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1. Introduction

Micromotors are suitable for low consumption, compact sizing and low
temperature operation, These cbaracteristics make them desirable for a large
number of applications, such as medicine, optics, electronic devices, and watch
industry, where compact, lightweight and efficient means of large angle
actuation are necessary.,

Motors with micro Newton scale torques and dimensions in the millimeter range
cannot be easily produced with classical precision machining. An integrated and
microfabricated approach, combined with classic machining techniques, make
possible the realization of complex, reproducible products.

The piezoelectric mator is not actuated by an electromagnetic force but by an
ultrasoni¢ vibration. The mechanical oscillations are generated by piezoelectric
elements driven by an altemating voltage. These structures used at their
resonance frequencies can yield significant vibration amplitudes of a few
microns in magnitude,

Many types of piezoelectric motors have been developed and some of them have
already been industrialized. Section 1.2 describes some of these typical piezo-
motors and their applications. The elastic force motor (EFM) is a particular type
of piezo-motor and is introduced in section 1.3. The goal of this thesis was to
fabricate the EFM entirely using microfabrication technologies. A partially
microfabricated first prototype of the EFM, reported in 1993 and described in

section 1,3.3, was the starting point of this waork.
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1.1. Advantages of piezoelectric motors

When the motor size is reduced, piezoelectric motors have several advantages
compared to other types of motors based on electromagnetic or electrostatic
actuation. In the micro-world, electrostatic motors are preferred over
electromagnetic motors, because electrostatic forces scale favorably as
dimensions shrink, and because dielectric materials are more easily patterned
and processed than magnetic materials. The three dimensional coils required for
miniaturized electromagnetic motors are much more difficuit to fabricate than
the small gap required for electrostatic motors. Electrostatic micro-motors have
shown a certain potential [1], but also limitations [2], such as friction between
the rotor and the stator, fabrication aspect ratio constraints, low torque and high
voltage excitation. Many of these Ilimitations can be avoided with the
piezoelectric motors. Their main advantages are summarized in the following
list.

« High power density.

« Low voltages: no air-gap is needed; mechanical forces are generated by
applying a voltage across the piezoelectric film. A few microns film
permits the establishment of intense electric fields with low voitages,
compared to hundreds of volts needed in air-gap electrostatic motors.

* Geardown: No gearbox is necessary with piezoelectric motors, because
of their ability of producing high torque at low speed.

» Holding torque: piezoelectric motors can maintain holding torque, due
to friction coupling, even in absence of applied power. This propriety is
very useful for a battery operated system.

* Low-noise operation.

« Low sensitivity and no generation of electromagnetic interference.
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1.2. Piezoelectric motor classification [3,4,5,6]

1.2.1. Traveling wave

This type of motor already industrialized is at this time the most technologically
advanced. A flexion traveling wave is obtained by the superposition of two
standing waves correctly phase shifted in time (n/2) and space (/4), produced
by two sets of piezoceramics. When the traveling wave crosses the stator, each
points of the stator surface passe successively by the positions a-b-¢-d-a (Fig.
1.1). Resulting in an elliptical movement going in the reverse direction than the

traveling wave,

ot

AN

Fig. 1.1 Rotation of the cross-section when crossed by a traveling wave,

The traveling wave amplitude is maximum when the clectrical excitation
frequency corresponds to the mechanical resonance of the stator. The rotation
direction can be changed by changing the phase shift between the two power
supplies. A mobile piece (the rotor) is pressed on the top of the traveling waves

so that it moves in a direction opposite to the traveling wave. When the
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the beam. The rotor, pressed onto the beam surface, is then put into

motion.
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Fig. 1.3: Kumada’s motor using a single resonance-mode vibrator.

« The elastic fin rotor [10] (Fig. 1.4). The key feature of this motor is its
mechanism which converts the ultrasonic vibration to the movement of
the rotor. The motor employs elastic fing in the rotor as the conversion
mechanism, while the stator vibrates in the direction perpendicular to
the movement of the rotor. The Elastic Force Motor is based on this

principle and is explained in details in chapter 1.3.
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Fig. 1.4: The structure of the elastic fin motor.

1.3. The Elastic Force Motor (EFM)

1.3.1. Principles

The Elastic Force Motor (EFM) [Patents 11,12] is a standing wave type motor
(chapter 1.2.1} and is based on the conversion of standing flexure waves of a
piezoelectric activated resonator into an angular motion. The conversion is
obtained by a mechanical rectifier analog to the Elastic Fin Rotor [10]. As
described in Fig. 1.5, elastic tilted legs attached to the rotor bend elastically in
the upward phase of the nltrasonic wave and relax in the downward phase. With
a proper choice of tilt angle 0 and friction coefficient p, the contact point of the
legs moves perpendicular to the vibrator (position 1-3 in Fig. 1.5) in the upward

phase, and slides on a curved trajectory in the downward phase (position 4-6).
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Fig. 1.5: Principle of the Elastic Force Motor (EFM). Upward (left} and
downward (right} phase of operation.

The asymmetrical movement of the contact point with respect to the vibrator
results in a horizontal displacement of the movable element in the X direction.
The efficiency for the conversion of the electromechanical energy stored in the
vibrator to the mechanical energy of the rotor is a function of geometry, tilt
angle 0, elastic properties of the rotor material, loading force F and friction

coefficient p at the contact point.

13.2. Dynamics of the elastic force mode converter

The behavior of the elastic force mode converters (Fig. 1.5) is quite complex
and not totally understood yet. A simulation of the idealized fin motor converter
(Fig. 1.4) has been proposed by Kurosawa [13], using an electromechanical
equivalent circuit and time integration of transient behavior. This model has
revealed different operational regimes depending on the stator vibration

velocity, as sketched in Fig. 1.6.
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Fig. 1.6: The three operational regimes of the elastic fin motor.

The points of intersection correspond to the transition between the following

regimes:

1. Continuous sticking to unidirectional sliding with permanent contact, defines
a vibration velocity threshold V, for non-zero revolution speed.

2. Unidirectional sliding to bi-directional sliding with permanent contact.

3. Permanent to intermittent contact. The rotor velocity is maximum.

1.3.3. The first prototype of the EFM
1.3.3.1 Motor design:

The first EFM motor was fabricated using silicon micromachining and metal
micromechanical components [14]. It consisted of a silicon micromachined
stator with a zinc¢ oxide (ZnQ) piezoelectric layer, and an elastic rotor fixed to a
steel axis centered and preloaded by the jewel bearing of the centering wheel
(Fig. 1.7).

Fabrication by micromachining offers many advantages. The batch silicon
micromachining of the stator membranes combined with precise patterning of

the active layer allows excellent control of wave modes. Stepping mode and
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synchronous rotation can be controlled with a specific IC, combined with

piezoelectric position detectors added to the membrane [15,16].

Preloading force

centering wheel

rotor

‘ silicon
stator

Fig. 1.7: Schematic view of the hybrid EFM motor assembly.

The silicon membrane of the stator is clamped at its border and is excited with
the Bjp mode (Fig. 1.8). The maximum deflection occurs at distance about 2/3
that of the clamping radius, and corresponds to the circle defined by the contact

points of the rotor.

Fig. 1.8: By disk mode shape of the stator membrane with its maximum
vibration amplitude corresponding to the rotor contact points.
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13.3.2 Fabrication:

The fabrication process (Fig. 1.9} of the micromachined stator used five masks.
Starting with <100> oriented silicon wafers, a low stress silicon nitride layer
was deposited and patterned (step a). In step b, the first level of aluminum
electrodes was patterned and covered by a thin CVD silicon dioxide layer
(100nm). Zinc oxide was sputtered (4.5 pm thick) and structured by wet etching.
A second CVD silicon dioxide layer was deposited as a passivation layer (step
«) and the second electrode level was defined by a lift-off step (step d). Contact
pads were opened in the last step and the stator membrane (step e} was defined
by an anisotropic etch (KOH) of the cavity, using a mechanical chuck to protect

the piezoelectric elements from KOH.

mOlor axis
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Fig. 1.9: Process overview of the micromachined stator fabrication.
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The revolution speed  was determined by measuring the rotation angle, @, as a
function of time { =dg/dt) for different preloading force and rotor inertial
mass. The torque, T, is proportional to the angular acceleration, and can be
calculated assuming a known inertial load, J, (calculated from the geometry and
mass density of the load).

roy9_ 49
dt de

Fig. 1.13 shows the transient speed and dynamic torque of the ZnO motor near
the By, resonance for a large load of 9.81 mN. The steady state speed was
reached after about 1 s with a 10.6 V,,; voltage excitation. The speed increased
linearly with the applied AC voltage as shown in Fig. 1.14. The maximum
dynamic ontput torque as a function of the preloading force F, is presented in
Fig. 1.15, and shows a linear dependence followed by saturation and fall-off.
The drop of the dynamic torque was due to over damping of the vibrator by a

too large preloading force.
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Fig. 1.13: Transient speed and dynamic torque of the ZnO motor.
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Fig. 1.14: Revolution speed as a function of applied AC voltage (the solid line is
a fit jor the 102 mg data).
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Fig. 1.15: Saturation torque as a function of preloading force F, for three
different motors.
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L3.3.5 Micromachined stator with a PZT piezoelectric layer

Several studies were done on an EFM stator with a PZT (PbZr,Ti O3)
piezoelectric layer [17], which allowed a larger piezoelectric effect to be
obtained. However, PZT thin film processing and integration issues complicate
device fabrication. The high deposition or annealing temperature in oxygen, and
the high reactivity of the lead with silicon, requires growth of PZT on an inert
bottom electrode that covers the wbole wafer. Usually, PZT is grown on a
platinum bottom electrode on top of an buffer layer like SiO; or SiyN,.

