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Abstract

This thesis deals with the design, fabrication, and characterization of
surface micromachined electrostatic actuators.

The presented devices are surface micromachined in single crystal silicon,
polycrystalline silicon, and aluminum. For particular structures, also a
combination of silicon bulk and surface micromachining has been employed.
The characterization points out that silicon and polysilicon devices present
higher yield strains but also higher processing temperatures and switching
voltages; on the other hand, aluminum has higher surface reflectivities.

We have fabricated and operated comb actuators with submicrometer wide
beam suspensions. They prove to be reliable micromechanical devices, which
can perform controlled one-dimensional positioning at low voltages.
Displacements of up to 7 um are achieved for voltages lower than 15 V. For
two-dimensional positioning, a comb-driven xy-nanopositioner has been
devised. Experiments show that the current design can be used for positioning
in the range of several micrometers, where the absolute position error due to
the mechanical coupling of the two actuation directions is lower than 80 nm.
This accuracy can be improved considerably if compensation for the
interdependence of the displacements in x- and y-direction is employed. By
combining bulk and surface silicon micromachining, an integrated scanning
local probe unit has been fabricated for applications in nanoscale science and
technology.

Torsional micromirrors have been conceived, which can be used to deflect
incoming laser beams. In view of laser printing and projection displays, a 32
by 32 micromirror array has been fabricated. Optical microshutters allow to
interrupt a focused laser beam of 5 pum in diameter. If operated in
transmission mode, high contrast ratios are obtained and only a simple optical
setup is required for the applications mentioned above. Finally, interference
light modulators are presented. They are used to change either the height of a
phase step or the width of an optical resonance cavity for a Fabry-Perot
interferometer. These devices modulate light at high speed - the bandwidth of
operation is typically above 1 Mhz.
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Chapter One

Introduction

The overall performance of microelectronic elements has been increased
since 1960 by about ten orders of magnitude. This has led to the wide use of
microelectronics in computing, data storage, process control, and many other
domains. The potential of new applications based on megabit memories and
new types of processors is not exhausted yet. But it seems that the further
penetration of microelectronics into new products is hampered by the lack of
miniaturized sensors and actuators, which are able to master the tasks of
automatic, multidimensional data acquisition, and process control. It will be
important that these new devices are compatible with microelectronic elements
in driving voltage, dimensions, complexity, and prize. This work is devoted to
the development of electrostatic microactuators which could become part of
such integrated microsystems.

The introduction chapter will place the work in a larger context. For this
purpose, promising industrial applications for microactuators are described;
then, a brief overview of the main micromachining techniques as well as the
microactuation principles is given. Further, the state of research at the Institute
of Microtechnology (IMT) and the Swiss Center for Electronics and
Microtechnology Inc. (CSEM) at the beginning of this project is discussed, and
its evolution is presented. Finally, the contents and the structure of this thesis
are outlined.

1.1 Applications for Microactuators

Microactuators will not only be compatible with the processing power of
microelectronics, but they will also have inherent advantages compared to
their macromechanical correspondences such as speed, accuracy, and
gentleness of operation [1.1]. Therefore, promising applications for
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microactuators in the near future are believed to be in fluidics, handling of
cells and macro molecules, micro optics, positioning, and the surface analysis
as well as the surface modification by microprobe devices [1.2]. All these
applications have in common that only light objects like valves, cells,
microprobes, or mirrors have to be moved, and therefore, small output forces
are sufficient for operation.

In fluidics, research on ink jet printer nozzles has been initiated in the mid
1970s [1.3]. Using anisotropic etching techniques, these nozzles were
fabricated, and soon they were combined with an ink cavity and a piezoelectric
pressure oscillator to form a micromachined printing head [1.4]. Other
research in fluidics concentrates on the fabrication of valves and pumps [1.5].
Recently, sophisticated devices such as a bioreactor for space research have
been presented, where pumps, valves, flow sensors, and chemical sensors have
been integrated into one microsystem [1.6].

Typical dimensions of biological objects are around 1-10 um for cells and
several nanometers in thickness by a few micrometers in lengths for
macromolecules. The electric field distribution obtained by microfabricated
electrodes can be controlled on the same length scale and is suitable for
manipulating such objects [1.7, 1.8].

Precise positioning is an important technological field. Macromechanical
servo motors and piezoelectric drives are two methods used frequently for
achieving the required precision [1.9]. Micromachined electrostatically driven
devices may be an interesting alternative. In the following chapters, we discuss
one- and two-dimensional comb-driven positioners for this purpose.

For scanning microprobes, especially the tips and cantilevers have been
microfabricated for a few years already [1.10-1.13]. Based on these successes,
integrated scanning force sensor units have been realized recently {1.14-1.16].
A part of this work is also focused on the fabrication of micromachined tools
for nanoscience. Particularly, a scanning unit with integrated probe tip will be
presented, which is actuated by the comb-driven two-dimensional positioner.

Micro optical applications range from optical fiber switches [1.17] and
optical fiber aligners [1.18, 1.19] over tunable Fabry-Perot interferometers
[1.20, 1.21] to arrays of pivoting micromirrors [1.22]. To an important extent,
the present work is dedicated to the realization and characterization of
micromachined optical devices. In particular, optical shutters, pivoting
mirrors, and interference light modulators will be described.

While there is a wide variety of possible applications for microactuators
and a lot of research going on in these domains, there are only few
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commercially successful devices so far. This is in contrast to micromachined
sensors, where already a substantial market is existing. A report from Market
Intelligence estimates that in 1991 revenues for the world micromachines
market reached 870 million US dollars, with a growth rate of 14.5% over the
previous year [1.23]. For 1998, a market size of 2.9 billion dollars is expected,
with an annual compound growth rate of 19.1%. In an earlier study by Nova
Sensors, the share of microactuators on the 1988 micromachines market is
estimated to be less than one percent {1.24]. This situation may not have
changed much since then. However, the introduction of micromachined
actuators and robots in higher volumes is expected in early 1995 (Market
Intelligence).

1.2 Micromachining

Silicon micromachining has become the fundamental technology for the
fabrication of microsensors and microactuators. Micromachining techniques
include the basic processing steps of integrated circuits (IC) technology,
namely, thin film growth, doping, lithography, and patterning. In addition,
they incorporate special etching, deposition, and bonding processes, which
allow for the sculpturing of three-dimensional microstructures. The main
silicon micromachining techniques fall into two categories: bulk
micromachining and surface micromachining.

First developments in bulk and surface micromachining have been
performed in the 1950s and 1960s respectively. Bulk but also surface
micromachining are widely used for the fabrication of microsensors and
actuators at a production level [1.25-1.28]. The development as well as the
current state of the two technologies will be discussed in the introduction of
Chapter 3. Electroplating is an important supplement to micromachining.
Initially, it was mainly employed for the fabrication of thin film heads for
magnetic recording [1.29]. In rgcent years, this method is applied to the
fabrication of micro electromechanical systems (MEMS). Microstructures
made of electroplated metals on silicon substrates have been demonstrated. The
patterning of the metal is given by the electroplating mold. Mainly two
methods are successful for creating the mold: either a polyimide is structured
by conventional lithography [1.30], or a polymethyl methacrylate is patterned
by deep x-ray lithography - the entire technology is then called LIGA
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processing (a German acronym for Lithographie, Galvanoformung,
Abformung) [1.31, 1.32]. There exist further techniques like beam induced
deposition, sculpturing and welding of microstructures [1.33, 1.34], which are
not yet in batch fabrication and are not subject of this study.

In this work, new surface micromachining techniques for single crystal
silicon, polycrystalline silicon, and aluminum structures will be presented in
view of the realization of a variety of electrostatic microactuators. Structures
with identical geometric dimensions have been constructed in the three
different technologies. This allows to compare the advantages and
disadvantages of a certain material choice directly. Furthermore, a
combination of silicon bulk and surface micromachining is discussed which
enables the fabrication of complex microsystems such as a scanning system
with integrated probe tip.

1.3 Microactuation Principles

Most of the microactuators described in the literature are employing
thermal, piezoelectric, or electrostatic driving principles. Thermal powering
for MEMS is mainly realized by bimetal (bimorph) actuation or simple
thermal expansion. Bimorph actuation is based on the different thermal
expansion coefficients of a sandwich structure. Hence, by changing the
temperature, the overall stress state of the device can be modified, and by
choosing an appropriate design, this results in controlled displacements [1.35-
1.37]). The temperature changes are normally induced by current heating.
Simple thermal expansion uses a material with a high thermal expansion
coefficient; if heated, it may, for example, deform a thin membrane. An
interesting aspect of this method is that very thin and flexible optical fibers can
be used to power the device from the outside [1.38]. The main advantage of
thermal actuation is that large amplitudes of several micrometers and
considerable forces can be created at IC-compatible voltages. The
disadvantages are that they have a rather high power consumption and the
displacement characteristics is influenced by the thermal environment. The
bandwidth of operation is maximally in the hundreds of Hertz.

Microactuators like pumps [1.5] or optical scanners [1.39] are often driven
by piezostacks. Hence, a hybrid assembly is required, which is ideal for the
fabrication of prototype devices but makes the fabrication at a large scale more
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difficult. Recently, however, piezoelectric actuators based on zinc oxide (ZnO)
or lead-zirconate-titanate (PZT) thin films have been presented [1.40]. It has
been shown that vibrations of small amplitudes can be employed to construct
actuators like a micromotor [1.41, 1.42]. An optical chopper, which has been
presented recently, is employing the piezoelectric effect of quartz for the
actuation [1.43]. The actuation voltage for piezoelectric actuators is in general
rather high, i. e., in the range of 100 - 200V, and there is a considerable
performance dependence on temperature. However, an advantage of
piezoelectric actuators is that they can create rather large forces and they can
also operate in dusty environments.

Electrostatics is the third widely used actuation principle. Already in the
1970s, electrostatically deflectable membranes [1.44] and deflectable
cantilevers for light modulation [1.45] have been constructed. In the late 1980s
and early 1990s, rotating motors have been realized by different laboratories
{1.46-1.49]. In the same time period and often by the same laboratories, linear
actuators suspended by thin beams have been constructed [1.50-1.53]. Recently,
also electrostatically driven valves and pumps have been proposed [1.54-1.56].
IC-compatible voltages are easily attained; high frequency and low power
actuation is possible, and the electrostatic actuation is relatively independent of
the thermal environment. Further, it is not susceptible to hysteresis in the
positioning. A disadvantage, however, is that electrostatic microactuators have
to be protected from dust and humidity. Because electrostatic actuation has
many intriguing features, this work has been focused on the study of
electrostatic microactuators.

There are many further actuation principles like electromagnetics [1.57] or

shape memory alloys [1.58], which are nowadays mainly in a research state
~ and will not be discussed here.

14 BaCkground and Evolution of the Work

In spring 1991, when this work started, the silicon bulk micromachining
was a well established technology at the IMT with almost a decade of continued
experience [1.59-1.61]. The polysilicon surface micromachining was
implemented in the laboratory in the late 1980s [1.62]. First integrated
micromechnisms have been constructed such as silicon bolometers for nuclear
radiation detection [1.63], resonating beams for transducer applications [1.64,
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1.65], and biaxial scanning mirrors [1.37]; further, electrostatic micromotors
were in fabrication [1.66]. The CSEM on the other hand had years of
experience with the microfabrication of optical microshutters [1.67], capacitive
accelerometers [1.68), and capacitive microphones [1.69]. A project supported
by the Swiss Foundation for Microtechnology Research (FSRM 90/08) defined
a joint development (IMT-CSEM) of integrated micromechanisms in silicon
and polysilicon. In particular, the development of the two layer polysilicon
process has been a close collaboration - the wafers have been processed partly
at the IMT and partly at the CSEM. In a rather early state of the project, the
silicon and polysilicon technologies have been already developed successfully
so that further reaching goals could be integrated into the work. Thus, an
aluminum surface micromachining process has been developed, and an
integrated silicon scanning unit has been constructed, which is partly based on
the IMT knowledge of tip and cantilever fabrication [1.13]. The development
of light modulators is another domain, where the IMT-CSEM collaboration
has been close, and for this part of the work, also partners from the private
industry showed a distinct interest.

1.5 Outline of the Thesis

The thesis is subdivided into six chapters. This introduction chapter is
followed by a chapter that focuses on the design of electrostatic
microactuators. In the first part of Chapter 2, the driving forces are
estimated; for simple cases, analytical formnlae are derived, and for more
complex setups, finite element modelling (FEM) is employed to estimate the
forces and moments acting on the electrodes. The electrodes have to be guided
by mechanical suspensions. Therefore, in a second part, the spring constants,
elastic properties and stresses of the suspensions are studied. Again, analytical
formulae are derived for simple setups, and FEM is used for optimizing the
more complex suspensions.

Chapter 3 discusses the fabrication technology in details. Structures have
been fabricated using surface micromachining and employing the three
different materials single crystal silicon, polycrystalline silicon, and aluminum.
The micromachining of each material required specific processes which are
explained. The realization of complex silicon actuators has been possible by an



7 1.5 Outline of the Thesis

elaborated combination of bulk micromachining and surface micromachining
in single crystal silicon.

Chapter 4 describes the working principles, testing, and performance of the
following electrostatic actuator devices: the comb actuator, which allows a
linear displacement and positioning over a range of 15 pm; the xy-
nanopositioner, which can be used for precise two-dimensional positioning;
and the light modulators, which can be used to alter the phase or amplitude of
a laser beam. For all these devices, static displacements in function of the
applied voltage have been investigated, and resonance frequencies have been
determined.

In the following Chapter S, mechanical and optical properties of the
employed materials are investigated. In particular, internal stresses, sticking,
and yield strengths have been determined, and the endurance test stability has
been observed. In addition, investigations of optical properties such as
reflectivities and surface scattering of the finished devices are presented.

Finally, Chapter 6 gives a summary. Conclusions are drawn, especially in
view of further developments of the actuators into microsystems as well as of
opportunities for a commercialization of the presented technology and the
fabricated devices.
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Chapter Two

Design Considerations

Electrostatic actuators have a long history. Already in the 1750s, Gordon
built an electric bell [2.1], and Franklin constructed a spark motor named the
electric wheel [2.2]. Since then, a myriad of different electrostatic actnators
have been proposed and fabricated. But despite their distinguished history,
electrostatic actuators have found few practical applications because of the high
voltages and the mechanical accuracies required. Micromechanics, however,
has changed prospects for electrostatic actnators. There are mainly three
reasons which favor electrostatic drive in the sub-millimeter dimensions. First,
thin insulation layer withstand high electric fields; breakdown strengths as high
as 10 MV/cm are easily obtainéd in SiOp thin films [2.3]. Further, the
breakdown strength of air is greatly increased for small gaps as described by
the Paschen's law [2.4]; Tavrow has reported on micromechanical structures a
breakdown strength for a 1.65 um gap of 4 MV/cm [2.5]. The second reason
is that the electrostatic force is a surface force and obeys a favorable scaling
law for small dimensions [2.6]. Third, the required precision of the mechanical
assembly is easily achieved by the lithography based micromachining. A
general advantage of electrostatic actnators is that they are essentially driven
by voltage. Voltage switching is fast and energy losses associated with Joule
heating are small [2.7]; further, no energy has to be supplied to keep the
actuator in any stable position. As follows from the electrostatic
considerations, mechanical structures are required to keep the movable
actuator elements in place and to guide them on a defined track. Since friction
scales for micromechanical applications unfavorably [e.g., 2.8], it has to be
avoided whenever possible. Therefore, we investigated only bending and
twisting suspensions.

For constructing electromechanical microactuators, it is crucial to have a
good knowledge of the electrostatic part, which is mainly concerned with
creating the required forces, as well as of the mechanical part, which includes
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the design of suspensions, indispensable for the controlled actuation and dis-
placement. The analytical calculation of electrostatic forces will be discussed in
Chapter 2.1. For complex electrode setups, finite element modelling (FEM) is
useful to estimate the electrostatic forces. For various actuator types, the ex-
pected force has been numerically determined. The electrostatic levitation phe-
nomenon is investigated with the help of FEM. Chapter 2.2 discusses the me-
chanical suspension of laterally movable actuators. For comb actuator suspen-
sions, the spring constants in different directions are calculated. The suspension
of vertically movable actuators is treated in Chapter 2.3. For all actuators, the
electromechanical performance has been estimated using typical geometric
dimensions. Since the polysilicon technology is the furthest developed surface
micromachining technique reported in this work, material properties of poly-
silicon are employed as input parameters for all computations and simulations.

