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Abstract

Synthesis of Electrostatically Actuated Optical
Micromirrors

Avinash Kuppar Bhaskar

Micro Electro Mechanical Systems (MEMS) or Micro System Technology (MST)
has gained a lot of focus in recent years from technologists, as it has evolved as a
promising technology having applications in diverse fields such as telecommunications
and medicine. Synthesis of one of the micro devices namely, the torsional micromirror
that falls under the sub-category of Micro Opto Electro Mechanical Systems (MOEMS)
is studied in this thesis. Synthesis involves the comprehensive design, fabrication of
micromirrors validated with testing in the present work. The synthesis is carried out in

the presence of electrostatic effects on micromirrors.

In the present work the effect of main and counter electrostatic fields on 90° and
one dimensional scanning micromirrors are analyzed. In the case of 90° mirror, a stopper
is introduced whose electrostatic field improves the tilting angle by increasing the net

electrostatic force acting on the micromirror.

The limitations of the surface micromachining MUMPS process over the bulk
micromachining using Silicon On Insulator process is amply exhibited for the one
dimensional scanning micromirrors. A parametric study is carried out on one

dimensional scanning micromirrors with the above mentioned fabrication procedures and



the resulting static angles, pull-in voltage and natural frequency are also presented in this

work.

The micromirrors are affected by variations in structural geometry, process
i)armneters and operational environment. It has been earlier proposed that boundary
conditioning of microdevices presents a quantifiable approach for the synthesis of the
above mentioned variations. In this thesis, boundary conditioning of micromirrors using
artificial springs has been extended to external electrostatic field influence and is solved
for static deflection and eigenvalues using boundary characteristic orthogonal

polynomials in the Rayleigh-Ritz method.

Microfabrication is pivotal in any microsystem synthesis. In the present work,
three different microfabrication procedures have been explored to fabricate different
types of micromirrors. The first two types of microfabrication procedures, the Multi User
MEMS process (MUMPS) and MicraGEM Silicon On Insulator (SOI) process are
industry defined microfabrication processes. In the third process, the SOI wafers are
patterned and bulk micromachining process is carried out with Xenon difluoride (XeF3)

dry etchant using the facility at CONCAVE.

The testing of dynamic behavior of MEMS devices is carried out to validate the
synthesis approach used in this thesis. The released micromirrors are tested for dynamic

behavior and tilting angle.
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Chapter - 1

Introduction

1.1 Evolution of micro systems

1.1.1 Micro Electro Mechanical Systems (MEMS)

Micro Electro Mechanical Systems (MEMS) are mechanical devices having
moving components of size in the order of micrometers with a possibility of integrating
electronic circuitry for signal conditioning and analysis in the same chip. In recent times,
because of the rapid growth, MEMS are considered as systems having microfabricated
elements. Using Micro Electro Mechanical Systems (MEMS) it is possible to accomplish
miniaturization of conventional sensors and actuators to micro level. The field of MEMS
as it is known in North America, is also known as Micro System Technology (MST) in
Europe and as Micromachines in Japan [1]. This technology has found applications in

areas as diverse as telecommunication and medicine [2, 3].

The applications of this technology can be found in devices such as laser heads in
CD and DVD units for entertainment, as read-write heads in magnetic hard disks, as
optical switches for communications. Also in the field of health where the technology is
referred to as BIOMEMS they are used as heart pacemakers and hearing aids. In the field
of automobile, a modern car uses more than thirty MEMS devices to cover ergonomics,
safety and performance [4, 5]. Pharmaceutical and biotechnology industries use

microtechnology by using miniaturized devices for high throughput screening [6].



1.1.2 Growth of MEMS

MEMS technology can be adapted to a variety of new products in diverse fields.
It is estimated that by 2006 the revenue through MEMS technology would climb to in
excess of US $ 34 billion. The unit consumption of MEMS/MST devices is expected to

rise from the present 3.5 billion to over 10 billion in this period [7].

The major challenge currently in MEMS industries arising due to rapid
development is commercialization which includes manufacturing obstacles like
packaging and process control; there are also challenges in research and development

which include process expertise and material control.

1.1.3 Micro Opto Electro Mechanical Systems (MOEMS)

The vast area of MEMS has been divided into many sub-branches and the devices
are classified accordingly. One of the important and developed branches is the Micro
Opto Electro Mechanical Systems (MOEMS). This technology allows electrical,

mechanical and optical functions to be combined in a stable assembly [8].

Fuyjita [9] has outlined the impact of MEMS technology to optics. He asserted
that the features of MEMS such as arrayed micro structures and integration of multiple
function devices can be used in optics for 2D arrays of moving parts, optical systems on a

chip and fast control of large scale array device. Examples for this include near field



optical devices and devices for optical fiber networks. The ability in MEMS such as,
miniaturizing the moving parts can be used to obtain a machining precision in the order
of 10nm which will help in the fabrication of MOEMS devices such as silicon optical
bench. As the MOEMS devices can perform the basic optical functions (refraction,
diffraction, reflection, deflection and dispersion) [10] they find applications such as in
micromirrors used as optical switches for optical fiber networking. These micromirrors
are usually operated in two dimensional arrays and they have a highly reflective surface.
Other than optical switching they find applications in barcode readers [11], laser printers
and display [12, 13]. For these applications, a pop-up mirror driven by a comb actuator
~ has been proposed [11], in which the mirror plate is attached to the substrate through

micro hinges [14] so as to produce a large scanning angle.

1.1.3.1 Introduction to Micromirrors

The present thesis deals with micromirrors discussed earlier. These micromirrors are
used in electronic projection displays and telecommunication industry as optical switches
for Dense Wavelength Division Multiplexing (DWDM). The mirrors are usually
arranged in arrays and can be repositioned rapidly to reflect or not to reflect light. One of
the earliest micromirrors was the DMD™ or the Digital Micromirror Device developed
by Texas Instruments which is now used in their Digital Light Processing (DLP™) for
electronic projection displays [Digital Micromirror Device, DMD and DLP are

trademarks of Texas Instruments Incorporated, Dallas, Texas, USA].



As the cathode ray tube (CRT) technology used for electronic projection evolved
over the years, the goals narrowed down to producing brighter, higher fidelity images
with displays having lower weight and cost. This led to the improvement of CRT’s,
introduction of scanned laser beams, the liquid crystal display (LCD) and the latest being
DLP™ based on DMD™ [15]. In 1977, Hombeck [16] of Texas Instruments built a
CCD-addressed membrane based spatial light modulator for optical processing
applications which was called the Deformable Mirror Device. This device was analog
based and required a high-voltage addressing. In 1979, a chip containing 256 mirrors
was demonstrated laying the foundation. for arrays of mirrors. By 1980, this had
progressed to a chip of 128 x 128 afrays of micromirrors {15]. However it was later
realized that the analog aspect was less efficient and would not be suitable for the-
- commercial market. Hence in 1987, Hornbeck’s [16] attempt to replace analog approach
with digital approach was materialized with the birth of DMD™. A typical DLP™ is
made up of arrays of DMD™ with number of mitrors varying depending on desired

resolution.

DMD™ consists of a 2 dimensional array of optical switching elements or pixels
on silicon substrate. Figure 1.1 shows a break up of a single pixel of the device. A

central post supports reflective micromirrors as shown in the figure.
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Fig. 1.3 SEM of DMD array [16]

The central post is mounted on a metal platform or the yoke which is supported
by torsional hinges. The electrodes are provided underneath the yoke which provide

electrostatic actuation using a 24 volts bias voltage. A circuit was developed to rotate the



mirrors +/-10° in a classical on/off binary action of the digital system. Figure 1.2 shows

the assembled DMD™ and Figure 1.3 shows the SEM picture of the DMD™ array [16].

In order to demonstrate the use of a micromirror in an optical switch, Wang et al. [18]
developed a 1 x 4 optical switch using deep reactive ion etching technology (DRIE). The
scheme (Figure 1.4) of the fabricated device technology shows three vertical silicon
(M;-M3) mirrors and five tapered/lensed fibers (Fi-Fs). When a working voltage is
applied to any one of the comb actuators, the associated mirror M;, M, or M3 will be

driven linearly into the optical path due to the electrostatic force, and consequently the

input_light ‘will be reflected by the mirror to fiber Fa, F, or Fs, respectively. When no . .

voltage is-applied to the comb structure, the light is reflected to the fiber F3 because of the

mirror being pulled back by an attached spring. When the mirror M3 is tilted with an

Fig. 1.4 Top view of the 1 x 4 switch scheme [18]



angle of 22.5° the light is reflected to fiber Fs shown in Figure 1.4. Many researchers
have come up with various other types of micromirrors for various applications.
Rosenberg et al. [19] have described the development of active mirrors employing both
surface and bulk micromachined techniques for use as Fabry-Perot interferometers in a
three-axis fiber optic strain sensor. Kiang et al. [12] have developed scanning
micromirrors driven by electrostatic comb actuators which have resonant frequencies in
kHz range and used for optical scanning applications such as in bar code reading, optical

data storage, and laser surgery.

Fig. 1.5 SEM image of a SOI tilting mirror for
optical cross connect switches {20]

Schenk et al. [21] describe a resonantly excited 2D micro scanning mirror
developed on a Silicon On Insulator (SOI) wafer. Figure 1.5 shows one such type of SOI
micromirror. The actuation is through electrostatic principle. Liew et al. [22] present
MEMS mirror fabricated using a standard Complimentary Metal Oxide Semiconductor
process [CMOS] actuated using a thermal multi-morph actuator which is based on the bi-

morph beam theory.



Graffe et al. [23] developed an electrostatically actuated 2 axial mirror which is
used for fine-pointing or fine-steering mechanisms to point and stabilize a laser beam to a
specific direction and to compensate for mechanical vibrations and movement of the

satellite for inter-satellite laser communication systems.

1.2 Actuation of MOEMS devices

Successful operation of MOEMS devices such as micromirrors depends on
efficient actuation. There are many types of actuation principles which are being
cutrently used. Yi et al. [24] used magnetic actuation for rotating hinged flaps. A piece
of electroplated Permalloy matérial is attached to a hinged flap to provide the means of
actuation.  On application of external magnetic field the Permalloy develops
magnetization which interacts with the external field to produce a torque. The induced
torque causes the flap to rotate out of plane about its base. Another work by Zou et al.

[25] used the same principle to actuate a 3 dimensional microstructure assembly.