Two different approaches were investigated. In the first, the ground electrode, as
well as the piezoelectric film, covered the whole membrane [18]. The top
electrode had an appropriate pattern to excite the useful mode. A top-to-bottom
patterning process was applied in the second approach, after deposition of
ground electrode, piezoelectric film and passivation layers [19].

Free membrane performance of a 0.6 pum PZT is 6 to 10 times higher than for a
5 um thick ZnQ layer. For equal revolution speed, the required voltage in PZT
motors is reduced by a factor of 3 to 5. In spite of these promising resulis, the
lifetime of sol-gel thin PZT layers is very poor compared to ZnO layers, and
complicates the fabrication process and the characterization of the device

severely.

1.4, Conclusions

The many advantages of the piezoelectric motors (high power density, low
voltages, holding torque and low noise operation) motivated the development of
the first bybrid generation of the Elastic Force Motor (EFM) with
microfabrication technologies. Only the stator with a ZnO piezoelectric layer

was microfabricated, while the rotor was realized with standard fabrication

15
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technologies. The prototype showed very promising behavior with a maximum

torque of 0.5 pNm at a voltage excitation of 10V,

However many improvements need to be implemented, to obtain a micromotor

compatible with industrial production. The rotor must be made with

microfabrication technologies, to increase reproducibility. The size of the stator

chip has to be decreased and the ratio (vibration amplitude of the stator / applied

voltage) improved to satisfy the criteria for wristwatch applications. These

various aspects will be considered in the following chapters.
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2. The stator

2.1. Introduction

Two types of stator have been fabricated, based on the Elastic Force Motor
(EFM) principle described in chapter 1. The first one consists of a bulk PZT
piezoelectric disk glued onto a copper beryllium (CuBe) membrane (Section
2.2). The second example was microfabricated entirely on silicon, with a zinc¢

oxide piezoelectric layer (Section 2.3).

2.2. The glued CuBe / PZT stator

The stator CuBe / PZT is not microfabricated and consists of a commercially
available bulk PXE PZT piezoelectric disk [1,2] glued onto a chemically etched
copper beryllium (CuBe)} membrane. The assembled stator membrane is fixed
on a support and has an axle at its center. This type of stator was used for testing

and characterizing the rotors, because of its robustness and simplicity of use.

2.2.1. Fabrication

The CuBe membrane (5 mm in diameter) was fabricated in a 100 ym thick
CuBe foil by photolithography, followed by chemical etching. A hole was
mecbanically drilled in the 200 ym thick PXE piezo disk, which is then glued

with a conducting epoxy on the CuBe membrane. The assembled stator
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spectrum (about 500 kHz) comresponds to the resonance frequency of the PZT
disk, and explains the huge amplitude of the peak at 500 kHz.

16° ¢

10 F T

8

Phase [deg)

100 s

Freq [Hz]
Fig. 2.3: Electrical resonances of the stator.

This easy-to-fabricate stator had large dimensions (8 mm in diameter and 3 mm
in thickness). The relative crude technology used, prevents the incorporation of
rotor movement detectors on the stator membrane, making the control of the

stepping mode and synchronous rotation impossible.

2.3. The microfabricated silicon / ZnO stator

2.3.1. Introduction

The microfabricated silicon stator consisted of a circular membrane anchored in
the center and electrically connected by springs to the substrate (Fig. 2.4). This
new design allowed the use of the first vibration mode of the membrane, thereby
increasing the mechanical amplitude of the oscillation in comparison to the

earlier microfabricated stator design [3, Chapter 1].

21
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) ‘ Electrical
Piezoelectric layer connection

spring

Membrane Anchor

Fig. 2.4: Schematic view of the new motor design with the stator membrane
clamped in the middle and the electrical connection o the substrate insured by
springs.

The stator was realized entirely with microfabrication technologies, and had a
silicon membrane of 3.5 mm in diameter and 20 um thick. It was actuated with a

4 pm thick ZnQ piezoelectric layer.

2.3.2. Fubrication

The fabrication process, the different layers deposition and structuring steps are
described in Fig. 2.5 to Fig. 2.13 [4]. The entire ZnO process was based on the
technology developed for the first generation of the microfabricated EFM [3,
chapter 1].

An SOI wafer was prepared with a tensile 8i0; layer (Fig. 2.5} to compensate

for the compressive stress of the ZnO piezoelectric layer.

] E—
Fig. 2.5: SOI wafer prepared with a rensile Si0; layer.
The bottom Al electrode layer was evaporated onto the wafer and structured

(Fig. 2.6). This electrode was then insulated with a thin CVD SiO; layer {Fig.
2.7.

22
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Fig. 2.6: Al electrode evaporated and structured.

c) j

Fig. 2.7: Al electrode isolated with a thin CVD SiO; layer.

Zinc oxide was sputtered in a Oy/Ar partial pressure and structured by wet
etching (acetic acid /phosphoric acid / D1 [1:1:110]) (Fig. 2.8).

s ——

Fig. 2.8: Zn0O sputtered and structured by wet etching.

A second CVD SiQ, layer iS deposited to protect the ZnQO from further
processing (Fig. 2.9) and the top Al electrode is evaporated and structured by
wet etching (Fig. 2.10).

e)

Fig. 2.9: ZnO protected by a CVD SiO, layer

Fig. 2.10: Al electrode evaporated and structured.

The Al electrode is then protected by a PECVD silicon nitride layer (Fig. 2.11).

23
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i ———
Fig. 2.11: Al electrode protected by a PECVD silicon nitride layer.

The geometry of the silicon membrane was defined by Deep Reactive Ion
Etching (DRIE) with a 15 pm thick photoresist mask from the top surface [5]
(Fig. 2.12). Tt was then liberated by a backside DRIE (Fig. 2.13). The thickness
of the silicon stator membrane was defined by the device layer of the SOI wafer

(in this case 20 pm).

Minlm—]a

Fig. 2.12: Topside DRIE to define the silicon membrane.

) o A—

Fig. 2,13: Backside DRIE to liberate the membrane.

2.3.3. Results

Freestanding membranes were obtained and successfully tested. Fig. 2.14 shows
a SEM top view of the microfabricated stator with a 4 um thick ZnO
piezoelectric layer at the center of the chip. The diameter of the silicon
membrane is 3.5 mm, with a thickness of 20 um. The electrical connection of
the active layer to the substrate is ensured by springs on the left and right sides

of the silicon membrane. The right connection spring can be seen in Fig. 2.15,

24
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2.3.4. Electrical and mechanical characterization of the stator

The electrical and mechanical characterization of the stator was carried out, to
determine the different vibration modes of the stator membrane. The most
suitable mode for motor operation could be deduced from these two types of
measurements.

The free electrical resonance of the microfabricated silicon stator was measured
with a gain-phase analyzer (Fig. 2.20} and exhibits two strong peaks at 12.3 and
20 kHz, respectively.

10° g p—— —r7 70
L | ——El.Phase [degl | . : | ------ Irnp[Ohrn]IJ
N

;
)
1
-

(65p] aseud '3

16 10°
28 10°
R -
36 10°

' %
-+ L]

Pl .
10 e 90
= =
o~ o~
Freq [Hz)

Fig. 2.20: Electrical resonance of the microfabricated silicon stator.

The free stator response was analyzed by means of a commercial heterodyne
interferometer (Polytec) coupled to a lock-in amplifier. Mechanical resonances
were measured using an XY table to scan the membrane area. Fig. 2.21 shows a

measurement at the membrane border with an electrical excitation of 100 mV.
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The interesting mode for the motor application corresponds to the peak at
20 kHz.

The deflection of the free stator is given by A = v/2af, where v is the measured
velocity and f the excitation frequency. For the 100mV excitation, the
comresponding deflection is 6 nm. Assuming that the deflection is linearly
dependent on voltage excitation, the deflection for a typical excitation of 4V
would be 0.24 pm.

0.5 e s e
Mech, Phase[deg]
— — .eg:I 200
§ 04 :
100 z
g 0.3 b3
g =
< o
o 0 g
% 0.2 : %
£ &,
0.1 E .,:.._ -100
ol 200
~ ® o @2 2 3 7§ 4 g
Fregency [KHz]

Fig. 2.21: Mechanical resonance measured with an heterodyne inlerferometer.

The resonance peaks amplitudes in Fig. 2.20 and Fig. 2.21 are not exactly the
same. This is due to the difference between the two methods of measurement.
The electrical measurement was done on the entire membsane of the stator and
thereby indicates the average resonances for the entire membrane. On the other
hand, the mechanical measurement was done at a precise point on the
membrane, defined by the laser spot of the interferometer, and will show only

the resonances present at this point.
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This very promising behavior showed that the design of the stator clamped in its
middie is more efficient than the stator membrane clamped in its border. Qther
measurements bave to be done with calibrated loads on the rotor, to determine
more precisely the motor characteristics. The principle of the axle has to be
reconsidered entirely to avoid manipulation and guiding problems. The guiding
and centering function of the rotor has to be insured on the stator chip with
interfaces permitting the connection to the macro world. Such as a hole into the

stator chip to guide the external axle or a microfabricated axle.

2.4. Conclusious

The microfabricated stator with a ZnQ piezoelectric layer exhibited a good
mechanical and electrical behaviar. The motor operation is done at a frequency
of 20 kHz and with a typical voltage excitation of 4 V. This new design, which
allows the use of the first mode of vibration of the membrane, has shown
increased mechanical amplitude of the oscillation, in comparison to early stator
design.