2.1 Electrostatic Forces

Electrostatic forces created in microactuators are not well explored today,
and there are many possibilities open for optimization and new designs.
Therefore, during this project, special attention has been focused on a better
understanding of electrostatics for micromechanics. By employing the theory
of Section 2.1.1 (parallel plate capacitor), the following two electrostatic
forces can be calculated analytically: the force vertical to the two plates and the
alignment force parallel to the misaligned plates. In Section 2.1.2, this theory
is applied to calculate the forces created in an electrostatic comb actuator. For
more accurate estimations, two- and three-dimensional FEM, as explained in
Section 2.1.3, is required. FEM also allows a better understanding of the
levitation phenomenon, which is described in Section 2.1.4.

2.1.1 Basic theory of electrostatics

The Coulomb's law is describing the force between two charged bodies
which are not moving relative to each other. Then, the force between two
point charges in a homogeneous medium of infinite extent is proportional to
the product of the magnitudes of the charges divided by the square of the
distance between them. For practical calculation of forces, it is often useful to
describe the electrostatic interaction by employing the concept of the electric
field E, where the force F can be expressed as
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F =Egq @.1)

where ¢ is the electric charge. For the vector field E(r), the two basic
equations of electrostatics can be written as

EV-E =p, (2.2)

rotE =0 2.3)

Equation 2.2 is the Gauss's law, where &, is the electric permittivity and p,, is
the electric charge density. Since for metallic bodies the charges are
accumulated on the surface, Equation 2.2 can be rewritten by using the surface
charge density o,; instead of the charge density p,,

&lE=0, (2.4)
Equation 2.3 allows to introduce the electric potential @, a scalar quantity
E=-Vo (2.5)

Further, it is useful to define the capacitance C. If two charges +q are brought
on two isolated electrodes a potential is created which can be expressed as

_4
P=5 (2.6)

With these expressions and basic laws it will be possible to calculate and to
estimate the electrostatic forces created in the microactuators.

2.1.2 Analytical calculations for comb actuators

The subsequent considerations of electrostatic forces created in a comb
actuator electrode follow in the beginning the reasoning of a paper from
Trimmer and Gabriel [2.6]. Two conducting rectangular parallel plates
separated by an insulating layer create a capacitor with a capacitance given by
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C = ggw b (2.7)
8

where w is the width of the plates, b is the length of the plates, g is the gap
between the two plates, and €, and €, are the free space and relative
permittivities, respectively. Because we are only considering devices which
have an air gap between the electrodes, we will assume ¢, to be equal to 1, and
we will omit the relative permittivity in the following calculations. If a voltage
is applied across the two plates, the potential energy of this capacitor is

1 EwbV2
U=-2CV2=- 22 2.8)

The force in any of the three directions (w, b, g) is given by the negative
partial derivative of the potential energy in each direction. To calculate the
force in w-direction, consider the plates offset so that they overlap by [ as
shown in Figure 2.1. In terms of the overlap by /, the potential energy of the
capacitor is now

£blV?

U=- 2g (2.9)

and taking the derivative with respect to / gives the force

oU 1 gbV?
Fw=' al =2 g (210)

oU 1 gwV?
=== == 2.11
Fy b 2 g ( )
and
U 1 gwbV2
Fom-Sg= 7 e (2.12)

While the tangential forces F,, and F, are independent of the displacement in
the respective direction, the vertical force F, is strongly dependent on the
displacement. As will be seen in the following, in function of the application,
either tangential or vertical forces are chosen.
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Fg
—|—t —
/ 4
V4
- w
a9 _/
Fw
a) b)

Fig 2.1 Forces created in a parallel plate capacitor: a) Fg, the force perpendicular to capacitor
plates; b) Fy, the force parallel to capacitor plates.

Equation 2.10 can be used to calculate the force created in a comb actuator.
A detail of one movable finger between two stator fingers is shown in
Figure 2.2. The thickness ¢ of the finger corresponds to the length b of the
plates. For a comb drive with 7 fingers, the force can be expressed as

F=®'Z—V2- (2.13)

With the given limitations of the technology, one can fabricate comb actuators

Fig 2.2 Schematic drawing of one movable finger of a comb actuator between two stator
fingers.
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with a gap between the fingers of 3.2 um and a thickness of the fingers of
2 pum. With these values, we can calculate the created force of one finger per
voltage squared - it is 5.53 pN/V2. Hence, for a typical comb drive with ten
fingers, the total force amounts to 55.3 pN/V2. As will be seen in Chapter 2.2,
the suspension of the comb actuators have to be made very flexible in order to
achieve reasonable displacements at low voltages (< 15 V), where the created
forces in the comb electrodes are generally less than 20 nN.

2.1.3 Finite element modeling of electrostatic forces

In analyzing a complex structure, it is a common procedure to decompose it
into an ensemble of discrete, structurally known entities. By doing this in a
systematic and clearly defined manner, an overall solution for the assembly of
substructures can be found. In 1941, Hrenikoff introduced a so-called
"framework" method in which elastic problems could be numerically solved.
This and other pioneering works in the 1940s formulated a technique which
was later known as finite element modeling (FEM). FEM is nowadays a
computer based powerful tool for science and engineering. It is widely used,
for example, in aerospace industry or in civil and mechanical engineering. For
microelectromechanical systems (MEMS) it has been used for simulating the
electrostatic field [2.9, 2.10] as well as the behavior of mechanical components
{2.11-2.14]. The simulations presented in this work have been performed using
the university version of the commercially available finite element program
ANSYS® from Swanson Analysis Systems Inc. The only restriction of this
version is its limitation to a wavefront of 500. The number of equations which
are active after any element has been processed during the solution procedure
is called the wavefront at a given point. The pfogram is run on a Hewlett
Packard Series 400 work station.

ANSYS® has procedures and elements to treat thermal analyses. The
differential equation that governs the phenomenon of heat conduction is the
following

V(KVT)=-pg (2.14)
where K is the thermal conductivity, T is the (unknown) temperature, and pg

is the heat generation rate. The Poisson's equation of electrostatics (cf.
Equations 2.2 and 2.5) is mathematically of the same form
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VeV D)=~ p, (2.15)

Hence, by analogy, this program can be used to solve problems of
electrostatics. A typical simulation showing the equipotential lines of a movable
finger between two stator fingers - the identical setup as used for the analytical
calculation - is given in Figure 2.3.

e AISYS 4.4
JUN 12 1992
10:08:05

PLOT 1O, 1
1x | POSTL STRESS
STEP-1

1TER-1

TEMP

SH1 -0 1BSE-NG
SHX =)

B
o r0.277778
o -0.3088AY
£oOor0.5

F o =D.611111
G ~0.722222
It -0.833333
T -0.914414

Fig 2.3 Finite element modeling of polential distribution between a movable finger and two
stator fingers (ANSYS).

From the potential distribution, the forces acting on the elements can be
readily calculated as follows. Based on Equation 2.1, the driving force F can
be determined by

F= one,dS | (2.16)

where the integration is performed over the entire surface S of the movable
electrode. o,; and E can be expressed in function of the potential distribution
using Equations 2.4 and 2.5, respectively. Hence, the resulting force can be
written as
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F=g $§(—V<I>)|Vcb] ds (2.17)

The integration over the surface S of the electrodes can be done using
predefined routines of the ANSYS® program. For preliminary estimations, it
can be deduced that strong forces are, where large gradients in the potential
distribution occur. As can be seen in Figure 2.3, there are strong forces in y-
direction, which are, however, compensated as long as the movable finger is
exactly in the middle of the two stator fingers. On the other hand, there are
forces in x-direction, which are not compensated and which cause the linear
displacement. As will be seen further down, FEM is not only useful to
visualize forces, but it allows above all to estimate forces numerically for
complex electrode assemblies, where analytical calculations would get
complicated or impossible.

For the setup of the movable finger suspended between two stator fingers,
we can state that for a small displacement Ay in y-direction, the forces are no
longer compensated, and a net driving force F, is created, which can be
expressed as follows

Fe ggntiVv2 1 i 1
roo2 ((g Ay (g4 Ay)z)

As shown by Hirano et al. [2.15], this force has to be compensated by the
rigidity of the mechanical suspension. Therefore, special spring elements have
to be employed. We will reconsider this problem when discussing the
suspension of comb actuators in Chapter 2.2.

Another effect has been neglected when we were considering
Equation 2.13. The force F,generated by a parallel plate capacitor, which
consists of the capacitor plate formed by the front end of the movable fingers,
and of the parallel part of the fixed electrode in front of it. Since the capacitor
gap is large compared with the capacitor area, the approach allows for a rough
estimation only

(2.18)

Foo EgntwV? 5
P__(d ~Ax) (2.19)

In addition to the variables of the earlier equations, there is the width w of the
fingers, d, the initial distance of the front ends of the fingers if no actuation
occurs, and Ax, the displacement in x-direction. The increase in the driving
force due to this additional capacitor is shown in Figure 2.4. The force
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numerically calculated using the analytical Equation 2.19 and the force
calculated using FEM, based on the structure shown in Figure 2.3, are given
in the diagram. For this setup, analytical calculations and FEM are in good
agreement.

1510 ¢ -

= b
< -
> ]
4 ]
B 1010 3
=] F B
s b ]
172 4
o ]
& .
s E ]
S ) b
> 5010 3
= 3
&, N
g . ——+— Simulation - - = - Calculation
i L

L

00100 C v )

0 5 10 15
Displacement [um]

Fig 2.4 Electrostatic force on one movable finger. The lateral force increases as function of
the displacement due to the parallel plate capacitors formed by the front end of the comb drive
fingers. Finite element modeling and analytical calculations deliver similar results.

2.1.4 Electrostatic levitation

Electrostatic comb drive levitation has been described first by Tang et al.
{2.16]. In order to avoid sticking of the movable structures on the substrate,
successfully operating electrostatic actuators require a ground plane under the
structure to shield it from vertical fields [2.17]. The ground plane, however,
contributes to an unbalanced potential distribution (cf. Figures 2.5 and 2.6),
which causes the levitation. FEM is again a powerful tool for investigating this
electrostatic phenomenon. Figure 2.7 shows the simulated force per voltage
squared in function of the applied voltage. The dimensions for the simulated
setup are 6 um wide and 2 um thick fingers with a gap of 2 pum between
them; the stator fingers are suspended 2 pm above the ground plane. These
initial dimensions have been chosen because of restrictions in the fabrication
technology on the one hand and on the other hand, because of theoretical
considerations predicting a maximum capacity for a comb electrode system
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having a finger width to gap ratio of three {2.18]. The maximum levitating
force is observed when the movable finger is in plane with the stator fingers -
it is 10.6 pN/V2for one movable finger. Hence, the levitation force is about
twice the lateral driving force we calculated earlier. As the levitation height
increases, the force gets lower until it reaches a zero value for a levitation of
1.2 um. At higher levitations the force will be negative - it will pull back the
movable finger to the equilibrium position. Thus, the electrostatic levitation
causes the movable electrodes to be displaced at higher actuation voltages at a
level of 1.2 um above the fixed electrodes. In summary, there are two main
problems resulting from this effect. First, the z-position of the movable
actuator element varies during operation and second, the net driving force will
be reduced thereby. Therefore, a good understanding of this effect is necessary
for constructing electrostatic microactuators. It is also conceivable that, based
on the electrostatic levitation, new types of electrostatic actuators may be
realized. Thus, employing electrostatic forces, an electric levitation bearing
for micromotors has been proposed by Kumar et al. [2.19]; it is an open loop
stable system using the tuning of the frequency to determine the position of the
levitated structure.

t evitation force

Stator finger Movable finger Stator finger

+ +

== Ground plane

Fig. 2.5 Schemaiic cross section of the driving part of a comb actuator. While the ground
plate and the movable finger are on ground polential, a voltage is applied on the stator fingers.
The mirror charges induced on the ground plate and the movable finger are causing the
levitation force.
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Fig. 2.6 Finite element modeling of the potential distribution around one movable finger and
two stator fingers. The fingers are 2 ytm thick and 6 pm wide, and the gap between them is

2 pm; the stator fingers are suspended 2 um above the ground plane.
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2.1.5 Electrostatic torque of torsional mirrors

For investigations of torsional mirrors, the electrostatic torque is calculated.
Figure 2.8 shows a schematic view of a torsional micromirror. The deflection
model discussed here is based on the following assumptions:

1) Fringing fields are ignored. :

1) A mirror element is electrostatically attracted only by the surface charges
from the addressing electrode.

This is, of course, a much simplified view of the actual situation. In reality,
other parts of the mirror which are not directly in front of the address
electrode as well as adjacent mirror elements and landing electrodes will
contribute to and modify the total electric field. The total electric torque T, on
the mirror element is calculated by integrating the incremental torque of the
segment which is directly in front of the address electrode

b
T, = [F(x)xdx (2.20)
0

where b is the length of the address electrode. For rotations of an angle 6
(radians), the electrode gap can be expressed as d(x) = d - Ox, where d is the
initial gap between mirror and address electrode (see Figure 2.8). Based on
Equation 2.20, an expression for the electric torque T, can be found

Te = l‘ 80V2W J

xdx V3w ob Ob/d
5 Infl - = |+

d-6x)~ 28 d)*T- Gb/d) (2:21)
0

where w is the width of the electrode. For small rotations, Equation 2.21 can
be approximated by N

Torsional Suspension

¥ L
. /Janding Electrode =
Address Elcctrode; =V

Fig. 2.8 Schematic drawing of a tilted torsional micromirror.
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&V2wb?
T.= AR (2.22)

Hence, the electrostatic torque is proportional to the square of the electrode
length b, to the electrode width w, and inversely proportional to the square of
the electrode separation d. For numerical calculations, a torsional mirror with
an address electrode of 22 um by 30 pm is assumed, while the electrode gap d
is 2 um. Thus, the electric torque per voltage squared is 8.04 fNm/V2.

2.2 Suspensions for Laterally Movable Actuators

For lateral displacements, the basic structure is the folded beam suspension,
which has been introduced for comb actuators by Tang et al. [2.20]; it allows a
guided displacement and its restoring force is linear for rather large
displacement amplitudes. Its mechanical design properties have been discussed,
based on an analytical approach, by Pisano and Cho [2.21]. Section 2.2.]
recalls some results of the basic theory of elasticity, and Section 2.2.2
describes the performance of the comb actuator suspension. Using FEM,
suspensions have been optimized, and in particular, the ratio of the spring
constant in stroke direction to the spring constant in the perpendicular
direction has been increased as will be discussed in Section 2.2.3. For optical
microshutters the surface occupied by the folded beam suspension has been
minimized by using a new type of suspension, called the meander shaped
folded beam suspension; the characteristics of this new suspension will be
explained in Section 2.2.4. Finally, in Section 2.2.5 the suspension for an xy-
nanopositioner will be discussed. For all these different structures, formulae
for the spring constant, resonance frequency, and maximum strain are derived.
In order to give a 'feeling' for the real devices, numerical calculations have
been performed with geometric dimensions and material properties of the
fabricated devices.

2.2.1 Basic theory of elasticity

Many characteristics of the suspensions can be calculated by employing
analytical expressions from simple theory of elasticity. Therefore, some of the
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basic results will be recalled before considering the different types of
suspensions.
The relation between stress o and strain € is given by the Hooke's law

o=Ee _ (2.23)

where E is the Young's modulus. Hence, the deformation of a straight beam
under axial loads can be directly calculated. In this section, we follow the
reasoning proposed by Timoshenko [2.22]. For a beam under transverse load,
the strain in x-direction can be expressed using Figure 2.9. ’

SS-NN' (r+2z)¢p-r¢
R e (2.24)

Based on Figure 2.10, a relation between the radius of curvature r and the
torque T, can be established. Let dA denote an elemental area of the cross
section at distance z from the neutral axis. The force acting on this element is
the product of the stress ¢ and the area dA. The moment acting on the element
with respect to the neutral axis is (Ez/r)zdA. Adding all these moments over
the cross section results in the moment Tpy,.

