbe,1

allsel

vsel,s,loc,x,-m-we-d-wm-c-2*wSi-b-a,-m-we-d
vsel,u,loc,y,m+we+1l+wb-+n,m+wc+d+wm—+c+2*wSi+b+a
vsel,u,loc,y,-m-we-l-wb-n,-m-we-d-wm-c-2*wSi-b-a
vsel,u,mat,,2

bfv,all,hgen,pwrden

allsel

outres,all,all

save

sk sk sk sk sk sk ok ok ok sk sk skosk sk sk sk sk ok sk sk sk sk skook sk ok sk sk sk sk ok sk sk sk sk okook ko sk skokoskosk ko
lobtain transient solution

solve
3 ok 3k s sk sk sk R 3K 3K 3k 3K sk sk ok sk sk sk sk sk ok 3K sk sk ok ok sk sk sk sk ok sk sk sk ok sk sk ok sk sk sk skoskosk ko
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Iplot temperature versus time
/post26

nsol,2,350,temp
/yrange,300,360
/xrange,0,t
/eropt,axnsc,1.6
/gropt,ltyp,0
/axlab,x,timels]
/axlab,y,temperature[K]
/gropt,divx,5
/gropt,divy,4

plvar,2

prvar,2

D.3.5 Lateral Resonances (Two-Dimensional Meander Ac-

tuator)

Skoskof sk sk sk skok ook ok sk skok sk sk skosksk kR Rk skokesk sk skok sokokokskok skokokosk skokoskoskok skok

! modal analysis
/solu
antype,modal
modopt,lanb,10
allsel

Stesfe sk sk sf sk sk ok sk sk skosko ok sk sk skokoskok ko sk skosk sk skok kiR skok skokokok skok skkok ko

lapply boundary conditions
asel,s,loc,x,~-m-we-d-wm-c-2%wSi-b-a

asel,aloc,x,m+we+d+wm-+c+2*wSi+b4-a

asel,a,loc,y,-m-we-d-wm-c-2*wSi-b-a

asel,a,loc,y,m-+we+d+wm-+c+2*wSi+b-+a

da,all,all
mxpand,5

solve

Shesfe sk sk sfe ok Sk sk kR Sk sk skok sk skok kol skoskoskoskosfok sokoskokskok skoskok otk skkkkok

! plot mode shape
/postl

set,list

set,1,2

pldisp,0
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Publications

E.1 Journal Publications

e H. Sehr, A. G. R. Evans, A. Brunnschweiler, G. J. Ensell, and T. E. G. Niblock,
“Fabrication and test of thermal vertical bimorph actuators for movement in
the wafer plane,” Journal of Micromechanics and Microengineering, vol. 11,
pp. 306 — 310, 2001.

e H. Sehr, I. S. Tomlin, B. Huang, S. P. Beeby, A. G. R. Evans, A. Brunnschweiler,
G. J. Ensell, C. G. J. Schabmueller, and T. E. G. Niblock, “Time constant and
lateral resonaces of thermal vertical bimorph actuators,” Journal of Microme-

chanics and Microengineering, vol. 12, pp. 410 — 413, 2002.

e C. G. J. Schabmueller, M. Koch, M. E. Mokhtari, A. G. R. Evans, A. Brunn-
schweiler, and H. Sehr, “Self-aligning gas/liquid micropump,” Journal of Mi-
cromechanics and Microengineering, vol. 12, pp. 420 — 424, 2002.

E.2 Conference Publications

e H. Sehr, A. G. R. Evans, A. Brunnschweiler, and G. J. Ensell, “Design and
fabrication of a novel thermally actuated vertical bimorph scanner for an in-

tegrated afm,” Design, Test and Integration of MEMS and MOEMS, Paris,
France, SPIE Vol. 4019, 2000.

e H. Sehr, A. G. R. Evans, A. Brunnschweiler, G. J. Ensell, and M. Kraft, “A
3-dimensional actuator based on a novel combination of thermally actuated
planar and vertical bimorphs,” International Conference on New Actuators,
ACTUATOR, Bremen, Germany, 2000.

e H. Sehr, A. G. R. Evans, A. Brunnschweiler, and M. Kraft, “Theoretical analy-
ses on a novel actuator based on thermally actuated vertical bimorphs,” Euro-
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pean Conference on Solid-State Transducers, Eurosensors, Copenhagen, Den-
mark, 2000.

e H. Sehr, A. G. R. Evans, A. Brunnschweiler, and G. J. Ensell, “Novel process
for deposition of aluminium onto sidewalls of silicon trenches,” Microfabrication
Process Technology VI, SPIE Vol. 4174, 2000.

e H. Sehr, I. S. Tomlin, S. P. Beeby, A. G. R. Evans, A. Brunnschweiler, G. J.
Ensell, C. G. J. Schabmueller, and T. E. G. Niblock, “Dynamic characterisation
of thermal vertical bimorph actuators,” Micromechanics Europe, MME, Cork,
Ireland, 2001.

e C. G. J. Schabmueller, M. Koch, M. E. Mokthari, A. G. R. Evans, A. Brunn-
schweiler, and H. Sehr, “Mass-producible, bubble tolerant gas/liquid microp-
ump with self-aligning feature,” Micromechanics Europe, MME, Cork, Ireland,
2001.

e T. Niblock, M. Kraft, and H. Sehr, “Design criteria for a hybrid nano pho-
tolithography system,” Micromechanics Europe, MME, Cork, Ireland, 2001.

e T. Niblock, A. Brunnschweiler, A. G. R. Evans, and H. Sehr, “Tempera-
ture sensing using cmos p-n diodes for mems fabricated thermally actuated
bimorhs,” Micromechanics Europe, MME, Cork, Ireland, 2001.

e H. Sehr, A. G. R. Evans, A. Brunnschweiler, G. J. Ensell, and C. G. J. Schab-
mueller, “Design and fabrication of a thermally actuated microrelay based on
vertical bimorphs,” European Conference on Solid-State Transducers, Eurosen-
sors XVI, Prague, Czech Republic, 2002.

e H.Sehr, A. G. R. Evans, G. J. Ensell, A. Brunnschweiler, C. G. J. Schabmueller,
and T. E. G. Niblock, “Design and fabrication of a advanced thermal verti-
cal bimorph actuators for micropositioning,” Micromechanics Europe, MME,

Sinaia, Romania, 2002.

e C. G. J. Schabmueller, A. G. R. Evans, G. J. Ensell, A. Brunnschweiler, H. Sehr,
T. E. G. Niblock, V. D. Kunz, and M. Bu, “Thermal evaluation of a microma-
chined per chip,” Micromechanics Europe, MME, Sinaia, Romania, 2002.

e C. G. J. Schabmueller, A. G. R. Evans, G. J. Ensell, A. Brunnschweiler, H. Sehr,
and M. Bu, “Towards an electrostatically closable reaction chamber,” Microme-

chanics Europe, MME, Sinaia, Romania, 2002.
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