Thermal microactuators are also used for actuation purpose as they are compact
and can provide high output force [26]. Most of the thermal actuators rely on bi-morphs
which are two or more layers of materials with differing co-efficient of linear thermal
expansion [27]. When they are heated by an electrical current, they bend like a bimetal
and produce motion which is most suitable for positioning stages, mechanical scanning
units and other applications. An out of plane displacement for a novel large vertical

displacement (LVD) micromirror was provided by a pair of electrothermal actuators [28].



In this, the mirror plate is attached to a rigid silicon frame by a set of aluminum/ silicon
dioxide bimorph beams. The heater for the thermal bimorph actuator is provided by a
polysilicon resistor which is embedded within the silicon dioxide layer. These beams
when heated undergo expansion and help in actuating the micromirror and hence are

aptly referred as mirror actuators.

The most easy to use actuation principle is the electrostatic prinéiple. When a
bias voltage is applied between two electrodes, one fixed and the other movable,
electrostatic force is developed between the electrodes, which will actuate the movable
- -electrode. - Many researchers have fabricated devices based on electrostatic principle.
Hsieh et al. [29] developed a microelectromechanical torsional actuafor (META) which is
actuated electrostatically and it consists of suspensions, mirror plates and silicon
substrate. The voltage is applied between one of the electrodes and the mirror. The
electrostatic force hence developed pﬁlls the mirror to the bottom substrate. Electrostatic
combdrives is a popular method of using electrostatic actuation principle. Kiang et al.
[12] describe an electrostatic combdrive actuated micromirror used for laser beam
scanning and positioning. Figure 1.6 shows the micromirror with the combdrive. They
conclude that these are used as actuators for their low-power consumption and high
resonant frequencies. The combdrive consists of moving fingers and stationary fingers.
The mirror is attached to the moving fingers. The voltage is applied between the moving

and the stationary fingers which will cause the actuation of micromirrors.



Fig. 1.6 SEM of the electrostatic comb-drive
actuated micromirror [13]

Electrostatic actuation has also been used to slide micro liquid metal droplets:for bi-

stable switching [30].

In the present work the electrostatic actuation has been used to actuate the

- fabricated devices and the effects of electrostatic fields have been analyzed.

1.3 Silicon for fabrication of MEMS devices

Most of the MEMS devices fabricated today use silicon as the base material as it
is well characterized and readily available, and many types of mature processing
techniques can be directly applied for silicon. The crystal plane anisotropy of silicon is
suitable for different types of micromachining and silicon enables direct integration with
active circuits. Even though, silicon is a brittle material, its proof strength (7Gpa) is
higher than the yield strength of steel (2GPa) and hence it has more ductile range than

steel. Silicon is grown using the Czochralski method of crystal growing. It involves
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melting of silicon, pulling the liquid silicon to form an ingot using a seed crystal by
combination of liquid surface tension and capillary action. The diameter of the
solidifying crystal can be precisely controlled. The solidified ingot is called a boule.

This boule is eventually sliced into wafers of desired thickness as shown in Figure 1.7.

Fig. 1.7 Silicon wafers

The single crystal silicon has gliamond cubic structure. The orientation of the
wafer is indicated by having a flat which is denoted by Miller indices which are a set of
three integers that designate crystallographic plane as determined from reciprocals of
fractional axial intercepts [31]. Miller indices are often used to indicate the crystal
orientations, crystal planes etc.  Figure 1.8 shows the different representation of flats
and their Miller indices. (i j k) indicates a specific plane, and notation [i j k ] indicates a
specific direction. Similarly, {i j k} indicates family of equivalent planes and <i j k>
indicates family of equivalent directions. Most of the silicon wafers being used as the
substrate are 100mm or in some cases 150mm wafers. The typical 100mm wafers are

500um thick, but wafers of different thicknesses can be obtained [10].
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Primary
flat
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flat

Fig. 1.8 Wafer flats of typical silicon wafers

There are many types of silicon' wafers available. In the present thesis the work
has been carried out mostly using Silicon On Insulator (SOI) wafers. According to Cellar
et al. [32] these are precisely engineered multilayer semiconductors/ dielectric structures
" that provide new functionality for advanced Si devices. These wafers consist of single
crystalline silicon separated by a layer of SiO, from the handle or the bulk substrate

[33-35]. The top layer of single crystal silicon is called the device layer.

Different fabrication methods have been suggested for the SOI wafers. In one of
the processes called SIMOX [33] which stands for separation by implantation of oxygen,
buried oxide layer is synthesized in situ from implanted oxygen. Two wafers are bonded
with an oxide layer in between and one of the wafers is thinned by grinding and etch back
method [34]. In another process called the SmartCut™ process, a layer of silicon is

oxidized to desired thickness. This is called the Buried Oxide (BOX) process. This is
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then transferred to a “handle” wafer using wafer bonding. This layer transfer is

facilitated by ion-implantation [35].

There are many advantages of using SOI wafers. Yi et al. [36] states that
electrically functional components can be formed in mechanical structures, for example,
it can be used as n-p-n junction in order to electrically isolate two mechanically
connected beams. The other advantages of using SOI wafers are they are optically very
flat [37] and hence are ideal for MOEMS devices such as micromirrors. The residual
stress in the SOI wafers is minimal as compared to other wafers, which avoids bending of
microfabricated structures. In the present 'work SOI wafers are used in two of the three

fabrication procedures.

1.4 Methods of MEMS fabrication

Micromachining can be broadly divided into two categories: Surface
micromachining and bulk micromachining. Surface micromachining is an additive
process in which the processing is done above the substrate by way of deposition and
selective removal of materials such as dielectrics, metals etc. Bulk micromachining is a
subtractive process in which the processing removes “bulk” of the substrate creating large
pits, holes, etc. The processing will normally involve etching, laser machining,

mechanical milling, etc [10].
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1.4.1 Etching methods

Etching is an important process in microfabrication, which involves pattern
transfer by chemical/physical removal of a material from a substrate. A protective mask
layer such as an oxide or a photoresist is used for patterning using photolithography.
Etching can be classified into two types: dry etching and wet etching. In dry etching the
solid surface is etched in the gas or vapor phase, physically by ion bombardment,
chemically by chemical reaction through a reactive species at the surface or by combined
physical and chemical mechanisms. Wet chemical etching or wet bulk micromachining .
are used to etch out bulk of materials such as silicon, quartz, SiC, GaAs, and Ge by

orientation independent (isotropic) or orientation-dependent (anisotropic) wet etchants.

Isotropic etchants etch in all directions at nearly or exactly the same rate. The
etch stops for these etchants have to be defined explicitly. Xenon difluoride (XeF,) is a
dry isotropic etchant which etches silicon but is highly selective to materials such as
aluminum and photoresist. Another isotropic etchant is HNA, a wet etchant which is a
mixture of hydrofluoric acid (HF), nitric acid (HNO3) and acetic acid (CH;COOH).
Anisotropic etchants etch faster in one direction than in others. For example, the etch
rate slows down at <1 1 1> plane of silicon for most of the anisotropic etchants relative to
etch rates at other planes. Anisotropic etchants such as potassium hydroxide (KOH) and
Tetra Methyl Ammonium Hydroxide (TMAH) etch very slowly on <1 1 1> planes of
silicon thereby forming an angle of 54.74° with the <1 0 0> plane.

Whenever an etchant has to be selected for etching, it is important to know the
etch rate of the particular etchant. The etch rate is the amount of material removed by the
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etchant per minute. The etch rate of most of the etchants that target specific materials is
known. Williams [38] has tabulated the etch rates of various etchants. He claims that

etch rate of silicon with KOH is listed to be around 140004 /min. A combination of
Bromine and Fluorine (BrF;) will be an isotropic etchant which has been used in the
fabrication of microlenses [39]. The study concludes that when the etch rate is high, the
roughness of the etched surfaces is small. The study further claims that by adding Xenon

to this mixture, the roughness can be reduced to a minimum.

Isotropic silicon dry etching process using XeF, has been used to release PZT
cantileveré (lead zirconate titanate (PZT, P.b(Zr,Ti')(')3)) [40]. Wet anisotropic etching of
silicon has been succeésfully .uéed to fabricate 45° mirrors with well defined
V-grooves [41]. EDP and KOH have been used in this paper to get well defined grooves.
Earlier [42], the excellent p”ropert'ies of anisotropically etched V-grooves were used in
optical fiber splicing. Cristea [43] fabricated a top mirror of the Fabry-Perot cavity by
anisotropic etching of <1 1 1> oriented silicon wafers. Hybrid etching has also been tried
[44] which combines both isotropic and anisotropic etch step. Using this technique,
MEMS structures with sizes ranging from 0.05 to Imm in width were fabricated using
CMOS technology. In the above mentioned work, gas phase XeF, is used for isotropic

etching and Ethylenediamine-pyrocatechol (EDP) or TMAH has been used for

anisotropic etching.
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1.4.2 Bulk Micromachining

There are many etching methods employed for bulk micromachining. One of
them is Plasma/Reactive Ion etching (RIE) in which plasma is formed by applied rf
potentials. Gaseous species from the plasma react with the surface atoms forming
compounds or molecules. These species then leave the surface as a result of ion

bombardment thereby carrying out the etching process.

Li et al. [45] fabricated bi-convex quartz crystal microbalance (QCM) using RIE.
 They conclude that this technology éan etch the quartz crystal independent of the crystal
orientation and the accuracy of etching is high and the surface roughness is controllabie.
Another method called the Deep Reactive Ion Etching (DRIE) is a high aspect ratio
silicon etching method, which depends on high density plasma source and an alternating
process of etching and protective polymer deposition 'to achieve aspect ratios of up to
30% [11]. Microfabrication of three dimensional -silicon MEMS structures has been
carried out by Waits et al. [46] using DRIE. In this papér, the etch selectivity for precise
fabrication using DRIE process has been investigated. Ayon et al. [47] has stated that
DRIE can be applied in the micro manufacturing of low thrust propulsion systems which
will be used in the future generations of micro and nanosatellites as this technology
permits the fabrication of high aspect ratio silicon structures. Another popular method
called LIGA, which is German acronym for lithography, electroforming, and molding is a
micromachining technology that produces high aspect ratio microstructures [48]. In this
deep etch process, X-ray lithography is used to transfer a pattern from a mask to thick
resist layer on an electrically conductive substrate. This three dimensional structure
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generated by means of deep lithography is transferred into a complementary metallic
structure by means of electroforming starting from the electrically conductive substrate.
In some cases this may be the final product. In general, this is sometimes used for
processes like embossing, injection molding etc. In the present work, XeF, pulse etching
method, which is a vapor phase dry etching method, is employed for the releasing of

micromirrors in one of the fabrication procedures outlined in Chapter 4.