J £ pan B, 2.25)
A
1, = szdA is the moment of inertia of the cross section with respect to the
neutral axis y. For small deflections the curvature radius can be approximated
by the derivative of the second order of a function z(x) describing the shape of
the bent beam.

y

Fig. 2.9 Bent beam; after [2.22] Fig. 2.1(} Stress distribution on a cross
section of the beam; after [2.22]
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1 d2z
Al (2.26)

Thus, Equation 2.25 can be rewritten as

2
El, ‘;712 =T 227)

2.2.2 Analytical considerations for comb actuator suspensions

One major requirement for comb actuator suspensions is that they have to
guide the displacement of the movable comb electrode. This can be achieved
with a spring that has a low spring constant in the stroke direction; however,
in the transverse direction it has to be high because of the strong forces created
for the slightest misalignment of the movable fingers between the stator
fingers (cf. Section 2.1.3). Furthermore, its spring constant should not
depend, even for rather large amplitudes, on the displacement. The folded
beam suspension, introduced for lateral comb actuators by Tang et al [2.16],
fulfills these requirements. A schematic drawing of a typical suspension for a
comb actuator is shown in Figure 2.11. The structure is fixed to the
underlying substrate on the four points A, B, C, and D; the rest of the beam
structure is freely suspended. As shown in the drawing, the vertical beams are
thinner than the horizontal beams. The reason is that they deliver the high
flexibility in x-direction, while the horizontal beams are contributing to the
stiffness in y-direction. Using simple beam theory [e.g., 2.23], a general
expression allows to determine the spring constant for different boundary
conditions

k= L’i—’f—l (2.28)

where m is a constant depending on the boundary conditions, E is the Young's
modulus, assumed to be 170 GPa for polysilicon and 7 is the moment of
inertia. The standard comb actuator suspension is an assembly of beams which
are fixed on one end and guided on the other end. For this boundary
conditions, m is equal 12. For horizontal deflection of beams with rectangular
cross section, the moment of inertia is I = tw3/12, where ris the thickness of
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the beam and w is the width of the beam. Thus, the S‘pring constant in x-
direction can be written as

4E w3
kX=L13 v L3 2.29)

where L, and L, are the lengths of the vertical beams as indicated in
Figure 2.11. Hence, the spring constant is proportional to the beam thickness
and to the cube of the beam width, and it is inversely proportional to the cube
of the beam lengths. Typical dimensions, called standard dimensions in the
following, of the suspensions are: 2 um beam thickness #, 0.4 um beam width
w, 180 um for the length L,, and 200 um for the length L,. With these
dimensions, the calculated spring constant is 6.29 mN/m. When interpreting
the actual displacement results in Chapter 4.1, we will see that these simple
formulae are very useful and quite accurate for predicting the behavior of the
actuators. For roughly estimating the electromechanical performance, we can
employ the force per voltage squared of 55.3 pN/V2 calculated in
Section 2.1.2; a displacement per voltage squared of 8.79 nm/V2 can be
computed.

Lt L2

L.

Fig. 2.11 Schematic drawing of the folded beam suspension for a comb actuator. The
structure is fixed to the substrale at the points 4, B, C, and D. The res! of the beam structure is
freely suspended

While it is the intention to use our devices as actuators and not as resonating
sensors, it is still useful, especially for high frequency applications. to know
the resonance frequencies. For determining an analytical expression of the first
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natural frequency, the Rayleigh's method [2.24] is employed. The formula is
[2.16]

I .
fr= Zn\/Mc +0.3714Mp (2.30)

where M. and M, are the masses of the central piece and the supporting beams,
respectively. The spring constant k, has been already calculated in
Equation 2.29. Hence, Equation 2.30 can be rewritten as

1 Etw?
f= n’\/(Lls + Ly3) (M, + 0.3714M}) (2.31)

For the comb actuator with standard dimensions, the first resonance frequency
amounts to 2.63 kHz.

The standard comb actuators are designed for maximum displacements of
about 10 um. This allows to compute the maximum fiber stress based on the
maximum torque Tpm,,,, as calculated by simple beam theory [2.23]. If just one
beam of the folded beam suspension is considered, the end restraints of this
beam are: fixed on one side and guided on the other side. For these conditions,
the maximum bending moment is Tyn,,,, = FL/2, where F is the applied load
(for the folded beam suspension 1/8 of the total load). For simplicity, all the
beams are assumed to have the same length L. The maximum fiber stress can
be expressed as [2.23]

T, 3FL
Omax =10 = 3y (2.32)

where ¢ is the maximum distance from the neutral axis, which is w/2 for our
case. Hence, the maximum fiber stress is proportional to the applied load F
and to the length L, and it is inversely proportional to the square of the beam
width w and to the beam thickness :. The calculated value of o,,, is
14,7 MPa; this is around 0.4 % of the fracture stress of 3.57 GPa, which can
be determined using the experimental yield strain values of polysilicon from
Section 5.1.3. Hence, the elastic limits of the material are not attained.

2.2.3 Finite element modeling of comb actuator suspensions

The present comb actuators have their limitation in actuation range because
the drive and the actuation comb tend to touch each other - side sticking. In
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order to increase this actuation range, the stiffness in the non-actuation
direction has to be increased. In the following, the simulated rigidity of
different folded beam suspensions will be compared.

The results of different suspensions will be presented here. A typical
structure is shown in Figure 2.11. For the simulations, all the forces and
moments are applied on the point E. The four presented designs have all
similar geometric dimensions; for one design, they are shown in Figure 2.12.

|
NG

[e——
120 um

Fig. 2.12 Typical dimensions used for the finite element modeling.

As already discussed earlier, two different beam widths are used. For the
simulation, the thinner beams have a width of 2 um; the width of the thicker
beams has been varied - it is either 6 um or 10 um. Four different types of
folded beam suspensions are used. They are presented in Figure 2.13.

A LS |

A
E E —C E poll £
B | D 8 D i [ B D
L] L A L J
Type | Type 2 Type 3 Type 4

Fig. 2.13 Four different folded beam spring elements that were used for a comparison of
suspension properties by finite element modeling.

The structure Type 3 is known because of the numerous experiments done
by Tang et al. [2.16]; structure Type 1 has been used by Hirano et al. [2.15].
The other two suspensions are less characterized, and they are shown for
comparison.
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For the simulation, three-dimensional, uniaxial beam elements have been
used to build up a model of the folded beam suspension. The elements have six
degrees of freedom, namely, elongations in three directions and rotations in
three directions - they have tension, compression, bending, and twisting
capabilities (STIF 4 element). As for the analytical calculations, a Young's
modulus of 170 GPa has been assumed. The program can account for
nonlinearities of the restoring force due to large deflections. The forces and
moments are applied on point E.

The results of the different simulations are shown in Table 2.1. The spring
constants in x- and in y-direction are listed. While the structure should be very
flexible in the x-direction, it is preferably very rigid in the y-direction. The
rigidity against torsion is given by the torsion constant; it should also be as
high as possible.

Sim. No, Suspension | Beam Width || kx [N/m} ky [N/m} Tor. [Nm/rad}
! Type | 6 um 0.9166 675.07 2.444 E-7
2 Type 2 6 um 0.8961 673.25 1752 E-7
3 Type 3 6 um 0.8961 71429 1731 E7
4 Type | 10 pm 0.9268 1897.13 1.096 E-6
s Type 2 10 pm 0.9225 1897.13 7.127E-7
6 Type 3 10 um 09225 1706.80 6.952 E-7
7 Typed 10 um 0.9225 1539 1.235 E-7

Table 2.1 The results of the finite element modeling of different folded beam suspensions.

First, from the table it can be seen that the beam width has a great influence
on the rigidity of the structure. For all the designs, an increase of the beam
width from 6 um to 10 um has the following effect: while the spring constant
in x-direction changes only by a few percents, the rigidity in y-direction
increases by approximately a factor of three and the torsional rigidity against
twisting moments increases by roughly a factor of four.

The center square piece, respectively the center H-piece seem to have an
effect on the rigidity against torsion - an improvement of 40 - 50 % for the
square-piece is observed. The choice of the center piece, however, has little
effect on the spring constants. The difference between suspension Type 2 and
Type 3 is that the clamped supporting beams are outside, respectively inside
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the rest of the structure. This seems to have a rather small influence on the
spring constants and the torsional rigidity. The suspension Type 4 has only
disadvantages. The stiffness in the y-direction is completely lost; compared to
Type 2, it is more than a factor 100 smaller. Also the rigidity against torsion
is about a factor of 6.5 lower. For a given beam width, the suspension Type 3
has the highest spring constant in y-direction while the suspension Type ]
shows the highest rigidity against torsion.

The study shows that there are considerable differences between the seven
designs. However, the factor that influences the rigidity most is the width of
the supporting beams. The model does not take into account buckling of the
suspension beams. Whatsoever, experiments on fabricated structures have
demonstrated that not only continuous bending but also buckling can be a
failure mechanism resulting in side sticking. Section 4.1.3 reports
observations on the deformation of the suspension caused by electrostatic
sticking; it is illustrated that for certain structures elastic properties as well as
deformation of the suspension are predicted accurately.

2.2.4 Compact suspensions for optical shutters

Traditional micromechanical comb actuators require folded beam
suspensions, which occupy a rather large surface in the range of 0.1 mm?
[2.15. 2.16]. For optical applications, a high density of active elements is
required; therefore, the surface occupied by the suspension has to be reduced.
The problem hereby is that the high selectivity of compliance, i.e., the spring
constant in the stroke direction is much lower than the spring constant in the
transverse direction, has to be maintained. Using ANSYS®, a meander shaped
folded beam suspension has been developed, which offers still a high selectivity
of compliance while the surface occupied by the suspension has been reduced
by one order of magnitude.

The idea was to use meander shaped suspensions as shown in Figure 2.14.
The design had now to be optimized in order to achieve the high selectivity of
compliance and a minimum surface occupied by the suspension. The elements
used for the simulation are STIF 4 elements. The optimized design is shown in
Figure 2.15. The beams have a height ¢ of 2 um and a width w of 0.4 pm or
8.4 um; the suspension has three long double beams, where the length L, is
120 pm and two short double beams, where the length L, is 50 um. These
dimensions will be the standard dimensions for the double beam meander
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suspension. The inverse of the spring constant k, for the folded beam meander
structure can be expressed as (springs in series)

1 3L3 2L

k. = 24E1 * 24E] (2.33)

where three double beam springs with long beams and two double short beams
are assembled in series. Calculation of the spring constant gives a value of
8.0 mN/m for the double beam meander suspension with standard dimensions.

Aouble brem 13 demhie bres suspenaton 16

a) b)

Fig. 2.14 Layouts (not optimized) of folded beam meander suspensions with loads: a) in y-
direction; b) x-direction.

The shutter has a width of 24 um, a length of 100 um, and a thickness of
2 um. This gives a rather large mass for the shutter (11.0 ng) compared to the
suspensions (4.2 ng). Therefore, for a rough estimation of the resonance
frequency, the moving mass of the suspension will be ignored; the calculated
first resonance frequency is then 4.29 kHz. ]

The maximum strain for a 10 um displacement can be computed by using
the same assumptions and theory as in Section 2.2.2. The maximum bending
moment is 0.80 pNm - this results in a maximum stress value of 15.0 MPa,
which is similar to the value calculated for the standard comb actuator
suspension.
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Fig. 2.15 Mask Layout of folded beam meander suspension (optimized design).

The electromechanical performance can be estimated: for the calculated
force of a comb actuator in Section 2.1.2, the displacement per voltage
squared is 6.91 nm/V2,

2.2.5 Suspensions for xy-nanopositioners

An xy-nanopositioner can be conceived where the actuation is realized by
the comb actuators (cf. Figure 2.16). The design is based on a pull mechanism
- the table is moved to any position in the xy-plane by energizing two of the
four comb drives. The decoupling of the x- and y-position is given by the
construction of the suspension.

]

Fig. 2.16 For the xy-nanopositioner four comb actuators are assembled in a pull structure.
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For calculating the flexibility in x- and y-direction, the following three
springs, which are in parallel, have to be considered: the two springs of the
comb actuators and the spring resulting from the transverse beam of the pull
assembly. The last spring will be regarded as a beam where the two ends are
fixed. The constant m for Equation 2.28 is in this case 192. Hence, the total
spring constant can be expressed as

4Etw3 _ 16Etw3
k=275, 3% 13 (2.34)

where L is the total length of the cross beam. For the length L of 700 pm, the
spring constant kx can be computed by employing the standard geometric
dimensions for the comb actuators - it amounts to 13.6 mN/m. Using earlier
calculations, the displacement per voltage squared can be determined - it is
4.07 nm/V2,

In a simplified model, the vertical suspension of the stage can be interpreted
as an assembly of springs, which are arranged in series and in parallel. Hence,
the spring constant &, can be expressed as

11 (Ly+ Ly)3 L3
k,=2\ 2EBw t 16Ew

(2.35)

Numerical computation using the standard geometric dimensions gives a value
of 22.3 mN/m.

FEM simulations of this particular structure showed that precise positioning
can be performed because there is a good mechanical decoupling of the
displacements in x- and in y-direction. For the simulation, the identical three-
dimensional, uniaxial beam elements as already employed for the modeling of
the folded beam suspension have been used to build up a model of the stage.
For the standard xy-positioner, the simulated coupling is shown in
Figure 2.17. As can be deduced from the graph, the absolute position of the
stage can deviate due to coupling up to 3.6 %. If the device is used for
positioning in the xy-plane in the range of 10 pm by 10 pum, the coupling
influences the absolute position less than 180 nm. However, for using this
structure as positioner with nanometer precision, compensation has to be
employed; by applying corrected voltages, the required precision can be
achieved.
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Fig. 2.17 FEM of mechanical coupling of xy-nanopositioner. The diagram shows the
changes of the x-position due to actuation in y-direction.

2.3 Suspensions for Vertically Movable Actuators

For vertically movable actuators, the analysis of the suspension employs
analytical formulae only. While the suspension for the interference light
modulators can be calculated using the theory developed in Chapter 2.2, the
twisting bar suspension for the pivoting mirror elements needs additional
theoretical background; therefore, the basic theory of torsion will be recalled
in Section 2.3.1. As shown in Section 2.3.2, the investigations of the
mechanical suspension of interference light modulators is straightforward, and
it follows the reasoning of classical textbooks. The pivoting micromirrors
discussed in Section 2.3.3 are suspended by two torsion beams, and the
analysis is rather simple as well.

2.3.1 Basic theory of torsion

The theory presented in this section is based on the considerations proposed
by Timoshenko [2.22]. If a shearing stress T is applied on the element abcd of
Figure 2.18, it is distorted, and the following relation for a small distortion
angle 7, also called the shearing strain, can be established

r= (2.36)

Ql«~
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where G is the modulus of torsion. Let an isolated disc be in the following state
of strain: there is a rotation of its lower cross section with respect to its upper
cross section by an angle of d¢ (cf. Figure 2.19). Then, the shearing strain yis
found from the triangle cac’

Y= a0 237

Since c'c is the small arc of radius r corresponding to the difference d¢ in the
angle of rotation of the two adjacent cross sections, ¢'c = rd¢, and we obtain

y= %f r (2.38)

The quantity d¢/dx is constant, and it represents the angle of twist per unit
length - it will be called ®. Using Equation 2.36, the shearing stress can be
written as

T=GOr : (2.39)
a —t_b>
at
1Y -
d c
Fig. 2.18 Distortion due to shéaring stress
[2.22].

Fig. 2.19 Twisting of a circular shaft
{2.22].

Finally, we are seeking a relationship between the applied torque T,, and the
stresses it produces. The shearing stresses distributed over the cross section are
statically equivalent to a couple equal and opposite to the torque 7',. For each
element of area dA the shearing force is TdA. The moment of this force about
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the axis of the shaft is (zdA)r = GOr2dA. The torque T, is the summation,
taken over the entire cross-sectional area, of these moments

Gel
JG@r’dA Go erdA G6l, = (2.40)

where I, is the polar moment of inertia, and € is the total angle of twist.
Equation 2.40 can also be used for non-circular cross sections. In this case,
however, I;, the torsional moment of inertia has to be employed instead of Ip,
the polar moment of inertia.

2.3.2 Bridges for interference light modulators

A straight beam fixed to the substrate on both ends and suspended over an
addressing electrode can be employed as interference light modulator. Two
light modulation principles of the simple structure will be explained in
Section 4.3.3. Either a phase step is modified, or the device can be operated as
a Fabry-Perot interferometer, where the width of an optical resonance cavity
is changed. For this bridge structure, the constant m is 192 when using the
general Equation 2.28 for determining the spring constant. The standard
dimensions for this light modulator are a length L of 70 um, a width w of
50 um, and a thickness ¢ of 0.5 um. The spring constant can be determined -
it is 49.6 N/m. The first natural frequency f; can be calculated using the

following formula [2.25]
1 (4.730 En2
( )’ VE . (2.41)

It follows that the resonance frequency is proportional to the thickness of the
beam and inversely proportional to the square of the length of the beam.