The combination of the integrated ZnO piezoelectric technology and the deep
reactive ion etcbing has permitted the realization of complex free standing
sttuctures, One of the most important problems encountered during the
development of this process, was the reproducibility of the ZnQ sputtering
deposition. It needs to be drastically improved, to insure a controllable
mechanical behavior of the stator and a better fabrication yield.

The weakness of the membrane, due to a too small thiék.ness, prevents to realize
speed and torque measurements. This problem has shown the difficulty to
manipulate microfabricated structures and this has to be taken into account for
the design of the next generation to improve the connection of the micromotor to

" the macro world.
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3. The rotor

3.1. Introdnction

The function of the rotor is to convert the standing flexural waves of a
piezoelectrically activated resonator into an angular motion. This conversion is
mediated by inclined legs attached to the rotor.

The first version of the rotor was fabricated with laser cutting, followed by
manal bending of the legs. However, this method is not appropriate for
industrial production due to poor reproducibility and high price. To overcome
these technical and economic consiraints, it was decided to realize the rotor with
micromachining  techniques wused in the microetectronic  industry
(photolithography, electrodeposition). The first approach was the development
of a micromachined rotor with inclined legs. This proved to be unsuccessful,
however, because the realization of reproducible inclined molds for
electf‘oplating by photolithography was very difficult. 1t was decided to replace
the inclined rotor legs by vertical elements baving the same mechanical

cbaracteristics as the laser-cut rotor.
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3.2. The first generation fabricated manually

The first version of the rotor was fabricated from a 20 um thick cooper-
beryllium foil, using laser cutting followed by manual bending of the legs. With
this technique, it was easy to obtain structures, but a good reproducibility was
not assured. Fig. 3.1 shows a bottom view (left image) and a side view (right
image) of a 12-leg rotor with a diameter of 3.2 mm. The bending angle of the
legs is not constant, which can casily be explained by the manual bending

method.

Fig. 3.1 Bottom and side views of a laser cut rotor,

3.3. The first microfabricated generation with inclined legs

In order to reduce these disadvantages. micromachining techniques used in the
microelectronic  industry  (photolithography and  electrodeposition)  were
investigated. The rotor wheel and inclined legs were fabricated with nickel

electrodeposition in photoresist moulds [ 1] in work done prior to this thesis.
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S <L
>
QTF

Fig. 3.3: Original inclined leg (left) compared to a new vertical leg (right).

In the original design (Fig. 3.3 left), a net average torque, T, is generated by the
reaction to the vertical sinuscidal force, assuming an elastic deformation of the
beam relative to the inclined leg. The same mechanical effect is obtained using a
multilevel rigid body coupled to an elastic beam (Fig. 3.3 right),

In the new design, the rotor had twe main parts, the wheel and the vertical legs
(Fig. 3.4}.

The elastic beam

The wheel

B “— The vertical leg

.ng‘ 3.4: Schematic view of the vertical leg design of the microfabricated rotor.

The wheel was realized by nickel electroplating in a photoresist mould (section
3.6) and the legs were fabricated by photostructuration of an SU-8 epoxy

(section 3.7) or by nickel electroplating in a pheteresist mould (section 3.8).
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3.5. Design of the rotor with vertical legs

3.5.1. Principles

This new rotor design will define a nickel rotor with vertical legs having the
same mechanical cbaracteristics as the manual fabricated rotor with inclined
legs.

The case of an inclined leg will be studied, because the vertical leg is a
particular case of this. The leg can be broken down into two beams (Fig. 3.5),
which can be then studied separately.

—t
Beamn 1 P1
& <
2 TN
iy
Pc

Fig. 3.5: Schematic view of the inclined leg.

The deformation of both beams will be considered when a force is applied to
them to determine the compliance matrix, C, in Equation (1). This matrix
describes the relationship between the applied forces in the x and y directions
and the deformation. The ngidity matrix, K, in Equation (2), is the inverted
compliance matrix. It gives the forces in x and y as a function of the
displacements, Ux and Uy (Fig. 3.6), and allows the deformed leg to be
characterized. This K matrix is interesting for the EFM motor study, because it
establisbes the link between stator excitation (displacement) and the force
applied by the leg on the stator.

Two matrices will be calculated, one for each beam, in order to simplify
consideration of the vertical leg case. In this case the second beam is considered

as not buckled, because it is much thicker than the first beam.
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The force is always applied at the contact point, Pc (Fig. 3.5). Both beams are
considered independently, meaning that the deformation of Beam 1 will be

calculated assuming Beam 2 is not buckled, and vice versa.

Compliance matrix

Ux) (O OxyY Fx
uy) \Ox cphry) D

13 C

Fy

Uy Rigidity matrix
Ux (FxJ _ (Kxx Kty](UxJ @)
Fig. 3.6: Deformation of the leg under Fy) \Kyx Ky \Uy
strain. K="

The four compliance matrix coefficients (C;) are calculated from the x and y

components of the deformations and the forces.

3511 Compliance mairix C; of beam 1

The compliance matrix coefficients (Equation (3)) are obtained by dividing
calculated deformations (Equations (4) to (8), details in Appendix A) by the

corresponding force.

{UI)_{Clxx Clxy\( Fx (3)
Uy - Clyx Clyy | Fy

<
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Fx EI
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id
Clyx = U,(Fx) LLcos(a) L L cos{@)sin{a) Q)
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3.5.1.2 Compliance matrix C; of beam 2

The compliance matrix coefficients (Equation (9)) are obtained by dividing
calculated deformations (Equations (10} to (13), details in Appendix A} by the

corresponding force.

Ux) (Caxx C2xyY Fx (9)
Uy C2yx C2yv A Fy
——
G,
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Coor = U,(Fx) Licos*(a) (10)
© Fx  3EI

C2sy = U,(Fy) _ L} cos(a)sin() (1n
Fy 3E]

Coyx= U,(Fx) _ L} cos(a)sin(a) (12)
Fx 3E;

Cayy <L) _ Lsin'(@) (13)
Fy 3EI

3.5.1.3 Compliance and rigidity matrix

A Complete compliance matrix

The complete compliance matrix {Eq. (1)) is the sum of the matrix of legs 1 and
2 (Eq. (3) and (9)).

Complete compliance matrix : (14)

C= Cxx Cxy —C1+C2 = Clax+C2xx Clxy+Clxy
Cyx Cyy Clyx+C2yx Clyy+C2yy

B.  Rigidity matrix

The rigidity matrix (Equation (2)) is obtained by inverting the compliance

matrix (equation (14)).




The rotor

(Kxx nyJ_ 1 ( Cwy —ny} (15)
Kyx Kwy -Cxijy—nynyL—C):x Cxx

3.5.2, Leg behavior under stator excitation

When a leg is deformed in a random direction (expressed in terms of x and y
components), it produces two perpendicular forces in the x and y directions.
These two forces can be calculated using the rigidity matrix of the leg (Equation
(15)).

In the case of the EFM, only the y deformation is interesting, because it
corresponds to the direction of the stator excitation.

The defonﬁation, U,, generates a force, F, which can be expressed in terms of
two perpendicular forces, Fx and Fy (Fig. 3.7). This force pair can be modeled
as a pair of springs strained by the deformation, U,. (Fig. 3.8).

Fig. 3.7: Schematic view of the leg Fig. 3.8: Bidimensional mechanical
deformed in the y direction, model of the leg.

These considerations indicate that only the coefficients, Kyy and Kxy, are
necessary to describe the legs in the case of EFM operation, and that the new
rotor with vertical legs must have Kyy and Kxy identical to the CuBe laser-cut

rotor.
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3.5.3. The rigidity marix of the CuBe rotor

The dimensions of the CuBe rotor have been measured on SEM pictures and are

reported in the Table 1.

Table 1. Measured dimensions of the CuBe rotor.

Length beam 1 JUength]beam}2] m

m m

The data introduced into the Matlab program (Appendix A) gave the following

Angle

rigidity matrix (Eq. (16)), with the two coefficients, Kyy and Kxy, important for
the nickel leg dimensioning.

K =10° ( 0.3310 —&6639) (16)

—0.6639 14992

3.5.4. Dimensioning of the nickel rotor with vertical legs

The two spring constants {Kyy and Kxy) of the nickel rotor have to be identical
to those of the CuBe rotor (Kyy=1.5-10° N/m and ny=6.6‘10" N/m). Beam 2 is
assnmed to be not buckled (compliance matrix equal to zero). The equivalent
angle is defined by the position of the contact point of the leg on the stator and is
chosen to be equal to 7°. The thickness of Beam 1 is 20 pm. This corresponds to
the same resonance frequency for the entire Ni wheel as for the entire 30 pm
CuBe wheel.

The Matlab program (Appendix A) calculates the spring constant matrix of the
nickel leg, as a function of Beam 1 and Beam 2 lengths (L1 and L2), This allows
a pair of points (L1 and L2) comesponding to the identical Kyy and Kxy
coefficients of the CuBe leg to be found.
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Different beam widths have been taken into account for the dimensioning.

The following tables summarize the different results (Table 2, Table 3 and Table

4).

4+ 50 pm width beams

Table 2: (L1, L2) pairs for 50 um wide bearns

L1 (um] L2 [pm]  Kyy (10° N/m] | Kxy (10° N/m]
146 . 95 1.5 : =
100 e T 609 } S
60 . 140 53 : -

}

+ 80 um width beams

Table 3: (L1, L2) pairs for 80 um wide beams

L1 [pm] - L2 jpm] Kyy (10° Nam] i Kxy (10 N/m]
150 116 | 14 v
100 | 130 0.9 6.7
120 ym width beams

Table 4: (L1, L2) pairs for 120 um wide beams

LT [um] | L2 (um] Ky (10° N/ml Ky (10° Nim]
180 120 . 16 | 66
0 140 ] L1 6.5
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Three (L1, L2) pairs, shown in bold in the tables, allows the duplication of the
CuBe spring constants, but only the 50 um wide beams with L1=95 um and
L2=140 um can be fabricated without too much difficulty. The other two have a
Beam 2 length, which is too long to be easily fabricated with micromachining
technologies.