1.4.3 Surface Micromachining

Surface micromachining is widely used'fo; making planar structures by selective
addition and removal of layers. In surface machinipg, Muralt et al. [49] has used sputter
deposition of the PZT films to fabricate a PZT thin film for micromotors. Lift-off
process, another surface micromachining process follows the old-fashioned method to
pattern metallic films, wherein it simply allows metal to adhere to the substrate only in
regions where it is ultimately desired. A negative mask is used for the metal, exposing
only underlying regions where metal is wanted. The edges of the mask are undercut
allowing discontinuous metal regions on the substrate and on the mask to be formed. The
sacrificial mask is then dissolved away lifting off the unwanted metal. The structuring of
anodically bonded evaporated glass used for hermetic sealing is done by lift-off process
by Sassen et al. [SO]. One of the stated advantages of the lift-off process is their good
selectivity to various substrates (in contrast to wet etching) and it does not require dry

etching equipment.
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1.5 Manufacturing of MEMS devices

Packaging of MEMS devices for specific applications is always a challenge. The
success of MEMS will depend upon higher level of functional capability, higher level of
integrated electronics and greater number of micromechanical components. The full
édvantage of MEMS fabrication can be realized by moving them from discrete
manufacturing of MEMS devices to integrated MEMS devices. Many fabrication

techniques have been proposed to successfully fabricate MEMS devices.

Apart from the available CMOS technology which can be used for fabrication of
MEMS devices, there are other industry defined fabrication processes which are

~specifically meant for MEMS devices.

Multi User MEMS Process (MUMPS) is a highly popular surface
micromachining process developed by MCNC [51], in which devices are fabricated using
3 Polysilicon layers, 2 oxide layers and a metal layer. The oxide layers are used as
sacrificial layers. Once fabricated, these can be appropriately connected to the electronic

circuitry.

A newly developed technology by Micralyne [52], made available to universities
in Canada through Canadian Microelectronics Corporation (CMC) [53] uses SOI wafer
and bulk micromachining procedures to fabricate MEMS devices. The fabrication
procedure called the MicraGEM SOI technology will be very useful to fabricate MOEMS

devices based on SOI wafer.
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One more industrial CMOS process called Mitel 1.5um [54] has been effectively
used to fabricate MEMS devices. This is a double polysilicon double metal CMOS
process which yields the minimum feature size of 1.5um. This process offers nine layers
for MEMS fabrication. Two polycrystalline silicon layers, two metal layers, four

insulating layers and a passivation layer which is a combination of silicon nitride and

silicon dioxide.

Single Crystal Reactive Etching and} Metallization (SCREAM) is a bulk
micromachining process patented by McDonald’s research group at Cornell University
[55] which can be used to release beams with high aspect ratios greater than 50 to 1. This
has been effectively used to fabricate micro-channels in both suspended beams and

channels embedded into single crystal silicon substrate [56].

Micralyne [52] has introduced a process called Protolyne™ made available to
universities in Canada through CMC which is a glass chip technology enabling users to
develop a network of bulk micromachined channels and features with eight reservoirs in

glass substrate for microfluidic applications.

Sandia National Laboratories [57] created a technology called Sandia-Ultra planar
Multi level technology, a five level polysilicon/silicon dioxide surface micromachining
technology. Four mechanical levels of polysilicon are fabricated above a thin poly 0

electrical interconnect layer. Two microns of sacrificial oxide is typically sandwiched
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between each polysilicon level, which are later etched. This provides a base for

designing sophisticated mechanical systems on a chip [58].

MUMPS and MicraGEM processes have been used in the present work to
fabricate various types of micromirrors. The detailed process overview and the designs

have been discussed in Chapter 4.

1.6 Vibration characteristics and boundary conditioning of

MEMS devices

A good performance of an elastic system is dependent on its dynamic behavior
which is governed by its natural frequencies and mode shapes, which are in turn
dependent on the mass and stiffness properties of the system and boundary conditions .
Any structural modification such as stiffening, notching, etc. affects the dynamic
behavior of the micro and macro systems. This concept of modification of elastic
property of the system through structural modification, support conditions, manufacturing

process and other environmental influences is termed as boundary conditioning [59].

The fabrication procedures employed for microsystems lead to different end
support conditions that are non-classical in nature and are intermediate between pinned
and clamped conditions. Muthukumaran et al. [59-62] used the concept of boundary
conditioning using artificial springs on all edges of plate type microsystems in modeling

the system to study its dynamic performance.
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Boundary conditioning was also done by structural variations as suggested by
Rosengren et al. [63] wherein he improved the performance of the condenser microphone

with the addition of stiffners and notches in order to modify the system elastic property.

Apart from structural and geometrical variations, there are other factors that can
affect the dynamic behavior of the microsystem. One of them is the squeeze film effect.
This effect is due to the flow of air in the narrow gaps between electrodes. The viscous
damping due to the friction between air or a dielectric medium and the surface of the
structure is highly dependent on the ambient pressure, size and geometry of the opening
in the structure for the movement of the ambient fluid. The dynamics are strongly
affected if the ambient pressure is not zero in close proximity to other surfaces. The
squeeze film effect can also create additional spring forces due to fluid compression and
- inertial forces of mass of the fluid adhering to the surface [64]. At very high oscillation
frequencies, velocity of the fluid is very low due to high inertia resulting in low damping -
and high spring forces. This results in an addition to the stiffness of microsystems due to
the movement of ambient fluid médium at vefy high oscillation frequencies. Another
factor which can affect the dynamic characteristics is the Lorentz force, which arises
when a conductor carrying a current is subjected to external magnetic field intensity. The
frequency of this force can be varied by changing frequency of current. This force can be
used to change the elasticity of the structure so as to result in different static and dynamic
behavior of structures [59]. The third is the electrostatic force between the electrodes
which can affect both the static and dynamic characteristics of the system. This has been

dealt in Chapter-3 of the thesis.
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In the present work, the natural frequencies and mode shapes of micromirrors are
studied under the influence of external electrostatic field which is quantified in the form
of elastic foundation stiffness through the concept of boundary conditioning. Also the
micromirrors are boundary conditioned at the support using artificial translational and

rotational springs.

1.7 Testing of MEMS devices

The successful operation of any device fabricated through microfabrication
depends heavily on the performance testing of the device. Hence it is important to devise
a test method that can test a device for all the required pe'rformance. The dynamic
properties of MEMS devices such as natural frequencies and response to external
excitation are essential. For example, a number of MEMS devices like gyroscopes and
accelerometers use external electrostatic forces as a means of tuning the device natural
frequency and thereby to actively control the sensitivity of the device to a broad band of .

excitation frequencies [65].

Ando et al. [66], describe the testing of a comb actuator. They analyze the
motion of the traveling table and come up with a relation between the traveling table
motion and the driving voltage. Li et al. [67], use Fizeau laser interferometer in order to
measure the surface roughness of the optical flat. This interferometer is based on phase
shifting interferometry. When measuring the optical flat, constant phase difference exists
between any two points. Any change in surface roughness will result in a phase shift

which is calibrated.
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Micromirrors have been earlier tested by dynamical simulation [68]. In this, both
the electrostatic and mechanical models were required to simulate the dynamic
characteristics of micromirror system. Electrostatic coupled structural transient analysis
was used to calculate the resulting deflection as a function of time and input voltage
change. However, literature is scarce on the testing fixtures used to test the micromirrors
to accurately measure the tilting angles and dynamic characteristics such as the natural

frequency of the micromirror.

1.8 Objectives and scope of the present research work

The performance of electrostatically actuated devices is very much dependent on
their static and dynamic behavior. But the dynamic behavior of microdevices is
influenced by geometry, process limitation and electrostatic field. Hence, there is a
necessity to develop design synthesis. This could involve all the above factors in a
unified way. This thesis extends the application of boundary conditioning to include the

influence of electrostatic field in a unified way through modeling, fabrication and testing.

1.8.1 Objectives

Synthesizing a functional MEMS device involves the following: a design of the
device, unified modeling, choosing the correct microfabrication technique, implementing
the micromirror device using the appropriate microfabrication procedure and
experimental verification of the microfabricated device.

The main objectives of the present thesis are (i) to study of the effects of
electrostatic field on static and dynamic behavior of mirrors of different configurations
with stopper, main and counter electrodes suiting different microfabrication technologies,
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(i1) modeling the influence of electrostatic field using artificial elastic foundation through
boundary conditioning concept with Rayleigh-Ritz method, (ii1) study of feasible
micromachining methods in order to make these mirrors, (iv) experimental verification of
the static and dynamic behavior of electrostatically actuated micromirrors.

1.8.2 The scope of thesis

The thesis is organized as follows:

1. Study on the effects of electrostatic forces on different types of torsional
micromirrors and design of micromirrors based on different fabrication
technologies are given in Chapter-2.

2. Development of a unified concept to synthesize the influence of the electrostatic
field and the support conditions on the dynamic behavior of micromirrors. The
modeling of boundary conditions due to the supports and external .influence of
electrostatic field are outlined in Chapter-3.

3. Fabrication of the mirror using two industrial fabrication methods and an in-house
method using the gas phase XeF, are discussed in Chapter-4.

4. Experimental test results are presented in Chapter-5 in order to validate the design
synthesis.

5. The Chapter-6 presents the conclusions and possible future extensions of the

present work.
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Chapter-2

Effects of electrostatic field on the dynamics of torsional
micromirrors

2.1 Introduction to electrostatic actuation

Chapter 1 provided a brief explanation on the electrostatic actuation principle. In
this chepter the principle of electrostatic actuation is applied fo 90° torsional micromirrors |
~and another type of torsional  micromirrors referred to as one dimensional scanning
- mierem’irrors'_.. For MEMS actﬁators, electrostatie' actuation is_ preferred over ether
: actuatren p‘r'ineiples"due to its simplicity in approach and predictable performance as

mentioned in Chapter 1.

The concept of electrostatic actuation can be explained with two parallel plate
electrodes separated by a dielectric medium. When a bias voltage ‘V’ is applied between
the two electrodes, an electrostatic field is established between them. The force due to

the electrostatic field is given by

_g,5,AV?

F
24>

2.1

where,
F - Electrostatic force.
A — Surface area.
V- Applied bias voltage.

d - Gap between the electrodes.
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€, - permittivity of free space, 8.85x107"?F/m .

g, - relative permittivity of the dielectric medium.