By using the geometric inputs from above and a density p of the polysilicon
of 2300 kg/m3, the calculated resonance frequency is 902 kHz.

The maximum bending moment for a straight beam with fixed ends is
Tmmaex = FL/8, which is for a vertical displacement of 2 um equal to
868 pNm. Hence, the maximum stress can be calculated - it is 34.6 MPa. This
value is less than 1.0 % of the yield stress.
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2.3.3 Torsion beams for pivoting mirror elements

The electric torque T, calculated in Section 2.1.5, has to be counteracted by
the mechanical torque Ty, created in the torsion suspension. The magnitude of
the mechanical torque depends on the geometry and.the material properties of
the beams, as described in Equation 2.40. Following the reasoning of Guckel et
al. [2.26], a shear modulus of 66 GPa is assumed for the polysilicon. The
torsion bars used for the numerical calculations have a length b of 15 um and
the cross section given above. The torsional moment of inertia for beams with
rectangular cross section (width w and thickness ) is given by [2.23]

I=tw3('l‘-021vl[l —’-ViD fort>w (2.42)

! 3 7 t 1214 = ’

With the typical dimensions of a torsional micromirror, the torsional moment
of inertia /, can be determined - it is 37.3 10-27 m4. The mechanical torque per
degree of twist, T,,/0, can be derived using Equation 2.40 - it is 328 pNm/rad
(both torsion beams are considered). From Equations 2.40 and 2.42, it can be
deduced that the torsional moment of the mirrors is inversely proportional to
the length and directly proportional to the thickness and the third power of the
width of the beams (for t>>w). The electromechnical performance of the
torsional mirror can be roughly predicted using the electric torque 7. of
8.04 fNm/V2 calculated above. Hence, the twisting angle per voltage squared
is 24.5 10-6 rad/V2,

From Equations 2.21 and 2.42, the voltage and the angle of abrupt tilting
can be calculated. However, this involves the solving of transcendental
equations - they can be determined only numerically [2.27].

The bandwidth of the torsional mirror is determined by its first natural
frequency f;. How much of the bandwidth is actually usable depends on the
damping of the system and the application. For calculating the natural
frequency, we are assuming that the torsion beams are massless - that is not
having a mass moment of inertia. When a mirror element is twisted by an
angle ¢, the torque exerted on the torsion bars is split up equally on them.
Thus, the analysis of the torsional mirror is simplified to that of a classical
torsional pendulum [2.28]. The torsional natural frequency is then given by

1 2]
== A2 (2.43)
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where b is the length of the torsion beams and 7 is the mass moment of inertia,
which is defined as

I= [r2dm (2.44)

v
with r, the distance from the axis of rotation. For square shaped mirror where
the torsion bars are fixed near the mirror edge, the mass moment of inertia is
I = pte4/3 for e>>t, where e is the length of mirror edge. Hence, Equation

2.43 can be expressed as
o [ac -
=32\ pibes (245)

The natural frequehcy of the torsional mirror can be computed - it is
81.8 kHz.

Reliability is an important issue for this kind of dynamic structure, and
therefore, it is appropriate to investigate also here the maximum stresses
encountered. A torsional mirror suspended with torsion bars of rectangular
cross section is subjected to a maximum shear stress 7,,,, in the torsion bars; at
the midpoint of the wide side it is given by [2.23]

Ty(1.51 + 0.9w)

Toax = oY) forr>>w (2.46)

With the given geometric dimensions and the calculated mechanical torque
from above, the maximum shear stress can be determined - it is 114 MPa. This
is over 30 times lower than the fracture stress of polysilicon.
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Chapter Three

Fabrication

Bulk micromachining means the construction of micromechanical structures
out of the single crystal silicon wafer. In the 1950s, it was discovered that
alkaline solutions attack different facets or planes of the silicon wafer at very
different angles. Using these etchants, grooves and nozzles have been realized;
further, thin membranes can be formed by backside etching of the silicon
substrate [e.g., 3.1]. Together with etch-stop techniques [e.g., 3.2], precisely
defined membranes and cantilevers are fabricated. For making complex
structures, the ability to bond silicon wafers is an important asset to bulk
micromachining. Developed in the 1960s, this high temperature process fuses
silicon wafers together at the atomic level without the need for an interface
layer. Bulk micromachining has meanwhile become a well-established
technology [3.3]. Nowadays, a number of companies such as Lucas
NovaSensors [3.4], ICSensors [3.5], Silicon Microstructures, Ascom [3.6], and
others successfully manufacture and market silicon transducers based on bulk
processing.

The first micromechanical device - the resonant gate transistor - fabricated
with surface micromachining has been realized in the late 1960s by Narhanson
et al. [3.7]. In this technology, as sacrificial layer and structural layer, two
electroplated metals have been used. However, it was only in the 1980s that
surface micromachining has become a technology of widespread interest. In
particular, the development of a polysilicon technology by Howe and Muller
[3.8] attracted a lot of attention. Such three-dimensional microstructures are
located on the wafer surface and consist of structured and partially free
standing thin films [3.9]. An advantage of surface-micromachined devices is
their easy integration with electronic components since the wafer surface is
also the working area of integrated circuits (IC). Compared to bulk
micromachining, there are fewer - however, an increasing number of devices -
fabricated by surface micromachining at a commercial level. In contrast to the
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bulk micromachined devices, active development of new devices is mainly
performed by large size chip manufacturers such as Texas Instruments [3.10],
Motorola [3.11], and Analog Devices [3.12]. )

In this work, surface micromachining, bulk micromachining, and also the
combination of the two will be discussed. Chapter 3.] treats the polysilicon
surface micromachining with emphasis on the characterization of anisotropic
dry etching of polysilicon, which is a key step for the fabrication of highly
flexible suspensions. Chapter 3.2 presents the surface micromachining of
aluminum devices, where the new process step is the etching of the sacrificial
silicon dioxide layer without attacking the structural aluminum. Finally,
Chapter 3.3 discusses the single crystal silicon surface and bulk
micromachining. Further, the combination of the two are presented in view of
the fabrication of an integrated scanning force microscope (SFM).

3.1 Polysilicon Surface Micromachining

Low-pressure chemical vapor deposited (LPCVD) polycrystalline silicon
(polysilicon) is a well-known material for the fabrication of gate electrodes
and interconnections in standard IC production facilities. Apart from its
favorable electric properties, it has excellent mechanical properties, which are
similar to those of single crystal silicon [3.13]. For these reasons, polysilicon is
an interesting material for the realization of micromechanical structures in an
IC-compatible fabrication process. In particular, free-standing polysilicon
structures can be realized by the sacrificial layer technology, whose key
processing steps are the following: deposition and patterning of a sacrificial
silicon dioxide layer, deposition and structuring of a polysilicon film, and
removal of the sacrificial oxide by lateral etching in hydrofluoric acid. This
processing sequence results in patterns which are completely free-standing,
where the polysilicon covered the oxide. While, as already stated in the
introduction, polysilicon surface micromachining was developed in the United
States [3.8, 3.14, 3.15], in Europe pioneering work on polysilicon resonators
has been performed at the Institute of Microtechnology (IMT) by Linder et al.
[3.16, 3.17].

Section 3.1.1 describes the two layer polysilicon process, which is the basic
technology for the different devices presented in this work. Section 3.1.2
focuses on the anisotropy of the dry etching process. The control of this
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processing step is essential for the construction of the mechanical suspension as
well as the electrodes. In particular, the influences of the photoresist
environment and the processing pressure on the anisotropy of etching are
investigated. '

3.1.1 Two-layer polysilicon process

While the polysilicon process developed in our laboratory for the resonator
and microswitch applications [3.17] employed a diffusion in the substrate to
define a counter electrode, it was decided that for the present work a first thin
polysilicon layer shall be used for this purpose. The reasoning was that it is
advantageous to separate the two electrodes only by an air gap and not by an
additional dielectric layer, where always a risk of trapped charges exists.
Further, by having both electrodes isolated from the grounded substrate by a
dielectric layer instead of a pn-junction, the devices can be operated at higher
voltages (up to 200 V). As will be shown later, this approach has also an
unforeseen advantage in view of controlling the surface sticking of the
movable structure.

The devices are fabricated in collaboration with the Swiss Center for
Electronics and Microtechnology Inc. (CSEM). An overview of the three mask
fabrication sequence is given in Figure 3.1. First, the substrate is passivated by
a silicon dioxide / silicon nitride double layer: a 900 A thick thermal oxide is
grown on a n-type silicon substrate, afterwards a 1500 A thick LPCVD nitride
is deposited (Figure 3.1a); it serves as insulator and as etch stop layer during
the final step of the sacrificial oxide. A 0.2 pm thick LPCVD polysilicon film
is used as ground plate and for interconnection (Figure 3.1b). A five weight
percent phosphorus-doped CVD silicon dioxide (low temperature oxide) with a
thickness of 2 um serves as sacrificial layer (Figure 3.1c¢); in the following,
this film is also called phosphosilicate glass (PSG). A second, 2 pum thick
polysilicon is deposited by LPCVD (thermal decomposition of silane) at
600 °C and 200 mTorr. The deposition temperature is close to the transition
temperature at 200 mTorr from amorphous to (poly)-crystalline layers
(=580°C, e.g., [3.13]). Thermal annealing in nitrogen converts the as-
deposited, built-in compressive strain into a controllable tensile strain depen-
ding on the annealing temperature [3.18]. For our polysilicon, the optimum
conditions have been found to be an anneal at 1050 °C for 30 minutes [3.16].
During the anneal, it is also doped by diffusion from the sacrificial layer as
well as from a second phosphorus-doped oxide on top of it (Figure 3.1d).
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a)

b)

<)

d)

c)

Si02/Si3N4 Poly-Si PSG

Fig. 3.1. Two layer polysilicon process: a) passivation of substrate by a silicon oxide /
silicon nitride stack; b) deposition and patterning of first polysilicon layer (Mask 1),
¢) deposition and patterning of sacrificial oxide (Mask 2); d) deposition of second polysilicon
layer and second phosphorus-doped oxide, diffusion, and anneal; ) removal of second
phosphorus-doped oxide and patterning of second polysilicon (Mask 3); f) etching of sacrificial
oxide.
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detailed view allows to visualize the different process steps.

The sheet resistance of the finished polysilicon structure has been measured
using a four point probe. It is 144 Q per square, which results in an average
resistivity of 28.8 mQcm. Further mechanical and optical properties of the
polysilicon devices are given in Chapter 5.

3.1.2 Anisotropic etching of polysilicon

In this section etch tests performed on a Leybold Z401S dry etching
machine using a C,CIF; / SFg gas mixture will be discussed. The equipment is
a parallel plate reactor powered by a 13.56 MHz generator. For our
experiments, the RF power is capacitively coupled to the upper electrode while
the wafer is sitting on the grounded lower electrode plate (plasma etch mode).
The gases are fed into the reaction chamber through a shower head in the
upper electrode. For the tests, a sequence of layers has been used which is
simpler than the one required for the actuator structures. A silicon dioxide /
silicon nitride sandwich is used for the passivation followed by a LPCVD
polysilicon having a thickness of 1.2 - 1.4 um. Afterwards, a CVD silicon
dioxide sandwich (1000 A 5% P-doped, 3000 A non doped) is deposited. The
polysilicon is doped and annealed at the conditions given in Section 3.1.1. In
the following, the CVD silicon dioxide is removed, and an Olin Hunt 6517
photoresist is used for the photolithography; it has a thickness of 2 um. The
initial etch conditions were taken from previous experiments [3.16]. For all
runs, the power has been fixed at 160 Watt, and the C,CIF; and SF; gas flows
have been equal at a setting of 11 sccm. The only factors which have been
varied are the time and the pressure. These settings as well as the etch depth
and the remaining resist thickness are given in Table 3.1. The complete
processing sequence is illustrated in Figure 3.3. Figure 3.4 displays the results
from the table graphically. There are mainly two things that can be concluded
from the diagram. First, two etch velocities can be clearly distinguished.
During the first four minutes mainly polysilicon is etched - the etch velocity is
high (3'S00 A/min). Throughout the second four minutes, only nitride is
etched - the etch velocity is low (320 ;\/min). The second conclusion is that
the polysilicon etch rate seems to depend on the process pressure - the lower
the pressure the higher the etch rate. The selectivity of the etch rates of
polysilicon versus photoresist is 2.5. Hence, if a standard resist of 2 pm
thickness is used, a maximum layer of about 5 um polysilicon can be etched.
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Fig. 3.3 Processing sequence for etch test structures: a) deposition of Si02-Si3N4 sandwich
for isolating the substrate; b) deposition of polysilicon and PSG, doping, and annealing of
polysilicon; ¢) removal of PSG, deposition, and patterning of photoresist; d) RIE of test
structures and removal of photoresist.

Time [min] Pressure [mbar] Step [A] Photoresist [/3;]
0 0.00 0 20'850
2 0.07 9'000 16'500
4 0.07 13'850 14'950
8 0.07 14'600 13'250
2 0.10 7'850 17'650
4 0.10 14'000 15'200
8 0.10 15250 12'300
2 0.13 . 6'950 18'150
4 0.13 13'900 15'550
8 0.13 15750 12'450

Table 3.1 Summary of etch tests.
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Fig. 3.4 Etch velocities at different process pressures.

Another goal of this test run was to get information about the etch
anisotropy. There, the observation has been made that the anisotropy depends
to a large degree on the photoresist environment. The two SEM pictures in
Figure 3.5 visualize the profile of two polysilicon lines. While Figure 3.5a
displays a line positioned in the middle of a dense array of lines with a small
2 pm spacing between each other, Figure 3.5b shows a line positioned in an
array which is more spread out; the spacing between the lines is about 10 ym.
The profile on the two pictures is different - the dense lines have a much
higher anisotropy. Since it would not be very instructive to reproduce all the
SEM pictures, the results are summarized graphically in Figure 3.6. The
following expression for determining the degree of anisotropy Ay has been
used [3.22]

v

Ap=1 " 3.

where v, and v, are the lateral and the vertical etch rates, respectively. For
determining the lateral etch velocity, the minimal line width has been
employed. On the x-axis the different line types are given: 2 min. D are the
lines out of the dense array of lines which were etched during two minutes; 2
min. A are the lines out of the spread out array of lines which were also etched
for two minutes; 4 min. D and 4 min. A are the line profiles out of the
respective arrays etched for four minutes.
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lines out of the dense arrays have preferably a V shaped profile while the lines
out of the spread out arrays have an A shaped profile.

3.2 Aluminum Surface Micromachining

Since the late 1960s, thin metal films have been used for the fabrication of
micromechanical devices. In particular, the sacrificial layer technology has
been used employing a metal in the following structural-sacrificial layer
combinations: metal-metal by Nathanson et al. [3.7], chrome-polyimide by
Schmidt et al. [3.24], and aluminum-photoresist by Hornbeck [3.25]. Other
" devices are using metallized layers like thin polymer films [3.26, 3.27].
Compared to other metals, aluminum is an interesting material for
micromachining because it has to be annealed at a relatively low temperature
only for getting a stress free structure [3.28]. Further, it is a well
characterized material in microelectronics, and therefore, the technology
allows an easy integration of the mechanics and electronics.

In the following section, a novel processing sequence is presented which
uses aluminum as the structural layer and silicon dioxide as the sacrificial
layer.

3.2.1 Single mask aluminum process

For investigating this new surface micromachining technology, the single
mask process, as shown in Figure 3.7, proves to be an efficient tool. A 2 pm
thick aluminum (Al1%Si - alloy of pure aluminum and one weight percent of
silicon) film is sputter deposited over a phosphorus doped CVD silicon
dioxide. In order to release the initial compressive stress, an annealing in N,-
atmosphere at 450 °C during 30 minutes has been performed. Afterwards, the
film is structured by RIE on a Leybold Z4018S dry etching machine employing
a Cl,-Si1Cl4-N, chemistry.