Fig. 3.9 shows a schematic view of the vertical leg with the most important

dimensions summarized in the Table 5.

Fig. 3.9: Schematic view of the vertical leg.

Table 5: Summary of the important dimensions of the vertical leg.

i)
R e o @B)
{ThicknesSotihelbeany Il vl 20 pm

Other lengths of Beam 2 (L.2) were also fabricated, to evaluate the behavior of

the new rotor as a function of L2,
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3.6. The wheel fabrication

The wheel was fabricated by electrodeposition of nickel into a thick photoresist
mould. A silicon wafer was used as substrate with a 0.2 pm thick Ti sacnficial
and seed layer. A thick positive photoresist layer [3,4) (Clarian AZ-4562 /
38 pm) was spun onto this wafer (Fig. 3.10) with a rotating cover spinner (Karl
Siiss RCS Spin Coater, Germany).

AZ-4562
T

S

Fig 3.10: Coating of the 40 pm thick resist layer onto the Ti coated Si wafer.

This type of spinner allows the deposition of thick, uniform layers in one step by
minimizing air turbulence effects. Resist accumulation on the wafer borders
{edge bead) prevents a good contact between the mask and the resist layer. This
can be reduced to 2-3 mm for a 3” wafer, by introducing huge, but very brief
accelerations during the spinning process. The prebake is one of the most critical
steps, because of its direct influence on illumination energy, development time,
structure resolution and mold walls [5). The prebake is realized with a ramped
hotplate. To improve the resist adhesion, a ramp (40°C to 90°C in [0 min) is
used, before the temperature plateau of 90°C for 60 min. The illumination is
realized with a mask aligner (Electronic Vision AL6-2, Austria) with mercury
lamp (355nm, 405nm and 436nm) in vacuum contact mode, to improve stnicture

definition by reducing diffraction effects (Fig. 3.11).
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B)
e

Fig. 3.1i: Exposure of the resist layer

The humidity has to be very constant to ensure good reproducibility. During
development with AZ-400K [1:4] (1 AZ-400K part for 4 parts DI water), the
waler was energetically agitated in the bath, enhancing developer penetration in
the small mold structures (Fig. 3.12).

Fig. 3.12: Development of the resist layer

To avoid distortion of photoresist patterns, no postbake was done [6]. The resist

mould was then treated in HCl to clean the seed layer surface.

50






Chapter 3

The wheel fabrication process was terminated and was followed by fabrication
of the legs, which can be achieved in two different ways, either by SU-8
structuring or nickel electrodeposition in a 100 pm thick photoresist mould.

These two processes are described in the two following sections.

3.7. The SU-8 legs

The first method for fabricating the vertical legs involved the patterning of
vertical sidewall structures in SU-8 (one or two levels). The SU-8 technology is
very powerful and easy to use, and structures up to 500 um can be realized with
a standard photolithography equipment (7,8,9]. SU-8 is a negative tone resist
and makes possible the realization of two-level structures.

The SU-8 layer was directly spun on the electrodeposited nickel wheel (Fig.
3.16) using a conventional spin coater (Fig. 3.17). No surface pretreatment, such

as priming or oxygen plasma, were performed.

A)

Fig. 3.16: Electrodeposited nickel wheel,

SU-8

Fig. 3.17: SU-8 layer directly spun on the electrodeposited nickel wheel,
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The substrate was then prebaked on a ramped hotplate, with a ramp (40°C to
95°C / 8 min) and a plateau at 95°C for 12 min. The illumination (mask 1) was
realized with an Electronic Vision AL6-2 mask aligner in proximity mode (Fig.
3.18).

O PPy

Fig. 3.18: UV illumination of the legs SU-8 layer.

Before the postbake, the resist was kept in air for 30 min to improve
crosslinking of the exposed regions. Then the postbake was performed on the
hotplate with the same parameters as for the prebake.

A second, 15pm thick SU-8 layer was then directly spun and prebaked in an
oven at 90°C during 5 min. The oven prebake heats preferentially the upper SU-
8 layer and prevents overtreatment for the lower SU-8 layer. The prebake is then
followed by UV illumination {mask 2) (Fig. 3.19) and another oven postbake to
perform the crosslinking of SU-8.

D4t 444 v i3

Fig. 3.19 UV illumination of the second SU-8 layer.
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Levels 2 and 3 were simultaneously developed in PGMEA (propylenglycol-
menomethylether-acetate) (Fig. 3.20).

E)

Fig 3.20: Both SU-8 layers simultaneously developed in PGMEA,

Finally the wafer was rinsed with isopropanol and hardbaked at 200°C for 30
min in an oven. In the final step the fabricated structures were released by a
sacrificial etch of the Ti in a hydrofluoric acid (HF) solution (Fig. 3.21). SU-

8 / nickel structures survived more than 40 min in HF.

Ty h
I

Fig. 3.21: Structures released by sacrificial efch of the Ti layer in HF.

Fig. 3.22 shows a nickel wheel with three SU-8 vertical legs. The thickness of
the nickel layer is 20 pm
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steps were controlled with Labview, followed by the data processing with

Matlab.

Matiab
{Data analyse) Photodiode
Labview
{Data acquisition) Data Optical
acquisition fiber

cardy

«F

I e ebpa
Function
Motor ON/OFF generator

Fig. 3.34: Description of the data acquisition and processing steps.

Different motor operation sequences were performed, as dictated by the type of
measurement (speed or dynamic torque)} [E0].

The revolution speed, , was measured by measuring the rotation angle, ¢, as a
function of time ( = dg/dt) for different preloading forces and rotor types. The
data acquisition was done by switching on the motor, letting it accelerate, and
then turning it off. These measurements were performed four times to increase
the number of data points and obtain an average maximum acceleration.

The speed was calculated only after the rotor had reached a stable rotation speed
(a few écconds),

The torque, T, which is proportional to the angular acceleration, can be
calculated assuming a known inertial load J (calculated from the geometry and

mass density of the load).
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The acceleration of the rotor is obtained by the numerical derivation of the rotor

speed. The acceleration is maximum during the transient period of operation
(Fig. 3.35).

Acceleration |

-

o

Fig. 3.35: Tvpical measured speed and calculated acceleration of a SU-8 type
rotor.

3.9.2, Comparison of different rotor types
The steady state speed and dynamic torque were measured for three different

types of rotors with different loading masses (prefoading force).

3.9.2.1 CuBe rotor

Table 6: Speed and torgue measurements for the CuBe rotor

el o

62



The rotor

3.9.22
beam

Electrodeposited nickel rotor with SU-8 legs and 200 pm elastic

Table 7: Speed and torque measurements for the SU-8 rotor with

200 um elastic beam.
Load [mg] Speed {rad/s} _'forque max. [uNm]
3492 252 27
2001 285 i3
1491 357 09

3.9.2.3
beom

Electrodeposited nickel rotor with SU-8 legs and 100 pm elastic

The measurement with the 3492 mg load exhibited erratic speed, due to weak

conversion of the 100 pm beam. This made the torque measurement impossible.

Table 8: Speed and torque measurements for the SU-8 rotor with

100 pm elastic beam.

Load {mg] Speed [rad/s] = Terque max. [puNm]
3492 STRE :
2001 174 8
T 1491 212 04

3.9.2.4
beam

Electrodeposited nickel rotor with nickel legs and 200 um elastic

The characterization of this type of rotor was difficult, due to the poor
reproducibility of nickel leg thickness. This explains the mediocre results

obtained in these measurements.
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Table 9: Speed and torque measurements for the Ni rotor

NSIB Speed [rad/s] ¥

3.9.25 Summary

Fig. 3.36 shows a comparative chart of different rotors (CuBe, SU-8 and Ni
legs) with different loading masses (3492 mg, 2001 mg and 1491 mg).

o Speed [radisec]
B Torque [pNm] !

27.2

CuBe CuBe CuBe Ni-SUB- Ni-SUB- Ni-3U8- Ni-SUS- Ni-SUB- Ni-SUB-  Ni-Ni
3492mg 2001mg 14¢1mg  200pm  200pm  200pm  100pm  100pm  100pm  2007mg
3492mg 2001mg 1491mg 3492mg 200Tmg 1491mg

Fig. 3.36: Comparison of the different types of rotors with different loading
niasses.

The measurements presented in Fig. 3.36 show that the 200 pm SU-8 rotor
produced a higher torque and speed than the CuBe one. This can be explained
by the fact that the SU-8 design, with 3 or 6 legs, was less sensitive to a non
uniform mode of vibration with a small number of legs, increasing the number
of legs in contact with the stator. The thickness of the SU-8 legs was also much
more reproducible than the CuBe case. The friction coefficient between the SU-
8 and the CuBe stator being higher than between CuBe and CuBe could also

explain the higher conversien ratio of the SU-8 leg.
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These results shows that the dimensioning of the Ni rotor according to the CuBe
design did not yield the most efficient design (L2=140 pm). The length of the
elastic beam needs to be tonger (L2=200 um) to improve the conversian ratio.
This can be explained by the fact that a more elastic beam disturbs the stator

vibration less.

3.10. Conclusion

The development of a new rotor fabricated with microtechnologies resulted in a
more efficient behavior and better dimensional reproducibility. The
understanding and modelization of EFM function is very difficult, because many
parameters are interrelated and therefore influence each other. A design based
on simulation or analytical development of the different parts of the motaor is
then rendered unreliable. The most efficient way to design such complicated
systems is by an empiric method.