Vertical

: “‘Micromirror
combdrive

Fig. 2.1 SEM picture of the top-view of a double
sided micromirror [69]

Lee [69] proposed a single-crystalline silicon micromirror actuated by self-
aligned vertical electrostatic combdrives. These combdrives have multi-level electrical
isolation that allows bi-directional and dual mode operation. The dual mode operation
includes independent rotation and piston motion. In piston motion the movable electrode
will move linearly with respect to the fixed electrode similar to the motion of a piston in a

cylinder. Figure 2.1 shows the SEM of the mirror with combdrives. The combdrive has
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fixed lower teeth and movable upper teeth. A driving voltage between either of the two

adjacent lower fixed teeth can give a bidirectional rotation to the micromirror.

Hao et al. {70] has fabricated a two dimensional electrostatic torsion micromirror

as shown in Figure 2.2. The mirror which is the top electrode is octagonal in shape as

Mirror Plate Substrate
Inside
Torsion Beam

Gimbal

X

Outside
Torsion Beam

Bottom
Electrode

Fig. 2.2 Schematic view of the mirror [70]

shown in figure and gold is coated on top for higher reflectivity. The mirror is held by
two torsion beams supported by a rigid gimbal. Four electrodes separated from each
other are provided at the substrate. A bias voltage supplied between the mirror and the
two bottom electrodes deflect the mirror. Further two types of torsion beams, a straight

beam and a serpentine beam were used to study the different effects.
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In this chapter electrostatic actuation of a typical torsional micromirror is
analyzed for its rotation angle and its natural frequency for different voltages. The bias
voltage applied should not exceed the pull-in voltage which is defined as the voltage
beyond which the electrostatic torque exceeds the mechanical resisting torque rendering
the micromirror unstable. If the bias voltage exceeds the pull-in-voltage the mirror snaps

due to excessive attraction towards the substrate.

Degani et al. [71] undertook the study of pull-in phenomena in electrostatic
microactuators. In his paper, the electrostatic torsional microactuator is used as
micromirror. * Initially modeling of electrostatic torque was carried out. When the
electrostatic torque exceeds the mechanical torque due to the beams sﬁpporting the proof
mass, the plates touch each other. Using this condition they derived a polynomial

algebraic equation for the pull-in voltage and pull-in angle for a torsion microactuator.

The present chapter has results on pull-in voltage and pull-in angles which are
also referred to as snap voltage and snap angles, respectively. Further, the settling time
for different conditions of 90° micromirrors for an applied bias voltage has also been
presented. The two dimensional micromirrors are analyzed considering the two types of
fabrication processes which are MUMPS and bulk micromachining using Silicon On

Insulator (SOI) wafers.
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2. 2 Modeling of switching response of 90° torsional micromirrors

A schematic representation of the 90° torsional micromirror considered in this
thesis is given in Figure 2.3. The micromirror is sustained by torsional beams clamped at
the ends as shown. The substrate acts as a fixed electrode while the micromirror is the

moving electrode.

Tilting of the micromirror is accomplished by applying a bias voltage ‘V’
between the substrate and the micromirror, which creates an electrostatic field between
the mirror and the substrate pulling the micromirror towards the substrate. ‘T¢’ is the
torque due to the electrostatic force on the micromirror. The tilting will also give rise to a
counter mechanical resisting torque ‘T, from the torsional beams supporting the
micromirror as shown in Figure 2.3. Also from Figure 2.3, ‘d’ is the initial gap between
the mirror and the substrate, ‘0’ is the angle in radians, ‘L’ is the length of tﬁe
micromirror and ‘W’ is the width of the micromirror. A stopper of height ‘Hy’ on the
substrate increases the force due to its electrostatic field helping the micromirror to attain
a 90° tilt angle. In its tilted state, the mirror can effectively reflect the light in the desired

direction. The mirrors can be tilted to any desired angle through application of required

voltages.

The earlier model [72] of torsional micromirror considered only the electrostatic field
effect due to the main electrode and neglected the counter electric field as shown in

Figure 2.4 (a). In the present study, the effect of the counter electric field and the field
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due to an additional stopper electrode are considered in analyzing the dynamic behavior

of the micromirror as shown in Figure 2.4 (b).

Hinge

Torsion beam
with hinges

=

L Untilted position

Tilted position
| Hinge

/

Tm
Te d

Stopper

Substrate

Fig. 2.3 Scheme of a 90° torsional micromirror
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Fig. 2.4 Schematic representation of electrostatic fields. Electrostatic field is
present throughout the length of the mirror and stopper electrodes. -

Thus, the net electrostatic torque on the micromirror can be obtained as

Te=Tem+ TectTes 2.2

where ‘T.’ is the net electrostatic torque, ‘Tey’ 1s the electrostatic torque due to the main
electric field, ‘Tec’ is the electrostatic torque due to the counter electric field and ‘Tes’ is

the electrostatic field due to the stopper electrode. The main electrostatic torque can be

obtained as [72],
g e VW | X
Ty =|— -dx 2.3
" ( 2 Jf)[ (((4/sin6)~x)o)’

The electrostatic torque due to the counter electrostatic field is
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and that due to the stopper electrostatic field is
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where, ‘W’ is the width of the micromirror, ‘L’ is the length of the micromirror, ‘g is
the relative permittivity of air, ‘e’ is the dielectric constant of vacuum, ‘d’ is the initial
spacing between the electrodes, ‘H’ is the stopper height, L; = (d-Hs), ‘0’ is the tilt

angle.

The resisting mechanical torque ‘T, is given by [72]

A2l

where, ‘w’ is the width of the beam, ‘1’ is the length of the beam, ‘G’ is the modulus of

rigidity and ‘t’ is the thickness of the micromirror. The design parameters used for the

analysis are given in Table 2.1.

A typical variation of mechanical resisting torque (T,,,) and the net electrostatic torque
(Te) at different bias voltages are given in Figure 2.5. It can be seen that as the voltage is

increased the electrostatic torque increases non-linearly while the mechanical torque
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Fig. 2.5: Typical variation of electrostatic torque at different voltages and
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600 um

300pum

16pm

320pm

8.85 x 102 F/m

305pum

73 GPa

0.4pm

varies linearly with tilt angle.

Table 2.1 Design parameters of a 90° torsional micromirror

For a given voltage, there exists an initial static

equilibrium position where electrostatic torque is equal to the mechanical torque. This

first equilibrium position determines the static or the optical scan angle of the

micromirror. It is thus possible to estimate the static angle or the optical scan angle of the
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micromirror by equating Equations 2.2 and 2.6. If the tilt angle is increased above the
first equilibrium position, until the second equilibrium position, electrostatic torque is
always lower than the mechanical resisting torque ensuring stable operation. Whenever
the mirror is tilted beyond the second equilibrium position, the electrostatic torque
exceeds the mechanical resisting torque resulting in snap or pull-in. Hence, the second
equilibrium position is called “Snap Angle” for a given voltage. As the voltage is
increased, the scan angle increases and the snap angle decreases in such a way that there
exists no scan angle beyond a certain voltage called pull-in voltage. The second unstable

equilibrium position determines the snap point or the pull-in point of the micromirror.

The equation of motion for the micromirror is given as

J8+CO+K, 0=0 , 2.7
where, ‘]’ is the polar mass moment of inertia about the hinge axis, ‘C’ is the damping
coefficient and ‘Keq’ is the equivalent stiffness given by

Keq = KnrKe 2.8

[

where, ‘K, Ty is the stiffness weakening due to the electrostatic field and

‘K, = FTOT— ’ is the mechanical stiffness.

Electrostatic stiffness and mechanical torsional beam stiffnesses are obtained at
the static equilibrium position and the natural frequency of the micromirror is hence

obtained for the various bias voltages by estimating the equivalent stiffness of the
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micromirror at the scan angle position. Hence, the undamped natural frequency is

estimated as

Ke
W= 1/—Jq—rad/sec 2.9

The results are obtained for voltage range of 0- 150 volts. As an example, the analysis is
carried out for a voltage value of 150V. In order to demonstrate the improvement due to
the proposed method, the different configurations of electrostatic fields on micromirror
are considered as follows:

A) The electrostatic torque due to the main electrostatic field only.

B) The net electrostatic torque due to the main and the counter electrostatic fields.

C) The net electrostatic torque due to the main, counter and stopper electric fields.

In the third case, three values of stopper heights 20um, 40pm and 60um are
considered. The natural frequency of the micromirrors for the above mentioned three
cases are obtained for the respective bias voltages and stopper configurations. The study
compares the results obtained for the above three cases. The response of the micromirror
under these conditions was also obtained for the specified voltage with the damping
coefficient of C=8.75x10"">Nmsec /rad which corresponds to a published damping

ratio of 0.164 [73] for a micromirror device.
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2.2.1 Results and discussion

The electrostatic torque and mechanical resisting torque obtained for Case (A) for
tilt angles 0 to 90°, are illustrated in Figure 2.6. This figure shows that in the presence of
only the main electrostatic field, the electrostatic torque increases after the unstable snap
equilibrium. This indicates that the mirror will never be able to attain 90° position.
However a micromirror under electrostatic actuation is not only subjected to the direct
electrostatic field but also the counter electrostatic field as shown in Figure 2.4 (b). If
counter electrostatic field is considered, it decreases the net electrostatic torque after the
unstable equilibrium and consequently the micromirror attains a third equilibrium
position as shown in Figure 2.7. As a result, the micromirror is unable to attain the full
desired 90° tilt for optical switching applications. When a stopper electrode of sufficient
height is added as shown in Figure 2.4(b), it introduces an electrostatic field in support of
the main electrostatic field resulting in the electrostatic torque as shown in Figure 2.8 that
resembles the behavior as shown in Figure 2.6. This figure demonstrates the significant
effect of counter electrostatic field and the field due to the stopper electrode on the
rotation of the torsional micromirror. The individual variation of electrostatic torques
with the rotation of the micromirror is given in Figure 2.9 for the stopper height of 20um.
It can be noticed that the counter electrostatic field works in the opposite direction of
main and stopper electrostatic fields and also becomes significant after around 60° of tilt
angle. The presence of counter electrostatic field thus limits the maximum angle that can
be obtained with only the main electrode. It can also be seen that the torque due to
stopper electrode becomes significant after around 85°. Hence the presence of stopper

electrode becomes essential in order to obtain the required 90° tilt angle.
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The predicted tilting angles of the micromirror at the three equilibrium positions
mentioned earlier, at different bias voltages, are shown in Figure 2.10. It can be observed
that the static or the optical scan angle increases with increase in voltage. The maximum
scan angle is limited to around 30°. The pull-in-voltage occurs at approximately 170

volts, which is indicated in Figure 2.10.