The final, delicate process step is the releasing of the aluminum structures.
Since BHF etching will attack also the aluminum, the selectivity of SiO, to Al
has to be increased. Two types of inhibitors proved to effectively decrease the
velocity of etching the aluminum. One is polyhydric alcohols, which are
" peptizing the corrosion product of aluminum, i.e., bring it into the colloidal
solution; thereby, the total corrosion rate falls off [3.29]. In particular,
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glycerol added to the BHF has been successful [3.30]. The following etch
solution has been used: 3 parts of BHF (7:1) and 1 part of glycerol. For our
applications, this method has been particularly useful when an aluminum
metallization has to be protected which is on top of the polysilicon structural
layer. The lateral etch rate of the PSG is only slightly modified - it is around
0.21 pm/min compared to 0.25 pm/min without added glycerol. The etch rate
of the unannealed All%Si is drastically reduced, and aluminum mirrors resist
etching over two hours. An advantage of this etching technique is that the
initial high reflectivity is hardly modified. However, for annealed aluminum
structures the selectivity is not high enough and the second method has to, be
employed. :

The etch rate of Al can also be suppressed by chemically biasing the
reaction towards electrochemical passivity with small amounts of strong
oxidizers [3.29]. Added potassium dichromate (K,Cr,0,) is very efficient
[3.31]. The following process has given optimum results: before etching the
chips are immersed in a 0.01 M water solution of K,Cr,0, for 30 minutes at
20 °C, this step produces already a thin layer of protective Al,O,; then, the
chips are etched in a 0.005 M solution of K,Cr,05 in BHF (7:1) at a
temperature of 0 °C during about 2.5 hours. The selectivity of etch velocities
is more than 50 for etching silicon dioxide and aluminum respectively. As can
be seen in Figure 3.8, the surface of the etched aluminum gets very rough. A
further disadvantage of this method is that the silicon will also be attacked;
because the potassium bichromate is a strong oxidizer, a silicon dioxide is
formed on the silicon surface which is etched by the BHF.
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3.3 Silicon Surface and Bulk Micromachining

While the surface micromachining in polysilicon and in aluminum are
newer technologies, the silicon bulk micromachining is the traditional
technology in which still most of the commercially successful devices are
fabricated [3.3]. The mechanical properties of silicon are very similar to those
of polysilicon (cf. Chapter 5.1). The main interest of studying silicon surface
micromachining in the frame of this project is its readiness to a combination of
surface and bulk micromachining. Further advantages with respect to
polysilicon micromachining exist. First, the single crystal layer as well as the
"spacer' gap can be both substantially thicker compared to the thin film
sacrificial etching process [3.32]. Second, both the mechanical and electrical
characteristics of single crystal silicon are easily and universally reproducible
with no special equipment requirements. Third, single crystal silicon has the
capability of providing well-characterized diffused resistors with large, well-
known piezoresistive coefficients for stress sensing [3.33]; since we are
considering only electrostatic actuators in this work, we will not take
advantage of this fact. '

Recently, silicon on insulator substrates (SOI) have been used for the
surface micromachining of silicon. The insulating layer is for example a
silicon dioxide formed by a separation by ion implantation of oxygen
(SIMOX). This technology developed by Diem et al. allowed to develop a
variety of surface micromachined silicon devices [3.34]. However, for the
fabrication of the devices, which are described in the following, bonding is a
key step. The technical term for this process is silicon fusion bonding (SFB); at
elevated temperatures two oxidized wafers are fused together to form a bi-
crystal structure. Compared to other bonding techniques, no intermediate
adhesives have to be used. The effect was first applied by NEC in the early
1960s [3.35], later it was described and explained by Lasky [3.36]. Since then,
it has found many applications in micromechanics [3.37, 3.38].

The other key step in our bulk micromachining process is the effect that
potassium hydroxide (KOH) will attack silicon anisotropically - it has an etch
velocity of silicon in <100> direction, which is much higher than in <111>
direction. The ratio of etch rate of plane (100) to etch rate of plane (111) is
approximately 150 for KOH 40 weight percent at 60 °C. KOH is easy to
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handle and relatively harmless. A further advantage is that standard 1C
materials as silicon dioxide or silicon nitride can be used as masks.

Section 3.3.1 describes the single mask process which allows the surface
micromachining of silicon structures. Based on this experience, a more
complicated process has been developed permitting the combination of silicon
bulk and surface micromachining. This technology is presented in
Section 3.3.2 in view of the fabrication of an integrated SFM.

3.3.1 Single mask silicon process

The structure is fabricated employing a combination of SFB, wafer thinning
in KOH, and patterning by dry etching (cf. Figures 3.9 and 3.10). The process
starts with two phosphorus doped (0.03 Qcm), double-side polished 280 um
thick silicon wafers with (100) crystalline orientation which are thermally
oxidized to 1.5 um. After a cleaning and hydrophilization procedure in HNO3
and H,SO4:H;0;, both wafers are aligned and "sandwiched" face to face. The
hydrobond forces are strong enough to keep the wafers together on the Si0O;-
SiO; contact surfaces while transporting the stack into the annealing furnace.
SFB at 1100 °C during about 4 hours seals the wafers together [e.g., 3.39].
Then, the thermal oxide on the upper wafer is removed, and the wafer is
thinned down to a thickness of about 3 um in 2 KOH solution at 60 °C. Since
the etch rate of this solution is around 17 pm/h, more than half a day is
required for the etching. The thickness of the membrane is defined by a timed
stop. Because the etch velocity of KOH is not very repeatable, at certain
intervals the sheet resistance of the remaining membrane has been determined
with a four point probe. The resistivity of the silicon wafer is known; hence,
these measurements allow to calculate the thickness of the membrane.
Afterwards, the identical dry etching process as employed for the structuring
of the polysilicon devices (see Section 3.1.2) is used for patterning the silicon
membrane. Finally, the devices are released by a timed etching in BHF. While
the smaller surfaces are completely under etched, the larger surfaces are still
fixed to the substrate and can be used as stator electrodes. The postetching
procedure is identical to the one described in Section 3.1.1.
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3.3.2 Combination of silicon surface and bulk micromachining

For constructing complex microsystems, it is useful to combine single crystal
silicon surface and bulk micromachining. Devices for which such a
sophisticated technology is a preliminary requirement for the fabrication are
integrated SFM systems and optical shutters with integrated via holes. In the
following, the fabrication of an integrated SFM unit will be discussed. For
constructing this device, it will be important that the processes for patterning
the actuator and for structuring the tip are separated. In the process displayed
in Figure 3.11, this has been achieved by performing the two processes on the
opposite sides of a wafer. The process starts with two oxidized wafers as
described in Section 3.3.1. On one wafer, the actuator geometry is structured
by dry etching (see Section 3.1.2); on the other wafer, the opening of the later
via hole is already patterned in the oxide by BHF etching. After the
hydrophilization procedure, described in the previous section, the wafers are
prebonded on an Electronics Visions AL6-2 aligner. This equipment allows a
double-side alignment with a precision of better than 2 um. Afterwards, the
SFB is performed under conditions described in the previous section. In the
following, bulk back-etching is done in KOH; by a timed stop, a membrane of
about 15 um is left. Then, by thermal oxidation a SiO, layer of 1 pum is
grown; it is patterned on the upper membrane to form 15 um wide oxide pads
aligned to the reference marks on the wafer [3.40]. A series of dry etching
steps is performed afterwards to etch the sharp pyramidal tips by exploiting
the lateral underetching of the SiO; pad {3.41]. Additional wet etching in a
mixture of HF:HNQO3:CH3COOH simultaneously finishes the shaping of the tip
and pierces through the membranes [3.42]. Finally, selective etching of the
sacrificial SiO; in BHF liberates the movable actuator. Due to the holes
through the membranes, the SFM systems become very fragile, especially
when processing the liberated structures in the liquids. Hence, any fast or
abrupt movements have to be avaided during the postprocessing.

Figure 3.12 displays the finished SFM system fabricated by the combination of
bulk and surface micromachining. The working principle of the device will be
explained in Chapter 4.2.
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Fig. 3.11 Process sequence of an integrated tip-scanning unit fabricated by a combination of
silicon surface micromachining and bulk micromachining: a) thermal oxidation of wafers
(1.5 pm); b) patterning of actuator on one wafer and mask for via hole on the other wafer;
¢) aligned SFB; d) KOH etching from both sides, leaving a membrane of 15 pum on top;
¢) forming of the tip by dry etching; ) forming of the tip by wet etching, liberating of the
actuator in BHF.
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Chapter Four

Testing of Devices

Actuators have at least one moving part, which is designed to perform a
controlled displacement. Therefore, testing includes always the measurement
of a displacement in function of different input parameters such as applied
voltage or frequency of actuation. In general, traditional methods can be used
for characterizing microactuators. Very often, static or quasistatic
displacements are measured with the help of a light microscope, a scanning
electron microscope (SEM), or a confocal microscope. However, these
methods have their limitations in resolution. Hence, for nanometric dis-
placements other techniques, as for example interferometry [e.g., 4.1], have to
be employed. For angular displacements, optical-beam deflection [e.g., 4.2] has
been successfully utilized. Another approach is to integrate a micromachined
position sensor with the actuator as proposed for example for a scanning probe
cantilever with electrostatic actuation and capacitive position detection [4.3] or
for a comb drive with an integrated lateral tunneling sensor [4.4].

For high frequency actuation, testing can be done using a stroboscope
[e.g., 4.5], a confocal microscope [e.g., 4.6], or an interferometer [e.g., 4.7].
The interferometer allows in the dynamic mode to perform measurements
with subnanometre resolution. '

In this chapter, three different types of actuators will be investigated by
employing some of the measuring techniques mentioned above. Chapter 4.1
presents the performance of comb actuators and sarcomere actuators (several
comb actuators in parallel). In view of a one-dimensional positioner, the
displacement versus voltage behavior will be explained; further, levitation and
side sticking effects will be discussed. In Chapter 4.2, these actuators will be
used as driving elements for an xy-nanopositioner. The integration of a tip on
the center stage allows to construct a complete scanning force system.
Chapter 4.3 presents three different optical devices, namely, an optical
microshutter, which allows to interrupt a laser beam; a pivoting micromirror,
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which can deviate a focused laser beam; and interference light modulators,
which change a phase step or the width of an optical resonance cavity.

4.1 Comb Actuators

Different laterally movable actuators have been presented such as a large
displacement actuator by Brennen et al. [4.8], an electrostatic parallelogram
actuator by Takeshima et al. {4.9], and a linear stepper actuator by Suzuki and
Tanigawa [4.10]. But no other device has had the same impact as the comb
actuator proposed by Tang et al. [4.5]. The controlled lateral displacements
and the rather large amplitudes (about 10 pm) are making it the favorite
electrostatic linear microactnator. Based on this actuator, new devices have
been realized such as a microgripper presented by Kim et al. [4.11]. These
structures depend on the performance characteristics of the single comb
actuator. Therefore, detailed studies of the actuator performance have been
undertaken; especially, the influence of the suspension beam length has been
investigated by Tang et al. [4.5], the importance of a small gap width has been
discussed by Hirano et al. [4.12], and the actuator performance dependence on
the profile of the suspension has been reported by Judy and Howe [4.13].

Section 4.1.1 focuses on the influence of snspension beam length and width.
It turns out that long beams of submicrometer width allow for low driving
voltages [4.14, 4.15]. Further, the resonance behavior of a comb actuator is
investigated. A way'to improve the comb actnator performance is presented in
Section 4.1.2. It consists in increasing the driving force at a given voltage.
This has been achieved with a sarcomere actuator, where - like in a muscle cell
- several comb actuators are placed in parallel. This concept allows for a
compact and powerful driving unit. Section 4.1.3 reports on experimental
investigations of electrostatic levitation; the results are compared with the
theoretical computations of Section 2.1.4. Finally, in Section 4.1.4, the
sticking caused by electrostatic actnation will be considered, and experimental
testing will be compared with the theoretical conclusions drawn in
Section 2.2.2.

4.1.1 Normal comb actuators

A typical comb actuator, fabricated in our laboratories, is shown in
Figure 4.1. As can be seen from the SEM photograph, the actuator consists of
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the longer beams, L, is the length of the 20 um shorter beams, and w is the
width of the suspension. A displacement versus voltage curve is shown in
Figure 4.2. While the points are the measured displacements, the curve is the
best parabolic fit. The error of the displacement measurements using the light
microscope is assumed to be = 0.5 um. The figure shows clearly that the
displacement is a square function of the voltage as predicted by Equation 4.1.
In particular, a 7.3 um displacement has been observed for 14.5 V.

Displacement (um)
FeS

Voltage (V)

Fig. 4.2 Low voltage actuator: the diagram shows the displacement of 17 finger actuator with
300 um long beams at various applied voitages. The solid line is the best parabolic fit to the
data points.

The low driving voltage is mainly a result of the very flexible suspensions.
The flexibility has been achieved by the submicrometer width (0.4 um) of the
suspension beams on the one hand and by the length (up to 300 um) of the
suspension on the other hand. Width and length have been optimized because
they are the two cubic terms of Equation 4.1. The influence of the beam
length can be seen in Figure 4.3, where comb actuators with identical driving
unit (9 finger comb) but different suspension beam length are compared. In
particular, a 150 pm long suspension allows a displacement of the comb of
0.6 pm for 10 V while the comb suspended on 300 um long suspension beams
will be moved 3.3 um for the same voitage. In Table 4.1, the measured and the
calculated slopes of displacement versus voltage squared characteristics are
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compared. The discrepancy between the actual and predicted slopes is probably
due to variations in suspension beam width and gap distance. The highest
measured slope is 36.1 nm/V?Z; this is about 24 % higher than the best values
reported by Hirano et al. for submicrometer gap comb actuators [4.12].

The comb actuators have also been operated in a resonant mode. This
method is particularly useful to move actuators with a rigid suspension. For
example, in the first fabrication run, the width of the comb actuator suspension
was 2.8 um, making the suspension to rigid for linear displacements.
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Fig. 4.3 Comparison of actuators with identical 9 finger comb but different suspension beam
lengths. The straight lines are the best linear fits for the given sets of data points.

Beam Length  Measured Slope Calculated

[um) (m/v2) Slope
[hm/V2)
150 4.5 3.2
200 13.3 79
250 20.7 15.8
300 36.1 27.9

Table 4.1 For four different beam lengths, the calculated and measured displacement
characteristics are compared.
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Therefore, the resonance behavior has been investigated as shown in
Figure 4.4. A DC voltage of 180 V is applied on the stator electrode, and an
AC voltage of £15 V is superposed. A maximum amplitude of 15.2 um has
been observed by visual inspection using a light microscope. While the
resonance frequency can be determined using the formulae explained in
Section 2.2.2, it is helpful to have a mathematical expression for the
mechanical damping. We will use the quality factor Q - it is defined as

maximum energy stored in one period
dissipated energy per period

Q:=2n 4.2)

Low energy losses imply a high Q. The quality factor cannot be determined
directly but can be deduced from the response characteristics. A common
method to obtain Q from a frequency response like Figure 4.4 is given by the
following equation [4.16]

fres
Q= wAdeB for O>>1 (4.3)

where fres is the resonant frequency, and Af.34B is the half power bandwidth
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Fig. 4.4 Resonance behavior of comb actuator having 200 um long, 2 um high, and 2.8 um
wide suspension beams. A DC voltage of 180 V is applied and an AC voltage of £15 V is
superposed. The resonance frequency is 22.5 kHz, and the quality factor is 25.
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of the frequency response. Equation 4.3 indicates that Q is a measure for the
sharpness or in other words for the selectivity of the frequency response.
Using this equation, a quality factor Q of 25 can be deduced from Figure 4.4;
the measured resonance frequency is 22.5 kHz. As proposed by Schmidt et al.
[4.17], for such a structure the damping is dominated by the Couette flow
underneath the moving structure. As will be seen later, the quality factors for
lateral displacement are considerably higher than for vertical displacements,
where the resonance behavior is dominated by the squeeze film damping.

4.1.2 Sarcomere actuators

To increase the force per voltage squared, we propose a novel actuator,
where several comb structures are placed in parallel - like in a muscle fibril
(sarcomere); therefore, we call it sarcomere actuator [4.18]. As illustrated in
Figures 4.5 and 4.6, the three fixed combs are ¢lectrically connected with the
first thin polysilicon; the interconnection passes below the suspended structure.
The driving force of such a sarcomere actuator is increased by almost a factor
of three. This can be seen in Figure 4.7, where the displacement versus
voltage squared diagram is shown for a normal comb actuator and a sarcomere
actuator with three combs in parallel; both actuators have the identical
suspension (200 pm long beams). Because the normal comb actuator has 18
partly overlapping surfaces and the sarcomere actuator has 50, the slope of the
sarcomere actuator curve is expected to be a factor of 2.78 (4.39 nm/V2)
higher than the slope of the normal comb actuator. The measured factor is
2.60 (4.10 pN/V2). This difference may be caused by the uncertainty of the
precise geometric dimensions as well as by electrostatic effects that we ignored
for simplicity. In particular, the stator comb in the middle of the moving
electrode (cf. Figure 4.6) is contributing to additional fields, which are
lowering the effective driving force.
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Fig. 4.7 In the diagram the performance characteristics of a normal comb actuator and a
sarcomere actuator with identical suspension are compared. The straight lines are the best linear
fits of the given stets of data points. The slope of the sarcomere actuator curve is a factor of
2.60 steeper than that of the normal comb actuator.