The development of this new rotor design also stimulated the development of
new technologies based on high-aspect ratio structuring of photopolymer and
nickel electroplating.

The main advantages over past fabrication methods are better design flexibility,
simplicity of the fabrication process, and the capability to combine metallic
materials {(Ni) with polymeric materials (SU-8).

Thiz process opens the way to low cost fabrication of complex metallic and

plastic structures for use in MEMS applications.
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4. Thick positive resist technology

4.1, Imtrodunction

Photolithography was first developed for the quasi two-dimensional processes of
microelectronics to transfer copies of a master pattern onto the surface of a solid
material, such as the silicon wafer. With the emergence of micromechanics,
more interest was generated for three-dimensional processes. In the early 1950s,
Robbins and Schwartz [1] developed the bulk isotropic etching of silicon with
mixtures of HF and HNG;. In the mid-1960s, the Bell Telephone Lahoratories
started work on anisotropic Si etching, initially in mixtures of KOH, water, and
alcohol, and later in aqueous KOH solutions. These etching technologies opened
the way to the 3-D micromachining of silicon. Bulk micromachining, which is
used to etch into both crystalline and non-crystalline materials, is limited with
respect to achievable structure geometries. This motivated the development of
surface micromachining features in the early 1960s [2]. In this technique,
structures are built up, layer by layer, on the surface of a substrate. Dry etching
defines the features in a thin surface layers and wet etching releases them from
the bulk material undemeath by undercutting. Surface micromachining as we
know it today was first demonstrated by Howe and Muller in the early 1980s,
with polysilicon used as structural material [3].

Bulk and surface micromachining technologies only allow the realization of
deep grooves in the bulk and thin structures (a few microns) on the surface of

planar substrates. In 1975, Romankiw and coworkers at 1IBM combined
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electrodeposition and X-ray lithography [4]. They made high aspect ratio metal
structures by plating gold in up to 20 pm thick X-ray-defined resist patterns. Tn
1982, Ehrfeld presented the LIGA technique [5), which consists of a thick layer
of resist (from microns to millimeters of poly(methylmethacrylate) (PMMAY})
structured by high energy collimated X-ray radiation exposure and subsequently
developed to obtain a three-dimensional resist mold. The resist mold is filled by
electrodeposition with a metal and the 3-D standing metal structure is released
by removing the resist. Typical valnes for LIGA features are heights of 20 to
500 pm, minimum dimensions of 1 to 2 um and surface roughness of 0.03 to
0.05 um [6]. The generation of X-ray radiation is complicated and expensive,
requiring the use of a synchrotron source. The masks used in LIGA differ
substantially from those for the standard IC industry. The main difference lies in
the absorber thickness. Very thick absorbers (>10 pm of Au vs. 0.1 um Cr) and
highly transparent mask substrates must be used in order to achieve a high
contrast (>200), because of the low resist sensitivity, the resist layer depth, and
the high exposure dose (hundred times higher than in the 1C case). In spite of the
advantages of very thick layers (up to mm) and very good surface roughness
(less than 0.05 pm), the LIGA technology is very heavy and expensive. The
construction costs of a typical synchrotron totals over 30 million Euro [6],
restricting dramatically access to this technology. Since the advent of L1IGA, an
effort has beer made to develop low-cost, commonly available processes that
approximate LIGA results. This has motivated the development of different
photolithography techniques for high aspect ratio structures. M. G. Allen [7]
fabricated plating molds using photosensitive palyimide in conjunction with UV
exposure. Several groups fabricated high aspect ratio molds for metal
electroplating with photolithography [8,9,10], using commercially available
highly viscous positive photoresist (Clariant AZ-4000 family) and near-UV light
source. In the mid-1990’s, IBM developed SU-8, a negative epoxy-based resist
with a very low absorption coefficient [11]. High aspecf ratios (>10) and straight
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sidewalls in thick layers (>500 pm) are possible by applying standard
lithography. The most problematic aspect of this resist is the stripping and the
residual stress in the layer. This type of new high aspect ratio resist process has
encouraged further developments of inexpensive LIGA-like technologies in the
micromachining community.

The need for thick metallic structures for the micromotor application motivated
the development of thick positive resist processes in our laboratory. Thick
positive photoresists have many advantages. Their patterning is performed with
standard photolithography equipment, they are easily strippable, and structures
up to 100 pm can be realized. This chapter describes single and double layer
processes to make thick resist molds of Clariant AZ-4562 (38 wm and 85 pum)
with good reproducibility. Different problems related to thick photoresist
patterning, such as edge beading and cracking of the resist, are discussed, and
solutions proposed. Side walls are characterized after nickel electrodeposition.

Results, process limitations and applications are presented.

4.2. The Clariant AZ-4562 positive resist

The Clariant AZ-4562 positive photoresist i a two-components formulation
made of a polymer base, novolac resin (N), and a photosensitizer,
diazonaphthoquinone (DQ) [12]. When a bydrophobic DQ is added to an alkali-
soluble resin (N), the resin dissolution is inhibited (Fig. 4.1).
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Ihickness .

Time Of Development

Fig. 4.1: Thickness versus time of development of novolak (N} [film,
diazonaphthoguinone  mixed with novolak (DON}), and exposed
diazonaphthogquinone in novolak (DQONE) From M. W. Moreau,
"Semiconductors lithography principles, practices, and materials”™, Plenum
Press New York, pp. 37, 1988.

During the photolysis (Fig. 4.2), the DQ generates a carbene (C) which

rearranges to a ketene (K). The ketene reacts with absorbed moisture present in

the resin to form an indene acid (A).

0

-
= QO

Fig. 4.2: Photolysis of the photosensitizer (DQ) into an indene acid (A), soluble
in an olkali solution. From M. W. Moreau, “Semiconductors lithography
principles, practices, and materials”, Plenum Press New York, pp. 35, 1938,
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The photochemical destruction of the inhibitor, and the release of uncomplexed
resin induces upon development in an alkali solution, the dissolution of the

exposed resist,

4.3, Coating of thick resist layers

4.3.1. Introduction

The thickness of a resist layer is determined by the spin coating speed: the
slower the speed, the thicker the coated resist layer. As reported by Miyajima
and Mehregany [13], a non-uniform coating is observed when the coating speed
is too slow. This results in the contact between the mask and the wafer not being
uniform enough to obtain high pattern resolution. The Gyrsei RC8 (Karl-Siiss,
Germany) spin coater with a co-rotating cover (Fig. 4.3) allows the fabrication
of thicker and more uniform resist layers in one single coating step. The solvent-
saturated and co-rotating atinosphere created by the Gyrset system avoids drying
of the resist and improves the homogeneity of the resist layer [14].
Two resist processes for different layer thicknesses (38 pm and 85 pm) were
developed, taking into account in particular:

e process simplicity (with maximum two coating steps).

e minimization of the width of the peripheral region where edge-beading

takes place, in order to maximize the useful wafer area.

¢ thickness uniformity.
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Fig. 4.4: Spinning sequence to achieve 38 um thick resist layers, with a short
and huge acceleration (2000 rpm/s) in the middle and ar the end of the spinning
sequence, to reduce the edge-beading effects.

4.3.2.2 The 85 um thick resist layer process

To obtain the 85 pm thick resist layer, the 38 pm spinning sequence is
performed twice with a short pre-bake in between. The final thickness is not the
sum of two single coats of photoresist (i.e. 38+38 # 85). This is because the
" adhesion of the second resist layer to the first is better than that of the first to the

substrate, resulting in a greater thickness than expected [13].

4.4. Prebaking of the thick resist layers

4.4.1. Introduction

Prebake, also known as softbake or pre-expose bake, is the physical process of
conversion of a liquid resist layer into a solid film. In the prebake step, the most

of the solvent is evaporated without the degradation of the resist components.
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Because of the relatively high boiling point of the solvent (>130°C), there
always will remain a small amount of solvent left in the dried resist.

Since the prebake process can have an effect on subsequent processes such as
exposure and development, the prebake is the most critical step of the thick
resist process, and should be precise, uniform across the wafer, and
reproducible. 1f the prebake temperature is too high, the photosensitive
component may be partially degraded, and higher dose will be required for the
exposure step. If it is too low, the solvent may interfere with the photolysis
reaction, and different exposure-development parameters may be required. In
fact, it influences the exposure energy and development time required, structural
definition, the mold’s side walls and aspect ratio [16].

To allow efficient evaparation of the solvent, the prebake is done on a ramped
hotplate in a nitrogen environment. The heat input from the rear side of the
wafer prevents crust formation at the top surface of the resist [17]. When the
substrate is put in direct contact with the hotplate at bake temperature, the thick
resist tends to flow to the center of the wafer. This phenomenon can be avoided

by a programmed temperature ramp.

4.4.2. Thick resist layer prebake sequences

The 38 pm baking sequence is a temperature ramp from 40 to 90° C over
15 minutes, followed by a 60minute plateau at 90°C. The 85 pm baking
sequence involves two bakes. The first bake is performed after spinning the first
resist layer, and consists of a 3 minute ramp from 40° to 80° C, followed by a
10 minute plateau at 80° C. The second bake is performed afier spinning the
second resist layer, and consists of a 15 minute ramp from 40° to 90°C,
followed by a 150 minute plateau at 90° C. Table 4.1 summarizes the different

prebaking parameters for the two layer thicknesses.
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Table 4.1:  Summary of the prebake parameters for the different layers
thickness.

i Starting

' Temperature

4.5, UV light photopatterning and nickel electroplating

4.5.1. Introduction

The positive AZ family of photoresists is sensitive to UV light. A mercury lamp
is generally used as light source. For proper operation the light energy must be
absorbed by the diazonaphthoquinone (DQ) photoactive compound which, when
exposed, is converted into soluble indene carboxylic acid (E) (Fig. 4.5).