As stated earlier, for Case (C), stopper electrodes of 3 different heights were
considered in this study. In order to demonstrate the influence of stopper electrode, the
scan angles were predicted for different voltages as shown in Figure 2.11. It can be noted
that as the stopper height is increased, the scan angle of the micromirror significantly
increases until it snaps. The maximum scan angle is obtained for the stopper height of
60um. It can also be inferred from Figure 2.11 that increase in stopper height reduces the

pull-in voltage.

The natural frequency of the torsional micromirror is estimated using
Equation 2.9 for different cases as shown in Figure 2.12. It can be seen that the counter
electrostatic field has a stiffening effect which increases the natural frequency while that
due to the main electrodes reduces the natural frequency. The electrostatic field due to

the stopper electrode helps the action of the main electrode and brings down the natural

frequency.

37



The transient response and settling time of the micromirrors are very important
for optical switching applications. The transient response is obtained from the non

homogeneous equation,

16+CO+K,0=T.(V,0) 2.10
where, T, corresponds to a step input of 150 volts.

The resulting step response for different cases shown in Figure 2.13 is in
agreement with the corresponding predicted scan angles and natural frequencies. It can
be seen that the 2% settling time (which is the time required to reach + 2% of the steady
‘state value) of the micromirror is around 6 milli seconds which makes the device ﬁseful
for many applications. The results indicate that the presence of counter and stopper
electrostatic fields have significant influence on static and dynamic response of torsional
micromirrors. From the analysis presented above it can be concluded that a stopper of
sufficient height is quite effective in increasing the tilting capability of the micromirror.
It was also demonstrated that the counter electrostatic fields and that due to stopper

electrode influence the equilibrium scan angle and natural frequency significantly.
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2.3 Conceptual design of a one dimensional scanning micromirror based

on MUMPS and SOI bulk micromachining fabrication procedures

The schematic of the one dimensional scanning micromirror considered for design
is shown in Figure 2.14. The micromirror shown has two electrodes both based on the
substrate. The micromirror is supported by the torsion beam which is hinged at the
anchors as shown in the figure. The tilt of the micromirror is by electrostatic actuation. A
bias voltage (V) is applied between the mirror and electrode 1 while applying no voltage
between the mirror and electrode 2, as shown in Figure 2.15, will tilt the mirror in the
direction of electrode 1. The maximum tilt (0) that the scanning micromirror can attain is
limited by the length of the micromirror (L) and gap (d) between the micromirror at zero

deflection and the substrate.

In this design, the effect of counter electrostatic field is not considered since the
electrode dimensions do not exceed the mirror dimensions and hence the top surface of
the mirror is not subjected to any electrostatic field. Hence the net electrostatic torque is

only due to the main electrode which is given by modified Equation 2.3 as

_ sreoVZW L2 X X
Te‘[ 2 ]J, (@m0 <07 21

where, (L,-L) gives the width of the electrode as shown in Figure 2.15
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The mechanical restoring torque due to the torsional beams is given by Equation 2.6

where ‘ly’ is the length of hinge which is equal to ‘I/2’ as shown in Figure 2.14.

Chapter 1 presented a brief description of bulk micromachining process and also
an example of surface micromachining process called the Multi User MEMS Process
(MUMPS). MUMPS is an industrial microfabrication technology which allows only a
fixed electrode gap of 2.75p as the layers used for fabrication has predefined thicknesses.
However with bulk micromachining process variable electrode gaps can be obtained
- depending on the type of wafer used. In the present work a Silicon On Insulator (SOI)
wafer is used. As this type of wafer is made of three layers as explained in Chapter 1, the
back side etching of the wafer can be done. Depending on the thickness of the bottom or
the handle layer of the SOI wafer, different electrode gaps can be obtained. Hence there
is a possibility of obtaining higher tilting-angles with increase in voltage. The other
advantages of using SOI wafers for micromirror devices are higher optical reflectivity

and minimal residual stress.

2.3.1 Designs based on MUMPS microfabrication technique

In MUMPS the thickness of different layers used are fixed by the design rule. The
Table 2.2 below gives a description of the thickness of different layers used in
MUMPS [74]. In order to attain the maximum gap the Poly2 layer is used to fabricate the
micromirror and Poly0 layer will act as the electrodes. The combined thickness of the
First Oxide and Second Oxide which are the sacrificial layers will constitute the electrode

gap. Hence the total gap is 2.75u as given in Table 2.2.
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Material Layer  [Thickness (um)

Silicon Nitride 0.6
Poly0 0.5

First Oxide 2.0
Polyl 2.0

Second Oxide 0.75
Poly2 1.5

Metal 0.5

Table 2.2 Thickness of layers used in
MUMPS

It is necessary for the design to carry out the parametric studies on length (L), width (W)
hinge length (1) and the mirror geometry for the fixed gap (d) of 2.75um between the
micromirror and the bottom electrode. The following Table 2.3 gives the two cases of

dimensions of the scanning micromirror designed considering MUMPS.

Mirror Case 1 Case 2
Width(W), pm | 100 200
Length(L), um | 100 200

Table 2.3 Mirror design parameters for
MUMPS.
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The hinge lengths (1) considered for each of the above listed dimensions are 50um,

70pm, 90pm, 120pm. The width of the torsional beam was considered to be 4pm.

2.3.2 Designs using SOI based bulk micromachining process

The following is the numerical exercise based on SOI technology in order to
study the improvements over MUMPS technology. Bulk micromachining gives a lot of
flexibility when compared to MUMPS due to the various design possibilities as discussed
earli.er. The gap between the micromirror and the substrate can be larger than in the
MUMPS process. The dimensions of the micromirror can be larger than the assumed
dimensions of the MUMPS designed micromirrors.- However with increase in electrode
gap a higher bias voltage will be required to tilt the micromirror. With increase in

electrode gap, the tilting of the micromirror also increases.

Mirror Case 1l | Case?2

Width(W),um | 500 | 1000

Length(L),pm 500 1000

Table 2.4 Mirror design parameters for
SOI based bulk micromachining.

Table 2.4 gives the dimensions considered for the design for the bulk micromachining
process. The hinge lengths (1) assumed for the above cases were 600um, 680pum, 760pm
and 840pm. The width of the hinge was assumed to be 16pum. The gap between the

mirror and the substrate (d) is 250pum.
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2.3.3 Results and discussion

The results obtained outline the performance of the one dimensional scanning
micromirrors with the dimensions suited for MUMPS and SOI based bulk
micromachining processes. The results present the static angles at each bias voltage,
natural frequency and pull-in voltage for the cases considered for the respective
microfabrication conditions. The natural frequencies in both the cases decrease with
increase in voltage. The maximum angle that a mirror of particular dimension can tilt is

given by ‘
0. =tan” (ij 2.12
L

The maximum stress noted in any of the designs discussed so far is less than

700MPa, which poses no problem for mechanical integrity.

2.3.3.1 Results obtained for MUMPS designs

The Figures 2.16 (a), (b) and (c) and Figures 2.17(a), (b), and (c) give the results obtained
for MUMPS designs for the two cases, respectively. Figure 2.16 (a) gives the result on
the static angles for different bias voltage for Case 1 of MUMPS. From this figure it can
be observed that for a shorter hinge length the static angle is lower than that for a longer
hinge length for a given voltage. Also the snap voltage or the pull-in voltage is higher for
a shorter torsion beam compared to the longer torsion beam. Also if the dimension of the
hinge is increased, the static angle is increased as observed in Figure 2.17 (a) for a given

voltage. However, the natural frequencies of mirrors are higher for shorter beams
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because the stiffness associated with the beams of shorter hinge lengths leads to higher
stiffness values as observed in Figure 2.16 (b) and 2.17(b). From Figure 2.16 (c) and-
2.17 (c) the pull-in voltages for case 1 and case 2 MUMPS fabricated mirrors can be
determined at the point where the snap angles and the static angles meet. Here also a
smaller hinge has a higher pull-in voltage. From this it can be concluded that the
dimensions chosen when the electrode gap is low should be preferably small for effective
switching operations. This, however, limits the design of the micromirror for higher
dimensions. Also one of the other disadvantages of using MUMPS for micromirrors is
the existence of residual stress which in polysilicon is very high. Hence, larger
dimensions result in curving of the mirrors rendering the micromirrots ineffective. The
surface also has etch holes and is not polished leading to reduced optical reflectivity. The
advantage with the MUMPS process is that the bias voltage required is lower compared
“to that for the bulk micromachining as the electrode gap is smaller compared to the bulk

micromachining process.

2.3.3.2 Results obtained for SOI bulk micromachining process

When compared to MUMPS process, the results obtained through SOI based bulk
micromachining are quite promising. Figures 2.18 (a), (b) provide the results of static
angles and natural frequency for Case 1 based on SOI bulk micromachining process.
Similarly Figures 2.19 (a), 2.19 (b) and 2.19 (c) provide the results on static angles,
natural frequency and pull-in voltage for Case 2 of SOI bulk micromachining process.

Since a higher electrode gap can be assumed through this process, the static angles or the
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tilting angles obtained will be higher. This flexibility in choosing the electrode gap is a
major advantage of SOI bulk micromachining process over MUMPS. Figures 2.18 (b)
and 2.19 (b) show the natural frequencies for the two cases considered. Here the natural
frequency of the mirror is very low because of a longer torsion beam. This will lead to a
slow response of the mirror effecting the switching operation. As the electrode gap is
higher, it will lead to a higher pull-in voltage. In the case 1 of SOI based bulk
micromachining process, it was observed that the pull-in voltage was higher than 250
volts; hence it is not critical to find the pull-in voltage. For case 2 of the same process,
the pull-in voltage was found to be 125 volts as determined by Figure 2.19 (c). A higher
" pull-in voltage would result in providing a longer stable range of operation for the
micromirror which will help in getting a better switching effect. The other advantage of
using Silicon On Insulator (SOI) wafer is minimal residual ‘stress. This will rule out
constraints while designing due to dimensions of micromirrors. Also it is observed from .