4.1.3 Levitation phenomenon

As described in Section 2.1.4, the electrostatic levitation of the movable
electrode is caused by the nonsymmetric fringing fields surrounding the planar
electrode. The levitation effect has been observed in the SEM. Figure 4.8
shows that by applying a voltage, the movable comb is levitated and at the
same time displaced in the direction of the fingers. Quantitative investigations
have been performed in the SEM as well as with the help of a confocal
microscope. The measured displacements, observed with the SEM, are shown
in Figure 4.9; the measurement error is assumed to be + 0.1 um. In
agreement with the results reported by Tang et al. [4.19], the vertical
displacement is almost a linear function of the applied voltage. However, at
higher voltages, for the tested structure above 60 V, the equilibrium position
is attained, and no further vertical displacement will occur. The measurements
indicate a maximum levitation of 1.25 um. This is in good agreement with the
simulation of Section 2.1.4, which predict an equilibrium position at 1.2 um
above the fixed electrode.
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4.1.4 Sticking caused by electrostatic actuation

The working range of the comb actuators may be limited if the design does
not take into account several effects. One category of effects consists of
sticking caused by the electrostatic actuation: if two electrodes which are not
on the same potential are mechanically touching each other during operation,
they stick together and very often remain stuck even when the potential is
removed. This permanent sticking is believed to be caused by soldering during
the charge exchange of the the two electrodes [4.20]. Depending on the design
of the actuator, the movable comb will, at a critical voltage, either stick on the
sides of the fixed fingers (side-sticking) or on the front ends of the fixed
finger (front-sticking). As discussed in Section 2.1.3, the movable comb is in
an inherently unstable position. Therefore, the movable comb has to be guided
by the mechanical suspension. For side-sticking to occur, as proposed by
Hirano et al. [4.12], a critical spring constant k., can be expressed based on the
derivative of the force F, given by Equation 2.18

oF 2neotlV2
ker= 55 J— = (4.4)
. y=0

As can be deduced from the equation, the sticking is dominated by the inverse
of the cube of the gap while the driving force is proportional to the inverse of
the square of the gap. In other words, a small gap increases the driving force
but limits the actuation range. Therefore, very small gaps may not be optimal
for a 'well-behaved' comb actuator performance. This is the reason why we
tried to improve the performance mainly by lowering the width of the
suspension beams. ‘

By taking the geometric dimensions of real structores (not the standard
dimensions) and the experimental values for the critical voltage V where
sticking occurs, k., can be calculated. For the actuator shown in Figure 4.10,
the critical spring constant is k., = 1.45 N/m. This value can be compared
with the simulated spring constant, k, = 1.29 N/m. Hence, the two spring
constants are almost equal. By setting k., = k,, we can predict at what voltage
side-sticking should occur. Experimental and calculated values for side sticking
are listed in Table 4.2.
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Fig. 4.10 Side sticking phenomenon. For a particular structure, the ANSYS simulation (left
illustration) and the real event (right illustration) are compared. The suspension beams are
150 um long.

Beam Sticking Voltage Sticking Voltage
length {[pm] Calculated [V] Measured [V]

150 27 26
200 23 21
250 20 16

300 17 13

Table 4.2 Calculated and measured sticking voltages are compared for different suspension
dimensions.

In order to investigate the front sticking phenomena, let F; be the sum of
the comb drive force F (Equation 2.13) and of the force F p» due to the
parallel capacitor plates formed by the front ends of the comb fingers
(Equation 2.19). This driving force has to be compensated by the restoring
force of the spring F,, which is given by the Hooke's law. For a stable
equilibrium position, two conditions have to be fulfilled. First, the total
driving force F, has to be equal to the restoring force of the spring F, and
second, the derivative of the driving force has to be smaller than the derivative
of the spring force
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oF, JFy
< ox 4.5)

The two conditions allow to calculate for a given structure the maximum
displacement x,,,. before sticking occurs. The equation for x,,,, is a third order
polynomial with the following variables: finger width w, gap g, and initial
distance d. For the geometry of the structure shown in Figure 4.11, the
calculated maximum displacement is x,,,, = 9.5 pm. In the experiments, a
maximum displacement of x = 7.3 um can be measured. The structure will
front-stick at a voltage of 23 V.

The reason why no side-sticking occurs can be seen if the spring constants
k, and k., are compared. k, is 0.93 N/m and k,, is 0.19 N/m (for 23 V). Hence,
k, is bigger than k,,, and therefore, no side-sticking takes place.

1 ANSYS 4.3A|

“osca0.8
L Foy
by e 3 b1sT-308

double beam suspsacion 38
~

Fig. 4.11 Front-sticking phenomenon. For a particular structure, the ANSYS simulation (left
illustration) and the real event (right illustration) are compared. The long suspension beams are
200 pm long.

4.2 XY-Nanopositioners

Precise two-dimensional positioning is an important technological field.
High positioning performance is necessary for the machining and processing of
semiconductors, optoelectronic elements, and high density magnetic storage
devices. Scanning tunneling microscope (STM) and scanning force microscope
(SFM) are further examples, where very high positioning control is needed.
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Servo motors and piezoelectric drives are two methods frequently used for
achieving the required precision [4.21]. Micromachined electrostatically driven
devices may be an interesting alternative. We propose a two-dimensional
microstage which is driven by the characterized comb actuators. Testing on the
first prototypes showed that precise positioning is feasible.

The invention of the STM [4.22] and the SFM [4.23] has opened completely
new opportunities for high resolution surface probing instruments for research
and industrial purposes [e.g., 4.24]. In particular, the scanning drive of a
microprobe unit is less sensitive to vibrations and thermal drift if it is
miniaturized [4.23]. A micromachined piezoelectrically driven scanner
realized by Akamine et al. followed this concept [4.25]. Recently, also
capacitively driven micromachined scanners have been proposed [4.26, 4.27].
Its features are quick response time, 1C-compatible driving voltages, little or
no hysteresis in the positioning, and the feasibility of an integrated capacitive
positioning detection.

Section 4.2.1 presents a nanopositioner fabricated in the polysilicon
sacrificial layer technology. A more complex positioner with integrated tip for
SFM applications is fabricated in single crystal silicon; its working principle is
discussed in Section 4.2.2.

4.2.1 Polysilicon nanopositioners

A typical xy-nanopositioner that we fabricated is shown in Figure 4.12. The
microstage consists of four comb actuators assembled around a center stage.
The design of the microstage is based on a pull mecharnism - the table is moved
to any position in the xy-plane by energizing two of the four comb drives. The
decoupling of the x- and y-position is given by the construction of the
suspension. Figure 4.12 shows a complete view of the fabricated stage, and
Figure 4.13 displays details of the free standing stage. The square table (8 pm
by 8 um) is suspended by four 270 um long, 0.4 pm wide, and 2 pum high
beams.

This prototype allows to displace the table in any direction in the xy-plane.
Mechanically, a maximum surface of 30 um by 30 pum can be covered. For the
electrostatic actuation, a displacement versus voltage curve is shown in
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Figure 4.14. While the points are the measured displacements, the curve is the
best square fit. In particular, a 5.3 pm displacement in x-direction has been
observed if on the corresponding comb actuator a potential of 40 V is applied.
Since the displacement characteristic has been investigated with the light
microscope and the SEM, where the measurement resolution is limited to
approximately #0.1 um, it can only be postulated that the positi’oning precision
is better than the measurement accuracy. Because of these limitations, the
temperature dependence of the displacement characteristics has not been
investigated yet. There, the two major influences are assumed to be the thermal
expansion of structure (for silicon, the linear coefficient of expansion is
2.6 ppm/°K at room temperature [4.28]), which will modify the created force
as well as the flexibility of the suspension, and the temperature changes of the
Young's modulus (for silicon, it is around -90 ppm/°K for all crystalline
orientations [4.28]), which will alter the mechanical properties of the
suspension. Based on these assumptions, it can be estimated that for the
polysilicon comb actuators the total effect of temperature on the displacement-
voltage characteristic is below 100 ppm/°K.
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Fig. 4.14 Displacement versus voltage curve of a polysilicon xy-nanopositioner.

An interesting feature of these xy-manipulators is that the position sensing
can be done by capacitive measurements. It is conceivable to use the
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transmissivity of liquid crystal. Finally, there is also the class of light
modulators actuated by micromechanical structures.

Already in the late 1960s, high density arrays of micromachined phase
shifters, addressed by an electron beam, have been proposed by Preston [4.31]
and a few years later by van Raalte [4.32] and Thomas et al. [4.33]. In the late
1970s, Petersen has constructed electrostatically driven laser beam deflectors
{4.34] and silicon scanning mirrors [4.35]. These pioneering devices have not
been successful in commercial applications. Nevertheless, a lot of activity was
going on in this domain, and it was in 1992 that Texas Instruments announced
an airticket printer, which has an integrated micromechanical light modulator
{4.36]. This product was based on the ongoing research and development of the
company for over two decades [4.37-4.39]. Other recent research and
development is further away from commercialization; it involves the
realization of optical choppers [4.40, 4.41], Fabry-Perot interferometers [4.42-
4.44), diffraction light modulators [4.45], scanning mirrors [4.46-4.48], optical
shutters [4.49], and optical switches [4.50]. A lot of research activities are
directed towards telecommunication. In particular, optical crossbar switches
for interconnection networks are of interest. Recently, micromachined spatial
light modulators have been proposed for this purpose [4.51-4.53].

The development on light modulators reported in this work were triggered
by earlier activities of the Swiss Center for Electronics and Microtechnology
Inc. (CSEM) for the fabrication of an array of shutters [4.54, 4.55]. In
particular, results of comb-driven microshutters will be discussed in
Section 4.3.1. On the performance of torsional micromirrors will be reported
in Section 4.3.2, and interference light modulators will be presented in
Section 4.3.3.

4.3.1 Optical shutters

As shown in Figure 4.19, the optical microshutter is composed of a comb
for creating the electrostatic force, a movable shutter (100 pm by 30 pm),
and a compact meander folded beam suspension, for guiding the shutter in the
actuation direction. The surface occupied by the new meander spring is
drastically reduced (130 um by 60 um) as compared with that of earlier
comb actuator suspensions (500 um by 150 um). This suspension, made of
five double beam spring elements, has still a high stiffness in the direction
transverse to the actuation.
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Figure 4.20 visualizes the two positions of the shutter. While Figure 4.20a
displays schematic cross sections, in Figure 4.20b the optical micrographs
show the real device. The displacement characteristic of the optical
microshutter is given in Figure 4.21. As for the earlier comb actuators, the
displacement is proportional to the square of the applied voltage. A maximum
displacement of 8.3 um is measured at 53 V; hence, this performance allows
the modulation of a focused laser beam of 5 um diameter. The device has a
measured resonance frequency of 4.5 kHz.

Displacement [um]

Voltage (V]

Fig. 4.21 Displacement versus voltage curve of the optical microshutter. Measurements have
been performed on a light microscope.

The optical microshutter allows for two different operation modes. In the
reflection mode, the light source and the photosensitive part are placed both in
front of the shutter; the laser beam is either reflected by the aluminum film on
top of the shutter plate (83% reflectivity - on condition) or, for the displaced
shutter, the beam is mainly absorbed by the underlying substrate surface,
which is less reflective (31% reflectivity - off condition). In the transmission
mode, the shutter is placed between the light source and the photosensitive
part. The closed state is given by the interruption of the laser beam - it is
reflected on the shutter plate back to the light source. In the open state, i.e.,
for the displaced shutter, the beam can pass. A very high contrast ratio can be
obtained with this operation principle. A close-up view of a transmission-mode
microshutter, overhanging a 60 pm by 60 um substrate via hole, is shown in
Figure 4.23; it allows for interrupting a focused laser beam.
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Fig. 4.23 Top view (SEM) showing details of the optical microshutter suspended over a
KOH-etched 60 pm by 60 um hole.

4.3.2 Pivoting mirrors

Figure 4.24 shows the function principle of a torsion micromirror. When a
voltage higher than V, (switch voltage) is appl{ied on the address electrode, the
electrically grounded mirror rotates by an angle of 7.6° and hits the landing
electrode. The latter is also electrically grounded for avoiding charge sticking
effects. For the mirror to return to its initial position, the address voltage is
reduced below V-, (release voltage). Therefore, the system is bistable - by
choosing an appropriate hold and address voltage, mirrors can be addressed
individually in a two-dimensional array. A fabricated torsional micromirror
of 30 um by 30 um, suspended by 10 um long and 0.4 pm wide beams, is
displayed in Figure 4.25. The SEM picture shows clearly the address electrode
and the landing electrode below the mirror.

The displacement and switching characteristics have been observed with the
confocal optical length measurement system, UBM Microfocus. The torsion
angle of a micromirror, with the identical geometric dimensions as used for
the calculations, is shown in function of the applied voltage in Figure 4.26.
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Fig. 4.24 Cross sections of rést (left illustration) and tilted position (right illustration). In the
tilted position the mirror is touching a landing electrode, which is at the same polential as the
MifTOor.
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Fig. 4.25 Top view (SEM) of pivoting micromirror. The aluminized mirror surface is 26 um
by 26 um, and the mirror is suspended 2 um above the substrate.

The error of the measurements with the confocal microscope is * 50 nm,
which corresponds to an uncertainty of the angular resolution of + 0.13°. As
predicted by the theoretical considerations, the tilted angle is initially nearly a
square function of the applied voltage. The constant angle per voltage squared
of 25.2'10-6rad/V2can be deduced from the measurements (computations in
Section 2.3.3 have resulted in a constant of 24.5°10-6rad/V2). Abrupt tilting
takes place in agreement with theory, which predicts the occuring of the
instability after roughly one third of the total displacement. The exact critical
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displacement depends on the geometry of the design [4.38]. The measured
switching voltage V;is 31 V. If afterwards the voltage is lowered, the mirror
stays tilted until the release voltage V,of 16 V is reached. Once the mirror is
released, the displacement follows the same characteristic as in the attraction
cycle. In Figure 4.27, the threshold voltages V) and V3 are plotted versus the
beam length of the suspensions.
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---0 - Release Cycle
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Fig. 4.26 Displacement characteristic of torsional micromirror (torsion beams fixed near the
mirror edge). The threshold voltage of abrupt position change is denoted V1 (31 V) in the
attraction cycle and V7 (16 V) in the release cycle.

If the applied voltage is abruptly switched from V, to 0 V, the mirror will
come back to its initial position (cf. Figure 4.28); but because the system is
under critically damped, some oscillations will occur until the mirror is at rest.
After 100 ps, V| is applied again and the mirror will be tilted. Because the
mirror hits the landing electrode, no oscillations are observed. This behavior
has been studied with the help of the confocal microscope. As shown in
Figure 4.28, the resonance frequency is approximately 100 kHz, and the l/e
amplitude s reached after roughly 29 ps. If this time constant of damping is
named 7y, the following equation can be written [4.16]

Nz
-1 (4.6)
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Fig. 4.27 Switching characteristics of 30 um by 30 um pivoting micromirrors having
various beam lengths; the torsion bars are fixed on the middle of the mirror edge. The lines are
the best fits proportional to 1/y/7, where ! is the length of the suspension beam.

Hence, the calculated quality factor is about 1.5. The bandwidth of forced
vibrations of a mechanical structure is simply related to the resonant frequency
fres and the quality factor. Since the quality factor is rather low, i.e., the
"damping is important, it must be clearly distinguished between the resonant
frequency fres and the natural frequency fi. Following the theory of
vibrations, the amplitude A(f) of a forced vibration at a certain frequency fis
given by [4.56]

A = AQ) L @.7)

2
AN (L
f1 ofi
where A(0) is the amplitude of static displacement and fi is the natural

frequency of the system. The resonance frequency of a damped system can be
obtained from the natural frequency with the following relation

fres =111 - 1§Q-2]”2 (48)
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~

Therefore, if the quality factor and the resonance frequency of a system are
given, the bandwidth of operation can be determined.
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Fig. 4.28 Switching characleristics of pivoting micromirror. If the mirror is released from its
tilted position, a number of oscillations are observed until it reaches its stable zero position.