0
0 W o
H: H,0
2. D
R R E

Fig. 4.5: Photolytic conversion of the photosensitizer (DG) into an indene acid
(E), soluble in an alkali soluwtion. From M. W. Moreau, “Semiconductors
lithography principles, practices, and materials”, Plenum Press New York, pp.

488, 1988.
One molecule of water per molecule of DQ is required to ensure this conversion
[18]). If water is missing, the DQ will crosslink to an insoluble compound (Fig.

4.6), and exposed areas will not dissolve in developer.
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Fig. 4.6: DQ crosslinfing to an insoluble compound (black dots), due to lack of
water during exposure.,

As the necessary water is not contained in the resist layer, a rehydration time is
necessary to let the moisture being absorbed from the atmosphere (see section
4.5.2). For this reason, photolytic conversion of DQ to E will drastically falt off
if humidity is below 30% RH. If the upper limit for humidity goes above 60%
RH, the resist layer will absorb too much water, resulting in adhesion problems.
For these reasons, a relative humidity of 45% is recommended. Exposed areas of
resist are dissolved during development. Developers are aqueous alkaline
solutions either based on sodium hydroxide (inorganic developers} or Tetra
Methyl Ammonium Hydroxide TMAH (organic developers). The Clariant AZ-
400K developer used in this process is based on NaOH bydroxide and buffered
by borate, Temperature itself is not critical and room temperature is used (20 -
25°C), however, it should be kept constant (£1°C) for best process
reproducibility.

The main difficulties of photopatterning thick resist layers with UV light are
exposing the entire resist thickness, obtaining 2 maximum mold verticality,

keeping a good pattern definition and avoiding resist peeling and cracking,
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Different simple “tricks” can address these problems:

+ A high exposure energy ensures illumination through the entire resist
layer [19] and improves mold edge slope by reducing the required
development time.

¢+ Vacuum contact exposure mode improves pattem definition and mold
edge slope by reducing diffraction effects over larger areas, compared to
the hard-contact mode [13,20,21]. However, an edge-bead removal step is
then necessary to establish a good vacuum contact between the mask and
the resist layer.

+ Resist peeling appears after long exposure times, due to the formation of
nitrogen gas as the resist photoactive component reacts (Fig. 4.2).
Increasing the resist prebaking reduces this phenomenon [22,23].

+ A rehydration time of the resist is performed between the prebake and the
resist exposure, to avoid layer cracking during edge-bead removal,
exposure and development steps. The rehydration time strongly depends

on the room temperature and humidity.

4.5.2. Rehydration time and edge-bead removal

Before the UV exposure, rehydration is performed, followed by edge-bead
removal. The rehydration time strongly depends on ambient temperature and
humidity. Table 4.2 presents the optimum rehydration time values determined
empirically for a room temperature of 21°C + 2°C and a room humidity of 45%
* 2 %. It also permits the reduction of the exposure energy and the development
time, A decrease in the latter helps reduce the dissolution (by the developer) of

unexposed resist regions.
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Table 4.2:  Optimum values of rehydration times determined empirically for
each layer thickness.

{iTayergThicknessll Rehydration Time

60 minutes

|
|
|
!
140 minutes ]
R 5 hours i

The data points of Table 4.2 plotted x vs. V¢ (Fig. 4.7) follow a straight line, as
predicted by the Einstein-Smoluchowski equation [24], expressing the distance
traveled by diffusing molecules {Eq. (1)),

x=+/2D¢ (1

Where: x: distance of the diffusion [cm].
D: diffusion coefficient [cm®/s).

t: duration of the diffusion [min].
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Fig. 4.7: Data points of Table 4.2 plotted x vs. \t.
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The fact that this data exhibits this behavior shows that water diffuses into the
resist layer during the rehydration time. At the end of this time, water is present
throughout the membrane, having had time to diffuse a distance equivalent to
the thickness of the resist layer. The observation that exposure energy and
development times are reduced when optimized rehydration times are applied, is
further evidence of this. Clearly, if the photolytic conversion of DQ ta E is to be
optimum, water must be present everywhere in the resist. Only then would it be
possible to reduce both energy and development times. This model also allows
the prediction of the rehydration times necessary for different resist thicknesses,

hence speeding up process optimization.

The rehydration time is followed by the edge bead removal. It is performed by
spinning the substrate at low velocity (500 mpm) and by spraying acetone with a
syringe along the edge of the spinning wafer,

4.3.3. Exposure, development and post-bake of the thick resist layers
4.53.1 Process parameters

The exposure was performed with a mask aligner (Electronic Vision AL6-2,
mercury lamp at 355 om, 405 nm and 436 nm) in vacuum contact mode.
Development was carried out with Clariant AZ 400K developer (one part
developer diluted in four parts de-ionized water). The wafer was immersed and
then energetically agitated in the bath to enhance developer penetration into the
small mold pattems. Table 4.3 shaws the exposure and development parameters
for the 38 pm and the 85 pm thick resist layers on substrates with a metallic
layer.

It was noticed that for thick resist layers which are spun onto silicon, silicon
dioxide or silicon nitride layers, the exposure energy had to be reduced. The

long exposure time generates local peeling of the resist. This phenomenon seems
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to be related with adhesion problems [22], i.e. positive photo-resists have a
better adbesion on metallic layers than on silicon “family” layers. HMDS primer
treatment did not significantly improve thick resist layer adhesion. The last row
of Table 4.3 gives the exposure and development parameters for coating on non-
metallic layers. The concentration of the developer was changed (one part
developer diluted in three parts de-ionized water) to compensate for the decrease
in exposure energy.

Table 4.3:  Exposure and developmen! parameters for 38 pm and 85 pm thick

resist layers on substrates with a metallic layer, and for 38 pm thick resist
layers on non-metallic layers.

Layer Exposure 'l-)evelopment Developer
thickness energy time concentration
38 um 3500 m)/ern’ 4 minutes 14
85 m — 750 mlen® T 10munues 14
38 um (non- ) o

650 ml/en 4 minutes 1:3

metallic layers)

For electroplating applications, no post-bake was done after the development
step, in order to avoid deformation of the resist mold [25]. If thick resist layers
were used as protective layers for etching processes, a post-bake step of 15 min
at 120°C on the hotplate was performed to stabilize the photoresist and avoid

degassing during dry etching (Chapter 5).

4.5.3.2 Influence of the rehydration time on the exposure and
development parameters

The introduction of a rehydration time allowed both the required exposure

energy and the development times to be reduced. As the developer also

dissolved unexposed regions of the resist, reduction of the development time
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promoted improved mold edge-slopes. Table 4.4 gives some development time

values for different rehydration times for the 38 pm thick resist layer.

Table 4.4:  Influence of the rehydration time on the development time for the

38 um process.
Reliydrationjtimell Exposure energy  [Developmen titime]
- T : I
R
k3500 my/em’

The Table 4.4 shows that when the quantity of water present in the resist layer is
not sufficient, the photolytic conversion of DQ to E will drastically fall off, and

by the way the development time is increased.

4.5.4. Nickel Electroplating

The wafer to be plated, masked with photoresist to define the regions onte which
nickel is to be deposited, is maintained at a negative potential (the cathode)
relative to the positive counterelectrode (the anode). The electroplating solution
contains a reducible form of Ni ions. By biasing the surface to be plated with a
negative potential, electrons are supplied to the surface of the exposed seed layer
and Ni ions in the solution are reduced at the surface, resulting in nickel
deposition.

The nickel electrodeposition reaction at the cathode, given in equation (2),

competes with the hydrogen reaction at the same elecirode, in equation (3).

Ni* +2¢” — Ni 2)
2H* +2¢ - H, (3)
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The amount of bydrogen evolving and competing with Ni deposition depends on
the pH, the temperature, and the current density. Since one of the most important
causes of defects in the nickel microstructures is the appearance of bydrogen
bubbles, these three parameters need precise control.

Impurities cause hydrogen bubbles to cling to the photoresist mold, resulting in
pores in the deposited nickel layer. Therefore, the bath must be kept clean by
circulating through a membrane filter. The main impurities are nickel hydroxide
formed at increased pH-values in the cathode vicinity and organic
decomposition products from the wetting agent. These problems can be avoided
by monitoring and controlling pH and the adsorption of the organic
decomposition products on activated carbon.

Before the nickel electroplating process, the substrate with the thick photo-
paiterned resist molds was dipped briefly in a 5% hydrochloric acid solution, to
remove any oxide or organic impurities on the seed layer surface. A short dip
into a wetting 'agent {Lea Ronal Wetting Agent) was also performed to improve
the penetration of the plating bath into the very small structures of the mold. An
illustration of the poor wetting can be seen in Fig. 4.8, where the nickel solution
didn’t penetrate completely into the mold. By dipping the mold into the weiting
agent before plating, the formation of the nickel structures was improved (Fig.
4.9).
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The metal electroplating had to be performed within a day following the
photoresist mold fabrication. This is because mold deformation increased during
the electrodeposition process after 24 hours. This phenomenon is due to

hydration of the photoresist, which seems to weaken the photopatterned molds.

4.6. Results

4.6.1. Introduction

Results specifically related to particular applications are presented in Chapters 3
and 5. In this section, general results and process limitations of thick photoresist
mold fabrication are presented. Many of these results presented were obtained
after nickel electrodeposition and mold dissolution in acetone, as most of the
applications for which the thick resist photopatterning processes were developed

are directly related to nickel devices.