Figure 2.18 (a) and 2.19 (a) that larger dimensions lead to higher scan angle.
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2.4 Conclusions

In this chapter an improved model to study the switching response of
torisonal micromirrors is presented. It was demonstrated that the counter electrostatic
fields and that due to stopper electrode influence the equilibrium scan angle and natural
frequency significantly for a stopper of sufficient height which is quite effective in
increasing the tilting capability of the micromirror. The model proposed in this work will
be useful in studying the performance of torsional micromirrors subjected to large tilting
angles. Also the scanning micromirrors were analyzed for static angles and natural
frequency considering two different types of microfabrication technologies. Different

designs were considered and analyzed based on MUMPS and SOI technologies. The
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limitation with gap between the electrodes in MUMPS becomes the limiting factor in
determining the maximum tilt angle. The bulk micromachining of mirrors in SOI
technology indicates the possibilities of attaining lafge tilt angles. The numerical
exercise with different design geometries for MUMPS and SOI technologies show the
feasibility of obtaining large tilt angles with SOI wafers. The influence of electrostatic
field on both static and dynamic behavior of optical MOEMS devices such as
micromirrors, scanning mirrors has been studied. If possible a common methodology for
modeling the dynamic behavior of electrostatically actuated MEMS devices will be very

useful for the design of microsystems.
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Chapter -3

Boundary conditioning of electrostatically
operated devices

3.1 Introduction

Electrostatically operated optical MEMS devices find application in many areas
including adaptive optics, switching, attenuation, scanning, display, contact type atomic
microscope, etc. The presence of electrostatic field in these devices influences static, and
dynamic response behavior of these devices. ‘The fesponse of the device can be estimated
using the fundamental vibration modes of the system based on the normal mode
approach. But, presently the vibration modes of the electrostatically operated devices are
estimated based on nodes under no voltage condition. Hence, any attempt to model the

influence of electrostatic field on vibrational behavior becomes essential.

This chapter attempts to model the influence of electrostatic field on vibrational
behavior of microstructures using the concept of boundary conditioning [59]. Even
though the final results depend upon the configuration or geometry of the MEMS
stmctures, this chapter only demonstrates the proposed concef)t using a simple
rectangular type structures that has many applications in adaptive optics, interferometry,

etc. The proposed method can be easily extended to other type MEMS devices.
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3.1.1 Introduction to boundary conditioning

As seen in the previous paragraphs, the estimation of the dynamic behavior such
as the natural frequency and mode shapes of microdevices is important as it determines
the performance of microsystem [75]. The dynamic behavior is dependent on the mass
and stiffness properties of the system. The stiffness of an elastic system is dependent on
the structural geometry, support conditions, fabrication process and operational
environment including electrostatic field [59-62, 76-78]. Hence any structural
modification such as stiffening, notching, affect the dynamic behavior of elastic systems.
The fabrication procedures employed for microsystems lead to different end support
conditions that are non-classical in nature and are intermediate between pinned and
clamped conditions. External influences such as squeeze film damping, electrostatic
field, Lorentz force also affect the dynamic performance of the system. A method to
quantify the above effects will be very useful in designing and modeling the dynamic
pérformance of the system. The manipulation of dynamic behavior such as eigenvalues
and mode shapes by suitably modifying the structural or environmentally influenced part
of the elastic property of the system is defined as the boundary conditioning [59].
Rangsten et al. [79] added notches at the end supports of diaphragm of an
electrostatically excited loudspeaker in order to weaken the stiffness of the diaphragm
and to have larger deflections. Muthukumaran et al. [59-62] used boundary conditioning
concept to quantify the end support conditions by using artificial springs on all edges of
microplates for obtaining the dynamic performance. The artificial springs used were
translational and rotational springs. The stiffness values of the translational and

rotational springs can be adjusted to represent any boundary condition desired or
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microfabricated. As the concept of boundary conditioning can model the structural and
environmental influence in a unified way, it is used here in modeling the influence of

electrostatic field.
3.1.2 Boundary characteristic orthogonal polynomials

Bhat [80] presented a novel way to obtain the natural frequencies of rectangular
plates under various boundary conditions using boundary characteristic orthogonal
polynomials in the Rayleigh Ritz method. These orthogonal polynomials were generated
using Gram-Schmidt process. The first polynomial is chosen so that it satisfies at least
the geometrical boundary conditions of the structure for use in the Rayleigh-Ritz method.
The example given below elaborates the construction of orthogonal polynomials for a
fully clamped (CCCC) plate whose boundary conditions are zero deflections and also

zero slopes at boundaries.

For a rectangular plate, the deflection may be assumed as
W (x, y) =X(x) Y(y)
The boundary conditions corresponding to a fully clamped plate are:
X(0) = X'(0)=X(a) =X (2) =0 3.1
Assuming a deflection function in the x direction as
X(x)=a, +a,X+a,X> +2,X° +.oereee. +a x" 32

Applying (3.1) in (3.2) the first normalized polynomial is obtained as

bo(x) = (x? —2x° +x4)/GX2(X)) dx 33
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The second orthogonal polynomial is obtained in the interval a<x <b
¢,(x)=(x -B, )0, (x) 3.4

or in general

¢k(x)=(x—Bk)¢k—l (x)_ck¢k-2(x) 3.5

where

P fekon

B, =% 3.6
JrGok ()i
TXEN0 (KW (X)dx

C, =2 3.7

T, (o

The polynomials thus obtained satisfy the orthogonality condition

NS y

la, if k=1

where f(x) is the weight function. Similar orthogonal polynomials along the y direction

may be constructed following the above procedures.

In this chapter the plate type micromirror, boundary conditioned with external
electrostatic field, has been analyzed for its dynamic performance using boundary
characteristic orthogonal polynomials in the Rayleigh-Ritz method for different end
support conditions, namely, clamped (CCCC), simply supported (SSSS) and
microfabricated condition (MMMM) that lies between the CCCC and SSSS conditions.
A formulation to obtain the static deflection of the micromirrors is presented. Further,

the vibration problem is formulated at the static equilibrium condition by including an
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elastic foundation stiffness to represent the electrostatic field effects in order to obtain the
modeshapes and the eignevalues of the micromirror at the static equilibrium position.

The microplate used in the formulation is assumed to represent micromirrors, in general.

3.2 Modeling of micromirrors using artificial springs

Figure 3.1 shows the micromirror supported by translational and rotational
springs with stiffness values ‘K1’ and ‘Kg’ per unit length at the end supports as shown.
The micromirror is the main electrode which is separated by a gap of ‘d’ from the
substrate that acts as the bottom electrode. For its simplicity, the electrostatic actuation is

used to actuate the above mentioned type of devices [13, 31].

+ n
- q. —— - IQ[‘,3

1 J N
Micromirror Kpsl M

N 5
KRA? AR A
K4 K2 1

7T

Substrate

Fig. 3.1 Structural scheme of boundary
conditioning
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When a bias voltage ‘V’ is applied between the micromirror and the substrate,
| electrostatic field is created and it results in attractive electrostatic force that pulls the
mirror towards the substrate.

The concept of boundary conditioning is explained by considering a lumped
model as shown in Figure 3.2. The model is represented by equivalent mass ‘M’
supported by two springs as shown. ‘Ko’ is the stiffness representing the elastic
property of the structural part of the system. ‘Key is the stiffness representing the -
external influence such as support conditions and environmental influence. In the present
work, the environmental influence is the electrostatic field between the mirror and the

substrate.

KS'CI'U Kext

Fig. 3.2 Lumped model of an elastic
system with boundary conditioning.

This electrostatic field has a softening effect on the elastic property of the system,
affecting the dynamic behavior of the micromirror. In order to apply the concept of
boundary conditioning to represent the electrostatic effect, quantification of the softening

effect in terms of distributed springs with stiffness per unit area of ‘K.’ is introduced. As
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the deflection increases due to increase in voltage, the value of the stiffness ‘K.’ will
indicate more weakening. Hence, the electrostatic field is assumed to result in non-
uniform distributed spring with stiffness per unit area of K(x, y). It is known that a
constant value of the stiffness K¢(x, y) would result in different natural frequencies but
same modeshapes when compared to the micromirror without elastic foundation. As the
deflection of the micromirror due to electrostatic force results in non-uniform spacing
between the electrodes, it results in softening elastic foundation with non-uniform

variation of K¢(x, y) as shown in Figure 3.3.

Micromirror

| - Ke(x, y)

Fig. 3.3 Electrostatic field
modeled as springs

Thus the present quantification of the electrostatic influence in terms of
weakening spring stiffness values will enable the application of boundary conditioning
concept to model the dynamic behavior of microsystem under the influence of
electrostatic field. The rotational and translational stiffness values can be changed
suitably to quantify the boundary conditions such as SSSS, CCCC and MMMM. The

formulation to estimate the static deflections of the micromirror is shown below. At the
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static deflection position the electrostatic potential energy is obtained by considering the

elastic foundation stiffness ‘K.’ which is a function of the static deflection of the plate.

3.2.1 Static behavior

The micromirror can be considered as a rectangular plate. The flexural deflection

of the micromirror is assumed as

W, (%,Y) = ZX A0, ()9, (y) 3.9
n
where, x =— , y=—
* a Y b

& and m are physical coordinates the of the plate,

‘a’ and ‘b’ are dimensions of the plate with a0 = %—,

AS  are the deflection coefficients of each term describing the mirror static deflection in
Equation 3.9. Further

¢.(x) and o, (y) are. Boundary characteristic orthogonal polynomials in respective

directions.

As explained in Chapter 2, the micromirror attains a static equilibrium condition
when the mechanical force is equal to the electrostatic force. This position is obtained

using the equation,

net
N

ou Al
W net Bem) 3.10

where, Uy, 1s the total energy given by,
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U

[\/]a

4
net max P Z_:

U, +U 3.11

] €

s=1

where, Unaxp is the strain energy of the micromirror as a rectangular plate

Dab 11

Upaxp = =7 X H[W +a' W +20-a’ - WW, +2(1-v)a’ W, ]dxdy 3.11a
a

Ur, ¢ is the strain energy of the translational springs along the side ‘s’ and Ug s is the

strain energy of the rotational springs along the side ‘s’, as given by

Iy
U, =lKTstszsdls 3.11b
+ 2 + 0 >
1 12
Uy =—2-KRSIW d, 3.11c

where, ‘ls’ is the length of the side‘s’, K15 is the translational stiffness per unit length

along the side ‘s’ per unit length. Kg is the rotational stiffness per unit length along the

side s’. Wi is the static deflection along side ‘s’. W.__ is the slope along the side ‘s’

S,8
U, is the strain energy due to the electrostatic field between the main electrode and the

bottom electrode and 1s defined as,

g,.abV’ 11 dxdy
U, =- il 3.12
2 oold-W,(xy)

where, €, and €, are the permittivity of free space and relative permittivity of the

dielectric medium, respectively. Relative permittivity is assumed as one in this case.