In order to establish the resonance frequency precisely, a transfer curve of
the pivoting mirror has been measured; it is given in Figure 4.29. This has
been done by exciting the mirror electrostatically to small amplitudes in the
range of a few nanometers. The data are collected and analyzed using a
confocal microscope and a lock-in amplifier. The measured resonance
frequency is 97 kHz. For these small oscillations, a quality factor of 4.8 can be
deduced from the shape of the resonance curve (Equation 4.3). This factor is
more than three times higher than the one established by the observation of the
ringing oscillations. The difference is believed to be due to the much smaller
amplitudes (3 orders of magnitude smaller), where the medium gap is larger
and therefore the damping is less dominated by the squeeze film damping. As,
predicted by a model developed by Newell, the quality factor Q of such a setup
is proportional to the cube of the gap width [4.57]. For determining the
bandwidth of operation, the quality factor Q of 1.5 is taken; then the 1.5-dB
bandwidth of the pivoting micromirror is 1.7 times larger than the resonance
frequency. Hence, for the structure under investigation a 1.5-dB bandwidth of
operation of 165 kHz can be established.
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Fig. 4.29 Transfer function of torsional micromirror. From these measurements, a resonance
frequency of 97 kHz and a quality factor of 4.8 can be deduced.

Based on the encouraging results of the single torsional mirrors, two-
dimensional arrays have been constructed. A two-dimensional rectangular grid
of electrodes is formed which allows, by properly choosing the voltages, to
address every single mirror individually. Figure 4.30 shows two mirrors in
the center of an array, and Figure 4.31 displays a corner of the 32 by 32
mirror array. The device is designed to allow simple wire bonding; hence, it is
not optimized for a high filling factor which is only 11 %. The finished and
packaged chip is presented in Figure 4.32; it is mounted on a pin-grid array
with 124 pins (PGA 124). The reason to utilize a PGA 124 is the large size of
the chip (12.5 mm by 12.5 mm) not the number of pins since only 64 pins are
used. To protect the chip from dust, it is covered with a thin glass plate.
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34KU

Fig. 4.30 Two-dimensional polysilicon mirror array - close view of two mirrors (SEM). The
horizontal address clectrodes (fabricated in the first thin polysilicon) passing below the
suspended mirrors and the vertical mirror electrodes (fabricated in the second thick polysilicon)
can be clearly distinguished.

200EM. . 34KV .19 270

Fig. 4.31 Two-dimensional polysilicon mirror array. SEM displays a corner of a 32 by 32
mirror array.
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Fig. 4.32 Photograph showing mirror matrix mounted on a PGA 124 support for testing.

First testing has been performed by the use of a charge-coupled device
(CCD) camera. As shown in Figure 4.33a, a collimated source projects light
onto the mirror array. Only if the mirrors are deflected, the light is reflected
directly into the CCD camera. In Fignre 4.33b, it is illustrated that a
displacement of the mirror by an angle ¢ results in a deviation of the laser
beam by an angle 2¢. A typical image that can be obtained with this set-up is
visualized in Figure 4.34: a 32 mirror by 32 mirror matrix is shown at two
different switching states. In the first micrograph, no voltage is applied on the
mirrors - all devices are at rest - and hardly no light is received by the
camera. In the second micrograph, on particular lines and rows, a potential
higher than V; has been applied. It can be clearly seen that the addressed lines
and columns are tilted. At the crosspoints of an addressed line and column the
potential difference between the two electrodes is zero, this results in mirrors
at rest position.

n Reflected light (tilted mirror)
CCD camera .
Incoming light ’ Reflected light {mirror at rest)
TV monitor | 2¢

Light source

Mirror array Mirror at rest

¢
Drive electronics Tilted mirror

a) ' b)

Fig. 4.33 Sewp used 10 test pivoting mirror matrix: a) complete setup; b) deflection of the
incorning light on a mirror at rest and in the tilted position, while the mirror is tilted by an
angle ¢, the light is deflected by an angle 2¢.
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2) ' b)

Fig. 4.34 Optical micrographs of 32 by 32 mirror matrix at two different addressing states:
a) no voltage is applied - all mirrors are at rest posilion, b) lines and rows have been selectively
addressed.

Since the 1024 mirrors have to be addressed individually, multiplexing is
important. The method we used is based on the bistability of the mirror
displacement. The proper choice of the following voltages is important. V. is a
hold voltage which is between the threshold voltages V| and V5, V. + V4 is
still smaller than V;, and V, + 2V4 is larger than V). The constant potential
V. is applied on all the columns, and all the lines are on ground potential. If a
particular mirror has to be tilted, on the column a pulse of the height + Vg is
applied, simultaneously a pulse of the height - V4 is applied on the specific
line. Since the mirrors will be tilted only if a voltage difference of V. + 2V is
applied, all the mirrors will rest in their position and only the mirror at the
position where the activated line crosses the activated column will be tilted.
This procedure is visualized in Figure 4.35. The driving electronics has been
realized by the CSEM. A Motorola microprocessor 68705R3 is the key
component of the control setup. The mirrors which are to be tilted can be
programmed by utilizing hex addresses. The result of addressing the three
letters IMT on a 32 by 32 mirror array is shown in Figure 4.36. Because of
the variation of the threshold voltages V| and V2 over the different mirrors, it
is difficult to address all the mirrors correctly by employing just one fixed V¢
and V4. The variation of the threshold voltages is believed to be due to local
changes in the etching of the submicrometer wide torsional suspension beams.
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Fig. 4.35 Addressing of mirrors in a two-dimensional array. On the outside, diagrams of the
different column and line voltages are displayed while on the inside, the switch states of the
mirrors are indicated. Empty circles symbolize mirrors in zero position and full circles tilted

mirrors.

Fig. 4.36 The three letters IMT addressed on a 32 by 32 mirror array.

4.3.3 Interference light modulators

For modulating light at higher frequencies than the pivoting mirrors,
interference light modulators have been conceived. While other high
frequency light modulators are changing the refractive index of the material
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or the Bragg diffraction based on electro-optic, magneto-optic, respectively
acousto-optic effects, our devices modulate the length of the optical path
mechanically. In the first device, realized in collaboration with Ascom Tech,
the optical path is changed by positioning two aluminum coated polysilicon
bridges relative to each other (Figure 4.37a). The incident collimated laser
beam is reflected on the aluminum coating; thereby, a phase difference is
created between the light reflected on either of the bridges. By superposing the
two light beams afterwards, interferences are created, which allow to modulate
the amplitude of the light at a given point. The second device is not aluminum
coated, and it takes advantage that the thin polysilicon bridge is
semitransparent. It works as a Fabry-Perot interferometer, where the width of
an optical resonance cavity, formed between the membrane and the substrate,
can be modulated (cf. Figure 4.37b); thus, changing the spectral reflectivity of
the incident beam.

R N T Nt

; — -_Jr_f__wr i

"y 1:5‘:] h¢ —
| ,

|t l

a) b)

Fig. 4.37 Two operating principles of interference light modulators: a) a step is mechanically
changed; by that means, a phase difference on the reflected beams is created (visualized is an
incoming and reflected wave front). b) the width of an optical resonance cavity is changed;
thereby, the lotal reflectance of the Fabry-Perot interferometer is modulated.

For a better understanding of the phase step modulator, the interferences
occuring at the focal point of a lens have been investigated. Calculations have
been performed using Fast Fourier Transformations of the commercial
software package Matlab®. In Figure 4.38, the intensity distribution in the
focal spot has been calculated for two phase step conditions. In both cases, the
beam has a Gaussian intensity distribution before reflection. Figure 4.38a
shows the situation when there is no phase difference between the beams
reflected on the two bridges. A single peak exists - the light can propagate in a
monomode fiber positioned at the focal point. Figure 4.38b displays the result
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when the bridges are displaced against each other by A/4, i.e., the reflected
beam has a phase difference of A/2. Maximal interferences are obtained, and
two peaks exist - the light will not propagate in a monomode fiber positioned
at the focal point. Hence, with such a setup, the phase step modulator can be
used as amplitude modulator.
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Fig. 4.38 Calculated intensity distribution at focal point of a lens for phase step modulator: a)
no phase difference between the 1wo reflected beams; b) phase difference of A/2 between the
two reflected beams.

The second operation mode - Fabry-Perot interferometer - is described
analytically. The total reflectance R of the Fabry-Perot interferometer can be
expressed by the Airy formula [4.16]

R= 1 . (4.9)

l'rm

b g sin2(2nnhi 7y

where r,, is the mirror reflectance, h is the cavity gap, and A is the
wavelength, This formula assumes that the incident light is normal to the
mirror surface, and it ignores absorption of the light. From the expression
follows that a minimum reflectance is obtained if the width 4 of the cavity is a
multiple of /2, and that the maximum reflectance is achieved if 4 is an uneven
multiple of /4.

A finished device is shown in Figure 4.39. The polysilicon bridges are not
aluminum coated; hence, this particular device can be used as Fabry-Perot
interferometer. Figure 4.40 displays the displacement curve of the center of a
straight beam light modulator. The measurements have been performed using
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the confocal microscope. A maximum displacement of 0.4 um has been
observed, larger displacements result in collapsing bridges. However, this
displacement amplitude is sufficient for modulating visible light with the two
operation principles because only displacements of the order of A/4 have to be
performed. The dynamic behavior of the structures has also been investigated.
In Figure 4.41, the response in function of the driving frequency has been
measured employing a laser interferometer (measurements performed by
Ascom Tech). Depending on the bridge length, the system is under critically,
critically, or over critically damped.

First tests, in the operation mode as Fabry-Perot interferometer, showed
that the reflectivity of an incident laser beam of 780 nm wavelength can be
modified between 38 % and 72 % when the cavity width is changed by
applying a potential between the bridge and the lower electrode on the
substrate. Also the light modulation by changing the phase step has been
successful [4.58]. There, the following two problems exist: first, the gap of
2.7 um between the two beams is rather large for this operation principle; and
second, the speckle caused by the surface roughness of the aluminum reduces
the efficiency of this operation mode.

Fig. 4.39 Interference light modulator (SEM). It consists of four polysilicon bridges of a
length of 70 um, a width of 50 um and a thickness of 2 um. The bridges are separated by a
gap of 2.7 um and suspended 2 pm above the substrate.
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Fig. 4.40 Displacement versus voltage curve of interference light modulator (70 pm long and
0.5 um thick polysilicon bridge). The measurements have been performed with a confocal
microscope. At higher voltages the bridge will collapse and touch the substrate.
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Fig. 4.41 Dynamic response of interference light modulators having different bridge lengths.
The quality factor can be deduced - for bridges of 50 um, 60 um, and 70 um length, it is 0.6,
0.5, 0.35, respectively.



4.3 Light Modulators 101

The presented interference light modulators are prototype devices, which
show that using two different operation principles incident light can be
modulated at very high speed. However, if they are used for real applications,
the structures have to be optimized. For example, if employed as Fabry-Perot
interferometer, the reflectance of the mirrors has to be optimized for the
wavelength of operation and at the same time the top mirror absorption has to
be minimized. On the other hand, if used as phase step modulator, the gap
between the two bridges and the surface roughness have to be minimized
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Chapter Five

Characterization of Materials

For the design of micromechanical devices, it is important to have a good
knowledge about the mechanical properties of the materials used. This is not a
new requirement, it holds true for any kind of mechanical engineering. What
is distinct, however, is that some materials have different characteristics in
macroscopic dimensions than in microscapic dimensions. For example,
everyday laboratory experience is that silicon wafers tend to break or chip
without any apparent provocation leading to the conception that silicon is a
very fragile material. Such fracture is usually initiated at the surface; the
probability of surface flaws of "critical" size decreases with decreasing area of
stressed surface. From a statistical point of view, small sized elements can
endure a higher maximum stress than larger samples. This is the main cause
why we observe strength properties on micromachined silicon devices which
are superior than those of high quality steel. Another reason why results from
traditional macroscopic experiments are not accurate enough is that mechanical
properties depend strongly on the deposition parameters of the thin films. For
example, Koskinen et al. have demonstrated that the tensile strength of
polysilicon depends on its grain size [5.1]. Therefore, it is often necessary, to
reconsider the mechanical properties of the materials with the help of
micromechanical tests. Depending on the application, other material
characteristics will also be of concern such as electrical, chemical, or, as in our
case, optical properties of thin films.

While some of the mechanical properties for micromachined devices have
already been determined by other authors, our approach is novel in so far as
we used the same masks for surface micromachining different materials. This
allows to compare mechanical characteristics on geometrically identical
structures. The investigations on mechanical properties as internal strains,
sticking phenomena, and yield strains aré reported in Chapter 5.1 while
Chapter 5.2 focuses on optical characteristics such as surface reflectivities as
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well as low and wide angle scattering characteristics. In the literature, there
are few contributions about the long time stability of micromachined devices -
about life testing of polysilicon structures we have not found any report.
Therefore, Chapter 5.3 is dedicated to the description of endurance testing
that has been performed on polysilicon torsional mirrors.

The pivoting micromirrors used throughout this chapter for
characterization are shown in Figure 5.1. Fabricated in the three materials
single crystal silicon, polycristalline silicon and aluminum, they have the same
geometric dimensions: they are 30 pum by 30 pm squares suspended by
15 um long and about 0.6 pm wide torsion beams [5.2]. '

a) ' . b) c)

Fig. 5.1 SEM 1op views showing torsional micromirrors fabricated in: a) single crystal
' silicon, b) polycrystalline silicon, ¢) alominum.

5.1 Mechanical Properties

Investigations about mechanical characteristics of micromachined devices
have been performed since the beginning of micromechanics. For example,
Nathanson et al. have determined the Young's modulus by observing the
resonance behavior of small vibrating cantilevers fabricated in different metals
[5.3], Eisner has performed tensile stress tests on silicon whiskers [5.4], Guckel
et al. have established strain tests by visually observing the deflection/buckling
of custom designed release structures [5.5], and Cho et al. employ the
electromechanical performance of simple structures to estimate Young's
modulus and intrinsic stress [5.6]. Schweitz gives a good summary of



5.1 Mechanical Properties 107

mechanical properties and characterization methods of thin films in a review
article [5.7].

Section 5.1.1 investigates internal strains based on observations on simple
test structures. The sticking of free standing surface micromachined doubly
clamped beams to the substrate is discussed in Section 5.1.2. By performing
bending tests on cantilevers, the yield strain of the different materials is
established in Section 5.1.3. Finally, the electromechanical performance is
compared for striictures fabricated in the different materials in Section 5.1.4.
Throughout the whole chapter, pivoting micromirrors will serve as test
vehicle.

5.1.1 Internal strains

Internal stress and strain of deposited films are routinely observed in IC
fabrication lines by investigating the wafer bow. More sophisticated techniques
include tests on micromachined structures such as the shift of resonance
frequency [5.8] or the continuous deformation of structures due to strains [5.9,
5.10]. The method used here is the investigation of buckling of test structures.
The advantage of this procedure is that by simple visual inspections under the
light microscope, it can be determined whether a certain strain limit is attained
or not.

Compressive internal strains are investigated by observing the buckling of
doubly clamped beams (compressive stress). As stated by Guckel et al., the
buckling strain can be calculated by determining the length L of the shortest
beams that are buckling {5.11]. The Euler's buckling criterion is employed to
establish the yield strain

7[2h2
E=7372 5.1)

For polysilicon and silicon the longest beams that can be observed-are 400 pm
long - they did not show buckling. Therefore, the compressive strain can be
assumed to be below 82.3 ppm. Unannealed aluminum beams showed buckling
for a beam length of 100 um and longer (cf. Figure 5.2a); the computed
compressive strain is thus 0.132 %. When the aluminum has been annealed at
450°C during 30 minutes (Section 3.2.1), also the 200 um long beams did not
show any buckling (cf. Figure 5.2b).
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5.1.2 Sticking phenomena

Sticking of surface micromachined structures to the substrate is a
phenomenon, which has been examined by different laboratories recently.
Most authors agree that sticking occurs after the final rinse, where the
diminishing liquid draws the suspended structure into contact with the
underlying substrate. After complete drying, the structure remains stuck to the
surface. It has been proposed that etch residues [5.14, 5.15], electrostatic
forces [5.16], condensation of water between the two surfaces [5.17, 5.18], and
van der Waals forces [5.19] are responsible for the sticking. In summary, the
nature and the magnitude of these adhesion forces are not well understood to
date. Therefore, we have not tried to confirm a particular theory, but we
compared experimentally the sticking of structures fabricated in the different
materials.