4.6.2, 38 pum thick resist molds and nickel structures

The 38 pm layer photopatterning process is the most optirmized of the two which
were developed. The reproducibility of the mold fabrication process was
observed to be very good over the entire wafer (as long as the temperature and

humidity of the room were stable around 21 £ 2° and 45% + 2%).

4.6.2.1 38 um thick resist molds

Fig. 4.10 shows a SEM picture of a structure made in 38 pum thick resist. The
dimensions of the square on the mask were 20 umx20pm. The over-
development of the resist reduced the dimension to 14 um at the bottom and
12 um at the top of the resist structure. The side walls are well defined over the

whole height, and the resist top surface is uniform.
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The processes presented have some major limitations and requirements, which

should be taken into account, and which are discussed below:

+

4.7.

The processes are reproducible as long as the temperature and the
humidity of the room are stable (21°C + 2°C and 45% % 2 %).

The rehydration times defined for different thicknesses should be
respected. A change of the duration modifies the required exposure
energy, can render the entire development of the mold difficult, and cause
bubbles to be generated.

The smallest line realized for the 38 pm process has a width of 2 um on
the mask and comresponds to a 7 wm wide nickel line. For the 85 pm
process, the thinnest line on the mask is 4 um, corresponding to a 10 pm
nickel line.

The measured enlargement between the mask and the resist patterns is 4-
5 um for the 38 um process, and 3 pm for the 85 um process.

Becanse of enlargement of structures, compared to the mask, due to over
development of the top of the mold, thin resist walls are more difficult to
obtain than thin openings.

For both processes, the surface area of electrodeposition has to be well

known to avoid the overgrowth of nickel.

Conclusion

Thick resist technology has been demonstrated to be an attractive alternative to

bulk or surface micro-machining. 1t is fully 1C compatible. The processes have

been

developed with conventional photolithographic tools and with a

commercially available photoresist. Spin coating sequences have been

developed to minimize the edge-bead width and to obtain a layer thickness

uniformity of 5%. A rehydration time has been introduced between the pre-bake
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and the exposure steps to avoid resist cracks, usnally appearing during the edge
bead removal, the exposure and the development steps. It has been proven that it
also reduces the required exposure energy and development time, and thus the
etching by the developer of the unexposed resist. A single exposure step was
performed for both the single and double layer processes. It was found that the
exposure energy had to be drastically reduced and developer concentration
increased for resist layers coated on non-metallic layers. The fabricated
photoresist molds have been demonstrated to be fully compatible with nickel
electroplating.

Tt has been noted that to avoid the overgrowth of nickel, the surface area of the
electrodeposition has to be carefully calculated, which makes structures like
combs or grids unusable, and can create undesirable short-circuits between
closely spaced structures. No enlargement or shape structure distortion was
observed between the resist molds and the final nickel structures.

The optimized processes have proven to be very reproducible and allow the
fabrication of 38 pm and 85 pum thick resist moelds with a yield close to 100%.
Process limitations and requirements have been determined and guide lines for
the design of MEMS processes have been established.

The development of thick resist processes was realized in cellaboration with §.

Roth, as a part of his thesis work.
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5. Applications of the AZ-4562
technology

5.1 Introduction

The simplicity of use of the thick resist process allows its combination with any
standard micromachining technique, opening the way to the fabrication of new
3-dimensional micro-electromechanical systems. A number of applications are
listed below.

+ Microfabrication of Si cantilever and integrated tip (AFM) with a probe for
the optical near field (SNOM) [1]. The thick resist layer is used to pattern a
ph-junction on the tip.

+ Thick resist as protecting layer for protruding structures during wet and dry
etching [2], this application is presented in details in the section 5.2

+ Thick resist mask vsed for the deep reactive ion etching process [3]. For
example, the fabrication of Pt-tip microelectrodes for extra-cellular
monitoring of activity of brain slices [4].

+ Thick resist for transferring micro-mechanical components (tips for scanning
probe microscopy) from their original fo a target wafer [5].

¢ Thick resist as mold for electrodeposition of nickel reed relay [6], rotor for
the elastic force motor (Chapter 3), combined with SU-8 photostructuring
[7], and the development of a clipping technology to assembly

microfabricated structures [8], presented in details in section 5.3,
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5.2 Protection of protruding structures during wet and dry
etching processes

5.2.1 Introduction

A simple technique is proposed here, which can be used with a standard set-up
for lithography (spinner and hot plate) to protect high aspect ratio protruding
structures, in this case sharp atomic force microscope (AFM) tips, in wet and

dry etching.

5.2.2 Tips fabrication and thick photoresist patterning

Tips were fabricated [9] using an oxidized silicon wafer. Caps were patterned
using standard photolithography and buffered hydrofluoric (BHF) acid. The
wafer surface was then etched in potassium hydroxide (KOH), with the
underetching effect being vsed to form the tips. As silicon etching in KOH is
strongly anmisotropic, the tip is formed by the intersection of crystallographic
planes, and can thus be very sharp. A 4000 A thermal silicon dioxide layer is
then grown on the wafers, to be subsequently used for the wet etching
experiments.

A thick positive photoresist layer (AZ-4562 / 40pm) was spun for the
lithography process with a rotating cover spinner (Karl Siiss RC8 Spin Coater).
The prebake was realized with a hotplate. To improve resist adhesion, a
temperature ramp of 40°C to 90°C was used, after which the temperature was
maintained for one hour at 90°C,

The photopatterning of the resist around the tip was realized with a mask aligner
(Electronic Vision AL6-2, mercury lamp 355nm, 405nm and 436nm) in
proximity mode, and developed with AZ-400K [1:3] (1 part AZ-400K for 3
parts de-ionized water). A post-bake step of 15 min at 120°C is performed to

stabilize the resist layer, and to avoid degassing during dry etching experiments.
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walls. This was achieved by performing a double exposure and single
development of the same AZ-4562 layer.
The development of clipping technique was realized in collaboration with S.

Gautsch, as a part of his diploma work.

54 Conclusions

Thick resist layers have been used to realize molds for nickel electrodeposition,
the patterning of silicon for deep reactive ion etching, the protection of
protruding stmictures during wet and dry etching, and the patterning of metal
layers by lift-off into deep grooves. It is fully IC compatible and can be used to
realize or transfer 3-D structures directly on 1C substrates. The simplicity of use
of this process allows its combination with any standard micromachining
technology. All these applications demonstrate that the thick resist technology is
a really inexpensive and attractive alternative to LI1GA, bulk or surface micro-

machining.
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6. Conclusions

The many advantages of the piezoeleciric motors, such as high power density,
low voltages, holding torque and low noise operation, have motivated in the
beginning of the 9¢’s, the development of the first hybrid generation of elastic
force motors (EFM) using microfabrication technologies. Only the stator with a
ZnO piezoelectric layer was microfabricated, while the rotor was realized with
standard fabrication technologies. The goal of this thesis was to improve the first
hybrid EFM, and to obtain a micromotor compatible with industrial production.
To achieve this, several technological processes and designs have been
developed or improved.

The new microfabricated stator with a ZnO piezoelectric layer allows the use of
the first vibrationnal mode of the membrane, and has proved increased
mechanical amplitude of the oscillation, in comparison to early stator design.
The free standing rﬁembrane, anchored in the middle, was fabricated using deep
reactive ion etching technology and was actuated with an integrated ZnQ
piezoelectric layer. One of the most important problems encountered during the
development of this process, was the reproducibility of the ZnQO sputtering
deposition. The poor quality of the piezoelectric layer limits the introduction of
such products to the market, and needs to be drastically improved, to insure a
reproducible mechanical behavior of the stator and a better fabrication yield.
The microfabricated stator exhibited good mechanical and electrical behavior.
The motor was operated at a frequency of 20 kHz and with a typical excitation
voltage of 4 V. The characterization of the motor was difficult, because of the

fragility of the too thin stator membrane (20 um), thereby no speed or torque
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measurement of the complete microfabricated motor was possible. This problem
shows the difficulty to manipulate microfabricated structures and should be
taken into account when designing the next generation. The principle of the axle
has to be reconsidered entirely to avoid manipulation and guiding problems. The
guiding and centering function of the rotor has to be fulfilled on the stator chip
with interfaces to the macro world.

The development of a new rotor with vertical legs, fabricated with
microtechnologies, resulted in a more efficient behavior and higher dimensional
reproducibility. The characterization of this new rotor was performed with a
non-microfabricated stator membrane, consisting of a commercially available
bulk PXE PZT piezoelectric disk glued onto a chemically eiched copper
beryllium membrane. The maximal measured torque of the new rotor was
2.7 pNm, corresponding to a speed of 25 rad/s. This values correspond to an
increase of 20 to 30%, speed and torque characteristics, compared to the
previous rotor fabricated with standard technologies.

The development of this new rotor design also stimulated the development of
new technologies based on high-aspect ratio structuring of commercially
available positive photoresists and followed by nickel electroplating, with
conventional photolithographic tools. The optimized processes have proven to
be very reproducible and allow the fabrication of 38 um and 85 um thick
photoresist molds with a yield close to 100%. Spin coating sequences have been
developed to minimize the edge-bead width and to obtain a layer thickness
uniformity of 5%. A single exposure step was performed for both the 358 pm and
85um thick layer processes. The fabricated photoresist molds have
demonstrated to be fully compatible with nickel electroplating. The combination
of the thick positive resist process with photostructuration of the epoxy-based
SU-8 resist opens the way to low cost fabrication of complex metallic and

plastic structures for MEMS applications use.
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Appendix A. The compliance and
rigidity matrix in details

A.1. Cantilevers flexion theory

A1l Force applied to a cantilever

F
{o
4+——r
L
3
bending : U/ = % M
F.
angle : = 2E _ (2)
Where: Applied force
Cantilever length

Young modulus
Moment of inertia {defined bellow (5))
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AL2. Momentum applied to a cantilever

M
-2 IU
+—>
L
bending : U:%?— @)
angle : ﬂ=% &)

Where: M. Applied momentum

A.1.3. Inertia momentum

The inertia momentum of a rectangular shape structure is given by:

I.,

+—>

a

3
Inertia momentum : [ = % )

Where: a:  beam length
b:  beam thickness
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The compliance and vigidity matrix in details

A.2. Decomposition of forces and deformations inx et y

Where: Fx:
Fy:
Ux:
Uy:

Force in x
Force applied in y
Deformation in x

Deformation in y

A.2.1. Deformation of beam 1

A2L1 Force applied in the direction x — Fx

Characterization of the displacement of the point Pc when a force Fx is applied.