Equation 3.12 can be expanded using Taylor’s series as below
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N 2
U, - _g,,8bV I}{H WS(X,Y)+[WS(X,Y)) +...}dx dy 3.12a
2d oo d d

Substitution of deflection equation 3.9 in energy expression 3.11 and optimization

with respect to A’ in equation 3.10 result in the following equation:

33 [C oy +Clag +B; - EREP A =g H $:(x) ,(y)dxdy 3.13
where

Cowg =BZF® + ' ENFZ +v-a?(E2F® + EXF% )+ 2- (1- )oY F} 3.13a
cﬁnmj = K;,a EXo, (0)o, (0)+K71,0.,. (D, (1)F°° +K,0 EXo, e, 1)+ 3.13b

K740 (0)4; (OF; +Kg 0 BT, (0095(0) + K 16, (D9 (DF +

K@ Ero, (D) + K5 46, (0)0; (0)F

. g Viat . g, VZa*
=21 —— B, =— 2LI—— ‘D’is the flexural rigidity of the plate.
b ==pa P Dd’ gy orfier
. : . . K, a’ . : .
Normalized translational stiffness, K ; = D , Normalized rotational stiffness
* K ia 1 dS 1 dS -
KRi = = ’ ml I (b 'dX, sz[ ¢ (P —& dy7
’ D 0 dx’ ol dy" ) dy®
o = g 20
dx "' dy

For demonstrating the above modeling, consider a micromirror with the following

dimensions:
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a=600 pm, b =600 pm, t=2 um, d = 15 um, E = 179Gpa, y = 0.3. The static deflection
has been estimated by solving the equation 3.13 for different bias voltages V and end

support conditions, namely, CCCC, SSSS and MMMM.

For modeling purpose, the condition of K‘T‘i =0and K;'i =0 corresponds to free
edge condition, K;,i =0 and very high values of K'T',- correspond to simply supported

condition while very high values of both K'T_i and K;‘i correspond to clamped condition.

In this work, three types of end support conditions were quantified using translational and

rotational spring stiffness values. For CCCC condition the value of both K7; and Ky,
were taken as 1x10'°. In case of SSSS boundary condition the K, value is made zero
while keeping the value for K7, as 1x10". For MMMM end support condition which
lies between the CCCC and SSSS condition, a value of 1x10' is assumed for K7, and

due to the microfabrication limitations, a value of 12 is assumed for K ; as suggested in

a previous paper [81]. In the present analysis twelve orthogonal polynomials were used

in each direction. The predicted results are given in the following figures.
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static deflection

Static deflection

Fig. 3.4 Static deflection in pm
of mirror as a square plate for
CCCC condition at
V=100volts

Fig. 3.5 Static deflection in pm
of mirror as a square plate for

MMMM condition at

V=100volts

xa’
[t}

45

static deflection
e

25

static deflection

354

69

AN 50 volts

\ 60 vott
Ny

\ AN 70volts

\\W/ ]
/ .

A0 volts

e/

1 L 1

o
T

£

]
o

<
Y

05 06 07 08 09 1
X

01 02 03 04

Fig. 3.4a Static deflection in pm
of micromirror at y=0.5 for
CCCC at different voltages.

Y

08 08 1

06 07

Fig. 3.5a Static deflection in

pm of micromirror at y=0.5 for
MMMM at different voltages.



static deflection

(Lyals

0 volts

60 volts

=
n

&
[~1]

[~}
~

N,

AN

s

i I} i1 1 1, A 4. L A
61 02 03 04 65 06 07 08 83 1
X

/
N /]
\ N /
S

&
=

s
b

o

Fig. 3.6 Static deflection of Fig. 3.6a Static deflection of
mirror as a square plate for micromirror at y=0.5 for
SSSS condition at SSSS at different voltages.
V=100volts

Figures 3.4, 3.4a, 3.5, 3.5a, 3.6, 3.6a provide the plot of static deflection of micromirror
under CCCC, MMMM and SSSS support conditions. Figures 3.4a, 3.5a and 3.6a are the
cross- sectional views of Figures 3.4, 3.5 and 3.6, respectively, which present the
maximum static deflection micromirror occurring at y=0.5, for different voltages. It can
be seen from these figures that as the voltage is increased, deflection of the micromirror
is also increased which will lead to varying elastic foundation stiffness due to the
electrostatic field. The electrostatic elastic stiffness value Ke(x, y) is estimated at the

static equilibrium condition in order to represent the boundary conditioning.
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3.2.2 Dynamic behavior

At the static equilibrium condition, the varying elastic foundation stiffness value
‘Ke(x, y)’ is introduced to estimate the dynamic behavior. The deflection function

considering the dynamic deflection co-efficients ‘D’ is given by the equation

Wd(x,y)=§§Dm¢m(X)<pn(y) | 3.14

‘Uet’ , the electrostatic potential energy after considering elastic foundation stiffness ‘K.’

is given by equation

1 11
U, =3 IIK, (%, yXW,(x,y))" dxdy 3.15
where,
Koy)= S0 o eV 3.15
ex dw? (d-wW. (x,y)) '

The value of K(x, y) represents the boundary conditioning due to the electrostatic field.
In order to estimate the strain energy, strain energies due to plate bending, end springs
and electrostatic springs are needed. The strain energy of the mirror as a plate due to
bending is given by equation 3.11a and that due to the springs is given by equations 3.11b
and 3.11c. In the above equations Wj is replaced with Wy. Then, the total strain energy

becomes,

Une( = U

max,p

4 4
+ 2 U, + XU, +U, 3.16
s=1 s=1
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Similarly the kinetic energy of the micromirror is given by the expression

1 11
T, =—phabo’ [ [W,(x, y)dxdy 3.17
00

max N
2

where, ‘p’ is the mass density of the micromirror, ‘@’ is the natural frequency of the
micromirror and ‘h’ is the thickness of the micromirror. From Rayleigh’s condition Trmax

= Unet the Rayleigh’s quotient can be obtained as

(1)2 - U*net
Trrax 3.18
where,

After the substitution of deflection function in equation 3.14 in 3.16 and 3.17, and
optimization of Rayleigh’s quotient of equation 3.18 with respect to arbitrary constants

‘Dmn’, the eigenvalue problem is formulated as given below:

%Xn:[(cmnij + C:nnij + B;G(r:?nij )— A E(:::F;go] Dmn =0 3.19
where,

G - Hd)m(X)%(X)wn(Y)@,-(Y)

. dxd 3.19
" @-Wey) :
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. V2a4 h a40.)2 [ . .
B,= - f&%__ and A = —p—l—)——, C,; and C_; are given by equations 3.13a

and 3.13b after substituting Wq(x,y) for W(x,y).

The solution of equation 3.19 gives eigenvalues and modeshapes under the
influence of electrostatic field. The deflection coefficients Dy, obtained from equation

3.19 are substituted in equation 3.14 to get the corresponding modeshapes.

3.2.3 Results and Discussion

Response of an electrostatically operated structure depends also on translational
and rotational stiffness values at the supports. The vibrational behavior of a system, such
as, modeshapes, natural frequencies and response can be modified by suitably altering the
stiffness values of the springs. This was demonstrated effectively earlier [S9]. However,
in the -present work it has been shown that the modeshapes and the frequencies are
affected also by the external environment of the system. In this case, it is the electrostatic
field around mirror. The electrostatic field is also quantified by equivalent softening
springs as shown in the equations earlier. For the present work, the dimensions of the
micromirfor are 600um in length and breadth for a constant electrode gap of 15um.

Figure 3.7 shows the variation between ‘V’ and eigenvalue of the first mode for

increasing voltage.
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Fig. 3.7 A plot of voltage and
frequency parameter for the three end
conditions

Eigenvalue for each support condition reaches zero for a certain snap voltage as
shown in Figure 3.7. The graph indicates that the snap voltage of the square microplate
for MMMM condition lies between the CCCC and SSSS condition. The pull-in of the
micromirror roughly occurs when the micromirror reaches 1/3 of the gap between the two

electrodes.

Using this snap voltage as a basis, the micromirror has been analysed using a

normalized voltage parameter defined as,

A%
o= ( ]x 100% 3.20
Vsnap
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where, “Vgnap’ is the pull-in voltage for the corresponding end condition and “V’ is the
applied voltage. This normalized parameter is used to study the effect of electrostatic

field on the modeshapes and natural frequencies of the micromirror.

Table 3.1 provides the voltages considering different ‘c’ values for the end support
conditions used in this work. The factor ‘c’ is considered in such a way that it
represents the range of voltages starting from O and ending at a value very close to the
snap voltage. Table 3.2 tabulates eigenvalues obtained for the respective support
conditions at the respective voltages. The microfabricated condition clearly lie between
the CCCC and the SSSS condition. As the voltage is increased the eigenvalue decreases.
However there is a maximum change in eigenvalues in the fundamental mode when
compared to other modes. Figure 3.8 and Figure 3.8a show the first modeshape and cross
sectional view of the first modeshape of a CCCC support conditioned micromirror,
respectively. The second and third modeshapes are shown in Figure 3.9 and 3.10 while
their sectional views are shown in Figures 3.92 and 3.10a for CCCC condition. The
modeshapes shown in Figure 3.8a, 3.9a and 3.10a are normalized with respect to
maximum amplitude so that the shapes can be compared for different voltages. The
Figure 3.8a shows that fundamental modeshape is largely affected by the electrostatic
field while higher modes 2 and 3 show no significant effects. Similarly, Figures 3.11,
3.11a, 3.14, and 3.14a show the first modeshape and cross sectional view of the first
normalized modeshape for a mirror with MMMM and SSSS conditions, respectively. It
can be seen from Figures 3.11a and 3.14a that the fundamental modeshape changes with

change in ‘c’ value. Figure 3.12 and Figure 3.13 show the second and the third
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modeshapes for MMMM condition and Figures 3.15 and 3.16 show the second and third
modeshapes for SSSS condition. The Figures 3.12a and 3.13a show that electrostatic
field does not influence significantly the higher modeshape for MMMM condition while
Figures 3.15a and 3.16a show similar results for SSSS condition. The modeshapes are
normalized with respect to the maximum amplitude for all ‘c’ values as seen in these
figures. However it can be seen from the above figures that there is a considerable
weakening in elastic property of the micromirror due to increase in voltage which

influences significantly the modeshapes.