The sticking phenomenon is examined on the doubly clamped beams which
are suspended 2 pm above the substrate (the identical structure as employed
for the investigation of internal compressive strain). The maximum length, the
bridges can stand free in more than 80% of the observations, are reported in
Table 5.1; this is the status after the final rinse in alcohol. Comparatively long
polycrystalline silicon beams (400 um) are completely free standing after
processing; this may be due to the increased surface roughness of the
polysilicon. Even a small degree of roughness will reduce adhesion forces by
several orders of magnitude [5.15]. The surface of the silicon beams are much
smoother and the maximum length of free standing beams is 200 pm. The
maximum length of free standing aluminum beams is limited to 100 um; there
the difference is believed to be caused by the lower Young's modulus, which
reduces the spring constant of the bridge.

5.1.3 Yield strains

Yield strains are established by determining the maximum lateral bending
of cantilevers (cf. Figure 5.4) before they break (silicon, polysilicon) or
before they deform plastically (aluminum). By using a microprober needle, a
cantilever is bent until it yields. The experiment has been observed under the
light microscope and is recorded on a video tape for later analysis. The
maximum tensile strains are calculated by nonlinear beam theory. The
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subsequent considerations follow a reasoning proposed by Tai and Muller
[5.20]. The calculation starts with the classic bending equation [5.21}

1 M(x,y)
r(x,y) = EI (-2)

where r(x,y) is the curvatore radius, M(x,y) is the bending moment, E is the
Young's modulus, and [ is the moment of inertia. In the case of a rectangular
cross section, the moment of inertia can be expressed as I = 1/12 (w3r), where
w is the beam width and ¢ is the beam thickness. The curvature radius r can be
rewritten as a differential equation.

d2yd2 - F(y(Lp) - ¥) 5.3)
T(1 + (dyldx)2)2 T EI :

With L, the length of the cantilever, Lp, the projection length of the beam at
maximum bending on the undeflected cantilever, F, the applied force, and the
boundary conditions of Equation 5.3, which are y(0) = 0, dy(0)/dx = 0, and
d2y(Lp)/dx2 = 0, the solution of y(Lp) can be written as [5.22]

AWLp) = (5.4)

where K(p) is the complete elliptic integral of the first kind. The following
intermediate solutions for the differential equation are obtained

Ly=L (3,{%%2 - 1] 5.5)
F-pr @ (5.6)

The quantities K(p) and E(p) are complete elliptic integrals of the first and
second kind, respectively. These two functions are defined by
2

Kp) = 0[ (1-p2sing) 1 2dg 5.7)

2
E(p) = U[(l-pzsin¢)”2d¢ (5.:8)



5.1 Mechanical Properties 111

The variable p can be determined by employing Equation 5.6 and using the
experimentally determined Lp. Knowing ‘the force F and the maximum
deflection y(Lp), the maximum strain (which occurs at the clamped end) can
be established [5.23]

_ MOOw  F_
Exmax =L TR T wiE
w1 . (W)
=tpK@)[ - KO\ (5.9

where the + sign stands for tension and the - sign for compression. Since in
brittle materials the tensile stress is regarded as the most significant cause of
fracture, €1max has been used to obtain the following results.

Fig. 5.4 Top view of axially loaded cantilever.
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Typical maximum bending of silicon, polysilicon, and aluminum cantilevers
is displayed in Figure 5.5; the calculated fracture strains are summarized in
Table 5.1. The cantilevers are 3.8 pm wide and 200 pm long. For silicon
beams in <110>-direction, an average fracture strain of 1.6 £ 0.1 % has been
found; the uncertainty is given by the difficulty to measure precisely the width
of the beams. This strain limit can be compared to measurements done on
silicon whiskers by Eisner reporting a value of 2.03 % (5.4), Pearson et al.
reporting a maximum fracture strain of 2.6 % [5.24], and Johansson et al.
reporting an average fracture strain for <110> silicon cantilevers of 2.0 %
[5.25]. On polysilicon structures, a fracture strain of 2.1 £ 0.1 % has been
measured, which is higher than the limit of 1.72 % reported by Tai and

a)

b)

<)

Fig. 5.5 Optical micrographs showing maximum lateral bending of cantilevers with identical
dimensions (100 um long, 2.8 um wide, and 2 um high) before yielding: a) silicon (fracture);
b) polysilicon (fracture); ¢) aluminum (plastic deformation).
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Muller [5.20]. The yield strain for aluminum (All%Si) cantilevers has been
observed to be 0.5 +0.03 %; this is higher than the value (0.3 %) established
for aluminum (Al5%Si) in traditional macromechanical yield strain tests
[5.26]. '

In our tests, the stress concentration at the clamped edge has been ignored;
therefore, the actual strain limits may be even higher. However, a major
advantage of this method is that only geometric values and no material
properties are required for determining the yield strain. Furthermore,
fracture strength of brittle materials should be determined by statistical
methods [5.27]. The reported results are based on an average value of five
measurements; hence, the statistical significance is rather low.

5.1.4 Electromechanical performance

The electromechanical performance can be used to characterize material
properties as proposed by Nathanson et al. [5.3]. This presumes that we have a
good knowledge of the geometric dimensions of the structures under
investigation. Since this is not the case for the torsion beams of pivoting
micromirrors, the following paragraph is primarily a proof that working
electromechanical devices can be constrocted using the three different
materials and technologies.

Using the notation of Section 4.3.2, the switching voltages V| can be
compared. Since RIE under etching depends on the material, it produces
unequal submicrometer beam widths (cf. Figures 5.1a and 5.1b). This mainly
explains the voltage difference between the silicon (43 V) and polysilicon
devices (15 V), that between polysilicon and aluminum devices (7.V) being
essentially due to a difference in the Young's modulus.

Property Mono-Si Poly-Si Al
Max. Temp. [°C] 1100 1050 450
Time [h] 4 0.67 0.5
Max. Freestanding
Beam Length [um] 200 400 100
Yield Strain [%] 1.6 2.1 0.5
Surface
Reflectivity [%] 38.1 31.4 66.5

Table 5.1 Summary of properties of the three materials.
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5.2 Optical Properties

The optical characteristics of the mirror surfaces are of great importance in
view of future applications of micromachined mirrors in printing or
projection display devices. While the surface roughness, which is causing the
scattering, can be inspected directly by optical surface profiling or SFM
profiling, we are interested in measuring the angle-resolved light scattering as
proposed by Heintze et al [5.28]. The reflectivity has been determined by
measuring the intensity of an almost perpendicular reflected laser beam.

5.2.1 Light scattering and reflectivity

Figures 5.6 and 5.7 show the scattering of a laser beam (633 nm) as a
function of the incident angle (measurements are performed on a Jobin-Yvon
Instruments ellipsometer). Little scattering is observed for narrow angles - the
intensity follows the Gaussian distribution of the reflection on a perfect mirror
(cf. Figure 5.6). However, at wider angles, there is some scattering observed
for the aluminum mirrors (cf. Figure 5.7); it is due to the increased surface
roughness caused by the BHF-K,Cr,04 etch solution (1o distribution:
150 nm). As shown by Heintze et al. [5.28], the angle resolved scattering can
be used to determine the surface roughness of polysilicon. Only recently,
Bawolek et al. [5.29] compared such scattering results with roughness data
obtained by a SFM measurements; they showed that there is a fair agreement
between theory and measurements. The angle resolved scattering is a domain
of itself, which we did not enter further because the obtained results assured us
that pivoting mirror devices can be constructed with sufficient contrast ratios.

By integrating the angle resolved light intensity from -1 to +1 degree, the
forward surface reflectivities are calculated (cf. Table 5.1). While the values
for silicon (38.1 %) and polysilicon (31.4 %) are normal for IC-processing,
the reflectivity of the aluminum mirror is rather low (66.5 %), the significant
drop is caused by the etching in BHF-K,Cr,0; before this final step, the
aluminum reflectivity was 83.0 %. For the optical devices presented in
Chapter 4.3, the aluminum on top of the polysilicon has resisted an etching in
a BHF-glycerol solution; this did induce less modification of the surface
topography, and the measured reflectivity is 79 %.
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5.3 Endurance Testing

Fatigue effects are another domain of interest. Whether microdevices will
be used as sensors or actuators, they have to perform a high number of cycles
during their life time, and an aging could limit their applicability. Aging can
result in catastrophic failures such as breaking or in less dramatic occurences
like deformation or changes in the elastic constants. We have found only few
reports about endurance tests. One of the earliest is about the life test of a
silicon torsional scanning mirror by Petersen, where over 1012 cycles have
been performed [5.30]. Aluminum mirrors have been cycled by Hornbeck
over 1.2 * 1010 times, where the devices are landing on an address electrode
and no wear of the contact surfaces has been observed [5.31]. In the
experiments of Tabib-Azar et al., some aging of heavily doped (p*)
micromachined silicon cantilevers has been observed during aging tests of 1010
cycles [5.32]. Aging of aluminum coated silicon cantilevers is described by
Buser and Domman [5.33]. In this chapter, results of life tests on polysilicon
structures are reported; to our knowledge we were the first laboratory to
publish on endurance testing of polysilicon structures [5.34].

5.3.1 Endurance tests on polysilicon pivoting mirrors

During 120 hours, a polysilicon micromirror with 20 um long torsion
beams, fixed near the edge of the 30 pm by 30 um mirror, has been
continuously cycled at frequencies of 1 kHz and 10 kHz, so that a total of over
109 cycles has been performed. At regular intervals, the switching
characteristics have been investigated. A significant drift of the switch voltage
V1 and the release voltage V2 has been observed during the test (cf.
Figure 5.8). For example, the release voltage V7 was initially 17 V - at the
end of the test it was 10 V. We believe that these changes are due to trapped
charges in the dielectric layer. Another measurement, which supports this
hypothesis, is displayed in Figure 5.9. During dynamic operation at 1 kHz
frequency the delay time of the mirror response has been measured, i.e., the
time between the moment the potential has been set at zero and the moment the
mirror is released from the landing electrode. While in the beginning of the
test, the mirror is released immediately, after 100 hours of continuous testing,
the device stays for some hundreds of microseconds longer in the down
position. The performance characteristics has also been observed periodically
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after the endurance test. The delay time of the mirror response decreased
continuously and 20 hours after the end, there was no measurable delay. The
threshold voltages V) and V2 increased slowly, but even one week after the
test, they were only two to three Volts higher than at the end.

While there seems to be a certain charging of the electrodes, the mechanical
characteristics did not shift during the whole test. Given the measurement
limitations of + 3 kHz, no drift of the resonance frequency has been observed.
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Chapter Six

Conclusion and Outlook

Microactuators are a domain where the know-how still lacks behind that of
sensors or electronics. Therefore, this work focused mainly on constructing
working electrostatic actuators. The first class of such devices investigated
here are the comb actuators; testing proved their applicability as precise
positioners. They are also employed as the driving elements for a two-
dimensional nanopositioner, on which a surface probe tip has been integrated.
The second class of devices are the light modulators. Three different types of
actuators we fabricated fall into this class: first, the comb-driven optical
shutter, which allows to interrupt a focused laser beam; second, the deflectable
micromirrors, which are particularly powerful if assembled in a dense array,
where they can be used for light modulation as required in printing or
projection display applications; and third, the interference light modulators
which can modify a phase step or an optical resonance cavity at very high
speed. The design, fabrication, and performance of all these devices has been
studied in details and many promising results have been obtained. Insofar, the
goal of this work to broaden the know-how about microactuators has been
reached. But the motivation of the author and the researchers at the Institute of
Microtechnology (IMT) for future work go beyond that, towards integrating
the microactuators into microsystems - towards devices which are attractive
for industrial purposes.

6.1 From Microactuators to Microsystems

For sensor and electronics fully integrated approaches already exist, as for
example, the integrated mass flow sensor by Yoon and Wise [6.1], where the
on chip CMOS circuitry allows the signal readout and control. For actuators,
there are few devices for which such an integration with electronics has been
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accomplished. An excellent example, however, is the deformable mirror
device fabricated by Texas Instruments - the micromechanical mirrors and the
addressing electronics (SRAM) have been integrated on one chip [6.2]. The
integration of the three elements, sensors, actuators, and electronics on one
chip is further away, and today only hybrid assemblies for such microsystems
exist [e.g., 6.3]. For future research in the microactuator domain, it will be
important that the concept of an integration with electronics is considered and
followed from the beginning.

For the devices presented in this work, this means for example that the xy-
nanopositioner is to be integrated with the electronics for capacitive position
detection and feed back on the electrostatic actuators. The micromirror array
is to be fabricated on a chip containing an addressing electronics. And the
interference light modulator is to be integrated with a solar cell for light
detection and an electronics which allows to modify the phase step or the
optical resonance cavity in function of the detected light signal.

The integration of actuators into microsystems is very important if industry
has to interested, but it is not the only requirement. It is the personal belief of
the author that there are a number of less technical issues, which have to be
improved, in order to make from the research successes of the
micromachinists also successes in the market. Such ‘non-technic' issues are the
subject of the last chapter.

6.2 From Academia to Market

Despite the booming research at universities in the domain of
microactuators and microsystems, the commercialization of the technology is
very sluggish. And there aré only a handful of successful products containing
microfabricated actuators on the market. The technology transfer from
university to industry seems to be hampered.

One problem is certainly that the communication between industry and
university is absent or not very open. Because of lacking inputs from industry,
researchers at the university begin to dream up things they believe industry
might need. Very often these prototypes are only replacements of products the
industry already sells successfully, and, understandably, the interests on the
industry side are limited. On the other hand, if people from the industry are
coming to the university, they often have vague ideas about microsystems
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which are not compatible with the existing technology or cannot be developed
in the required time frame. Because of such discrepancies, both sides are
disappointed, and a joint project will never be formulated. To enhance the
communication, it will be necessary that people from university and industry
meet more frequently and that both discuss in an open and casual manner about
their ideas and requirements. Good ways to promote this exchange of ideas are
conferences, or as a different approach, the Community Programme for
Education and Training in Technology (COMETT), where only recently an
University Enterprise Training Partnership (UETP) for
microelectromechanical systems (MEMS) has been launched. In short courses,
people from industry and university can meet and inform themselves about
general and selected topics of MEMS.

A further problem is that packaging is normally regarded as a non-
academic issue. Because of this attitude many good devices will never be tested
in a real environment - the barrier for the industry to get interested is often
too high if the device is just glued on a printed circuit board. In this respect,
the Neu-Technikum Buchs is a positive exception because they develop for
most of their devices also an adapted package.

Another main concern is that the equipment required to fabricate the
microsystems is very expensive, and the industry is afraid to invest a large
amount of money in a risky technology. Here, the idea of silicon foundries as
proposed by Petersen [6.4] might be a viable solution. As in IC foundries,
customers can design their own micromechanical structure and receive small
to medium quantities of chips from the same foundry within weeks. A silicon
micromechanics foundry would consist of three major divisions: silicon
microstructure design and modeling, silicon micromechanical wafer
fabrication facility, silicon microstructure packaging and testing. Such a
foundry has been recently opened in the United States, where the
Microelectronics Center of North Carolina offers a two layer polysilicon
surface micromachining process. Another approach is the fabrication of
microsensors and actuators with CMOS technology and using some
postprocessing of the mechanical devices as performed by a group at the Swiss
Federal Institute of Technology in Zurich {6.5]. The investment of capital is
rather low in such multiproject wafer services, and if a successful device is
developed, it can be produced with rather fast fabrication cycles.

A further way is proposed by the IMT. In the fabrication facility of the
institute prototypes can be developed and even small series for commercial
purpose can be constructed. This is very successful, for example, for
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fabricating small series of micropumps sold in commercial equipments. For
production on a larger scale, this may not be optimum since the institute wants
to stay at the very edge of research in microsystems. However, in co-operation
with the Swiss Center for Electronics and Microtechnology (CSEM) this
dilemma can be avoided. The two-layer polysilicon process developed and
described in this work is now being installed at the CSEM production facility.
The advantage is that prospect industry partners can develop in collaboration
with the IMT technology and design of new sensor and actuator devices. Once
this has been achieved, the production can be transferred to the CSEM. As
proved in this work, the technologies of the two institutions are almost
compatible and the problems encountered usually with such technology
transfers can be avoided. This flexibility and compatibility will allow to
shorten the time from prototype to product, and it will also permit to cut
development costs.

In summary, there exist ways to develop the fascinating prototypes realized
in an academic environment into devices that are successful on the market.
They will not be easy to follow and they are plenty of obstacles, but they are
the great challenge of todays micromachinists.
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