The beam 2 is unbuckled.
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Ux{Fx)
The displacement of the point Pc is due to the displacement of the point P1 and
the angle .

Point P1 displacement due to momentum M ( M = Fx £, cos(a) ) Equ. (3)

U, (Fx)=0

Fx L L, cos(a)

Ul_v{‘Fx) = 2E]

Angle due to momentum M Equ. (4)

B(Fx) = Fx L, %}cos(a}

Point Pe displacement due to the angle B(Fx)

2 ot
Uy (Fxy= B(Fx} L, cos(a) = F_xé_lg)_ﬂ

2 .
U, (F) = B(Fi) Ly sin(a) = FxL L CE((I) sin{a)

The displacement of the point Pc, due to the force Fx, is the sum of the
displacement of the point P1 and Pc due to the angle £,
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The compliance and rigidity mairix in details

Fx L, L} cos*(a)
Ef
Fx I} L, cos{e) Fx L, L} cos{a) sin(e)
2E Ef

U (Fx)=U, (Fx)+ U, (Fr)=0+

U, (Fry=U,,(Fx)+ U, (Fx) =

A2.12 Force applied in the direction y — Fy

Characterization of the displacement of the point P! when a force Fy is applied

at the point Pc. The beam 2 is unbuckled.

o)

Point P1 displacement due to momenturn M =Fy sin{a)L, Equ. (3}

le,M(Fy) = 0

Fy L} L, sin(a)

U]y.M{Fy) = 2El

Point P1 displacement due to the force Fy Equ. (1)

U,{Fy)=0
Fy L}

Vo)==

Angle due to the momentum M Equ. (4)
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L, sin(a) Fy L,

BFy)= £

Angle due 1o the force Fy Equ. (2)
I
1

Fy L
BFyy=—=t

Point Pc displacement due to 3{Fv)

Fy L Lsinfg) Fyl?
Uy (Fr)= BFD) L, cos{a)=( 2 "’;“ L, Z”EI']LZ cos(@)

Py L L, sinfe} Fy I .
Ug (FX)= B(FY) L, sin(a)=( 7 gf + ;E‘,]LZ sin(a)

The displacement of the point Pc, due to the force Fy, is the sum of the

displacement of the point P1 and Pc due to the angle (3.

U (F)=U, u (F¥)+ U, (FY) + Uy (Fy)

FyLLsina) Fyl?
El 2EI

U (F)= 0+[ J L, cos(er)

U, (Fy)=U,, y (Fy)+ U, (Fy}+ U, (Fy)

Fy 3 Lsinle) Py L' (Fy L Lsin{a) Fylt .
. lzLEzl = 3yEIE+ IEI * 2yEfI L, sin(a)

U.(Fy)=

A.2.2. Compliance matrix C; of beam 1

The compliance matrix coefficients are obtained by dividing calculated

deformations by the corresponding force.
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The compliance and rigidity matrix in details

Clxx = _w;_"- x) Cliy= Ux}('_Fy}
lxx ClxyY Fx * g
[gx]=[gxx clly F] Clyx = 2ERD Clyy = LW
G
2 2
Clax = LlF%) _ Lileos'(a)
Fx El
i 2
Clxy = L) _ (lqlqsm(a) b JL:. os(0)
Fy El 2E]
Clyx = U, (Fx) - L Lcos(a) + L Leos{a)sin()
Fx 2E] =l
_U(F) _ LLsin(a) i’ L L,sin(e) i )
Chr= Fy  2EI “3E T Y L,sin(er)

A.2.3. Deformation of beam 2
A.23.1 Force applied in the direction x — Fx

Characterization of the displacement of the point Pc when a force Fx is applied
at the point Pc. The beam 1 is unbuckled.

Beam 1 P1

Point P¢ displacement due to the force Equ. (1)
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Fx L cos’(a)
3ET
Fx L) cos(a) sin{e)
3ET

U, (Fr)=

U, (Fx)=

A.2.3.2 Force applied in the direction y — Fy

Characterization of the displacement of the point Pc when a force Fy is applied
at the point Pc. The beam 1 is unbuckled.

Baam 1 1
F
e@%? y
Pc
Uy(Fy)
Ux(Fy}

Point Pc displacement due to the force Fy Equ. (1)

Fy L} cos(a) sin{c)

U (F)= 3ET
Fy L) sin(@)
U,,U"y)=—23£‘4r

A.2.4. Compliance matrix C; of beam 2

The compliance matrix coefficients are obtained by dividing calculated

deformations by the corresponding force.
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The compliance and rigidity matrix in details

_Ud) _ Boos'(@)

Clxx
Fx 3ET
3 .
C2xy = U (Fy) _ L;cos(e)sin{e)
Fy 3EI
Coyx= U, (%) _ Lycos(a)sinta)
Fx 3E!
U F Yot
Cayy = (Fy) _ Lisin’(a)
Fy 3E}
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A3, MATLAB program to calculate the K matrix

These Matlab programs calculate the matrix of rigidity for the CuBe and the

vertical legs rotors.

A.3.1. Function calculating the compliance maitrix
A3.L1 Function calculating the matrix C of beam 1

Compl pl.m:
function C_matacompl_pl {lone, ltwo, alpha);

*this function calculates the compliances for “keam one®
%to get final values the matrix has to be divlde by E*I.

C_matmzeros{2,2):

C_mat{l,li=m{ltwo*¢os{alphal))~2*lone;
C_mat (1, 2)={ltwo*cos {alpha))* {0.5*done~2+1two*lone*sin{alphal};

C_mat{2,l)=lcwo"2*lone*sln{alpha) *cos{alpha) +0.5*1two*cos{alpha)*lone~2;

C_mat{2,2)=lone~3/3+{lone"2*lrwo*sin{alpha) *0.5);
C_mat{2,2)=C_mat (2,2} +{0.5"lone"~2+1two*lone*sin(alpha)) *ltwo*sin talpha) :

A3.1.2 Function calculating the mairix C of beam 2

Compl p2.m:
funcrion C_mat=compl_pZ {lone, 1two, alphal;

%this function calculates the compliances for "beam two®
%to get final values the matrix has to be divide by E*I,

C_mat=zerosi2, 2]

C_mat{l,li=cos{alphal “Z;
C_mat{l,Z)=cos{alphal *sin{alpha;}:

C_mat {2, l}=cos (alpha) *sin{alphal :
C_mati2, 2)msinialpha)~2;
C_mat=C_mat*liwo™3/3;
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The compliance and rigidity matrix in details

A.3.2. The rigidity matrix of the CuBe rotor

clear all

epaisseur=30e-6;

E=105e9; $Module de Young of Ni
largenr=120e-6;

ltwom=220e-6;

lonemble-6;

alpha=17;

alpha=alpha*pi/180;

%Definitions

1=largeur*epaissenr”3/12; tMoment of inertia
EI=E*I;

tProgram
cone=compl_pl (lone, 1two, alphatl; % functlen compl_pl

ctwo=compl_p2 (lone, ltwo, alpha) ; t functlon compl_p2
EmEI*inv (cona+ctwo) ;
¥_Fx_ymabs (K{1,2));
K_Fy_ymabs (K {2,2)):

K fprint matrix K

A.3.3. Matlab program to calculate de dimensioning of the vertical legs rotor

‘* ______________________________________________ —— -

¥*Rlgldity matrix of the Wi vertical legs rotor

%* ___________________________________________________

clear all tInltlalization of varishles
$Constants

E=210e9; % Young Modulus of Ni
epaisseur CuBe=30e-6:

largeunr=120e-6€; fwidht=Ele-6 et Sde-¢€

Ll_max=150e-6;
LI_min=10e-6:
L2_max=Z50e-6;
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LZ_min=20e-6;

number=54; #Nb de pts calculated
alpha=¥*pi/180;

epaisseur=2de-6;

Whefinitiona

Imlargaur*epaisseur”3/12; 3HMoment of inertia
El=E*1;

EProgram

for J = ):number,
ltwo={L2_max-L2_min}/{number-1)*(J-1)}+L2_min; %H

for M = l:number,

lane={L1_max-L1_min]/ {fumber-1}* iH=-1}+L1_min: $L

¢conamcompl_pl tlona, 1twe, alpha);
ctwomcompl_p2 {long, 1twe, alpha):

K=EI*inv(cone+{*ctwa): %Bzam 2 not bucklad
RPreparation of the exportation matrix

$K_Fx_y(N)=abs(K(l,2));
$K_Fy_vy(N)=absiKi2,2});

E_Kxy (N+1, 11 =lone;
¥_Kyy (Htl,l)=lone;
E_FExy(H+l,J+1)=abs(k(l,2]);
E_Kyy {N+1,J+1}=abs (K{2,2]);

end
E_Kxy ), J+1)=1two;
E_Eyy{l,J+l}mltwo;

end

save C:hikxy.txt K_Key fascli
save iV lkyy.txt K_Kyy fascil
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