Support c

condition | Vinay | 0 | 20% | 50% | 80% | 96%

CCCC | 300 O] 60 | 151 | 241 | 289

MMMM | 250 {0 | 50 | 125 | 200 | 240

SSSS 175 10 35 | 87 | 140 | 168

Table 3.1 Voltages for different ‘c’ values
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End support conditions Jr (mode)
CCCC ) ) 3) @)
0 36.0084 | 73.4293 | 73.4293 | 108.2854
60 35.4840 | 73.1223 | 73.1223 | 108.1369
151 32.4004 | 713612 | 713612 | 107.2838
V(volts) 241 239310 | 67.3535 | 67.3535 | 105.4402
289 10.0832 | 63.4656 | 63.4656 | 103.7857
MMMM
0 292208 | 613154 | 613154 | 92.1298
50 28.8263 | 61.0787 | 61.0787 | 92.0136
Vivolts) 125 264558 | 59.7315 | 59.7315 89.9328
200 19.7231 | 56.5846 | 56.5846 | 89.9328
240 8.5844 | 53.4495 | 53.4495 88.6182
SSSS
0 19.7392 | 49.3480 | 49.3480 | 78.9568
35 19.4799 | 49.2108 | 49.2108 78.8927
V(volts) 87 17.0407 | 484380 | 484389 | 78.5376
140 134189 | 46.3775 | 46.3775 77.7229
168 57612 [44.7013 | 44.7013 76.9599
Table 3.2 \/5»- values for first four modes
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Fig. 3.14 First modeshape for

SSSS condition of micromirror
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Fig. 3.17 Modal deviation parameter
of the first modes for the three end
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It can be seen from Figure 3.8a, 3.11a and 3.14a that the volume under the
normalized fundamental modeshape decreases with increase in voltage parameter ‘c’.
The variation in modeshape is quantified with a parameter ‘B’ which is defined as the

ratio of volume under the normalized fundamental mode shape under no voltage to

volume under normalized fundamental modeshape at a given voltage, V.

The parameter ‘B’ is considered as a modal deviation parameter. The variation of
B against the voltage is shown in Figure 3.17 for CCCC, MMMM and SSSS end
conditions. This figure shows that electrostatic field affects significantly the modeshape

leading to narrower modeshapes with less volume. This trend is observed for all the three
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end support conditions. However, from Figure 3.17, the modal deviation parameter due
to the first mode for SSSS condition is much less than that of MMMM (which lies
between CCCC and SSSS support conditions) and CCCC end support conditions. This
clearly proves that the electrostatic field has a negative effect on the elastic property of
the micromirror as it weakens the elastic property of the mirror which would affect the
response of the microsystem. However, from the plots in Figures 3.9, 3.9a, 3.10, 3.10a,
3.12, 3.12a, 3.13, 3.13a, 3.15, 3.154a, 3.16, 3.16a of second and third modeshapes for the
three end support conditions, it can be observed that the change in the modeshapes is less
significant compared to the fundamental modeshape. This may be due to the fact that the
fundamental modeshape has maximum deflection at the center whereas the other
modeshapes have a node at the center. This shows that the electrostatic field on the
micromirror affects the dynamic behavior of the mirror and this effect can be quantified
by introducing non —uniform elastic foundation stiffness through the concept of boundary

conditioning.

In this chapter the formulation to predict the static and dynamic behavior of
micromirror of selected dimension using boundary characteristic orthogonal polynomials
in the Rayleigh-Ritz method was shown. The effect of electrostatic field was quantified
by non-uniformly varying stiffness value. It was shown that the electrostatic field
significantly affects the elastic properties of the micromirror thereby affecting the
dynamic behavior of the system. The concept of boundary conditioning has been
successfully applied to quantify the influence of electrostatic field on the eigenvalues and

modeshapes. As explained in Chapter 1, the micromirrors can be fabricated with various
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microfabrication techniques. In Chapter 4, the microfabrication aspects of micromirrors

will be discussed considering three different types of microfabrication technologies.
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Chapter - 4

Micromachining methods
4.1 Introduction

The earlier chapters detailed the modeling of micromirrors and presented results
based on surface and bulk micromachining processes. The theoretical model presented
for MUMPS and SOI bulk micromachining processes can be applied to any dimensions
of electrostatically operated micromirrors discussed, as in these cases the electrodes are
of the length of the mirror and hence the counter electrostatic field does not exist. Hence
in order to explore the process of microfabricating mirrors, MUMPS surface
micromachining process and MicraGEM SOI bulk micromachining process were
considered. Since MicraGEM SOI process provides only a fixed electrode gap, a
feasibility study to fabricate a mirror with more electrode gap by backside or the handle
side etching of SOI wafer was carried out to release the micromirrors of various sizes and
shapes using gas phase XeF, dry etching. The process overview and the design layout of
the two standardized processes, namely, MUMPS and MicraGEM and a detailed
description of controlled pulse etching method using XeF, along with the method of
mask development and photolithography is presented in this chapter. A discussion on the
etch rate and the pressure variation during etching during the etching process is also

presented.
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4.2 Multi User MEMS Process (MUMPS)

4.2.1 Process overview

MUMPS is a popular surface micromachining technique. This polysilicon based surface
micromachining was developed at the Berkeley Sensor and Actuator Centre in the late
80’s and is now commercialized by MCNC [51] in North Carolina. The cross sectional

view given below in Figure 4.1 shows the layers of materials used in the process flow of

MUMPS.
Rigslicon2__ 7775
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Fig. 4.1 Scheme indicating the sequence, material and
grouping of layers in MUMPS [74]

The basic MUMPS process incorporates seven layers for its process flow with
polysilicon being the structural layer, Phospho Silicate Glass (PSG) being the sacrificial

oxide layer and Silicon Nitride as the insulating layer.

The process begins with n-type (100) 100 mm silicon wafers of 0.5 Qcm,
resistivity. The surfaces of the wafers are first doped with phosphorous in a standard

diffusion furnace. This helps reduce or prevent the charge feedthrough to the substrate
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from electrostatic devices on the surface. Next, a 500 nm thick low stress silicon nitride
layer is deposited using LPCVD (low pressure chemical vapor deposition) on the wafers
as an electrical isolation layer. After which the first polysilicon layer (Poly0) is
deposited. A 2.0 um thick PSG sacrificial layer (Oxidel) is then deposited by LPCVD.
This layer of PSG is removed at the end of the process to free the first mechanical layer
of polysilicon (Polyl). The wafers are re-coated with photoresist and a suitable mask is
used and unwanted PSG is removed by Reactive Ion Etching (RIE). Next, the first
structural layer of polysilicon (Polyl1) is deposited. The thickness of the polysilicon layer
is 2.0 pum. A thin masking layer of PSG is deposited over the polysilicon and annealed at
1050° C for 1 hour. The polysilicon is doped with phosphorous from the PSG layers both
below and above. Because the polysilicon is deposited as an amorphous film and then
annealed at a high temperature, a fine grain size is developed and the polysilicon has very
low stress. To pattern the polysilicon, the polysilicon-PSG masking layer is
lithographically patterned which are then etched by RIE. The masking oxide is then
removed from the front surface of the wafer. After the second layer of polysilicon is
patterned, a second PSG layer (Oxide2) is deposited. This PSG layer will be removed at
the end of the process to facilitate the release of the second mechanical polysilicon layer
(POLY?2). The MCNC process provides two layers to pattern the second PSG (Oxide2)
layer. The first layer is used to remove the second oxide from the surface of the first
polysilicon structural layer which in turn establishes a contact between first structural
layer of polysilicon and second structural layer of polysilicon. Another mask layer is
used to make contact between polysilicon 2 (Poly2) and the substrate (either Poly0 or the

silicon nitride layer). The combined first and second oxide layers exposed by this mask
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layer are then etched by RIE. After this, the second structural polysilicon layer (Poly2)
is deposited using the same process as in depositing the first polysilicon structural layer.
The second polysilicon layer is lithographically patterned with another mask and the
pattern is transferred using RIE. Finally a 1.0 pm thick aluminum layer (Metal) is
deposited by Lift-off method. This provides for electrical connections. Table 2.2

provided the thickness of each layer in the MUMPS microfabrication method.

4.2.2 Design layout

In the present work the design layout consists of rectangular and circular micromirrors of
various dimensions as shown in Figure 4.2. Various types of micromirrors were designed
to explore the feasibility of MUMPS process to fabricate the mirrors. As seen in the
layout, the design consists of one dimensional torsional micromirrors and a two
dimensional torsional micromirror. Figure 4.2 shows the design layout designed using
the L-Edit layout editor of MEMSPRO [82] and the solid modeling of the mirror is
shown in Figure 4.3. Figure 4.4 (a) shows the Scanning Electron Microscope (SEM)
picture of the packaged fabricated dice. The chip shown in Figure 4.4 (a) is 64 pin
packaged device. Electrical connections are provided by bonding the wires to the contact
pads. A close-up view of the dice shows the SEM of the micromirror in Figure 4.4 (b).
The top layer is the metal layer and the bottom layer is the Poly0 layer. Contact pads
shown in the layout are provided for electrical connections and these are made of the

layers used in the design.
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Etch holes on the micromirrors are provided in order to increase the sacrificial
undercutting rate thereby decreasing the amount of time required to release the structure
completely. However due to the presence of etch holes on the micromirrors, there may
be diffraction and absorption of the light signal which can lead to loss of optical signal.
In the present design, since the main focus is on MOEMS devices, with larger dielectric
gap between the mirror and the substrate, only two poly layers namely POLYO and
POLY?2 are used, thereby eliminating POLY1 layer in between which leads to a final
dielectric gap of 2.75um, as the sacrificial oxide layers in between POLYO and POLY2
are also removed. Hence the micromirror is made out of structural layer POLY?2 and the
fixed electrode is made of structural layer POLY0. The torsion beam of the micromirror
is attached to an anchor also made out of POLY?2 and it is firmly attached to the substrate,
but is electrically isolated from the electrodes made of POLYO as shown in Figure 4.4
(c). A layer of metal (Al, Au) is deposited on top of the devices in order to increase
optical reflectivity. However the intrinsic stress in the metal layers may lead to unwanted
warping and distortion. As an example, SEM picture of the micromirror shown in Figure
4.4 (d) demonstrates the presence of residual stress as the mirror has curved due to stress.

Figure 4.4 (e) and (f) show the other MUMPS fabricated mirror present on the chip.

Due to the factors of poor reflectivity, residual stress, etch holes and small gap, a
SOI wafer based bulk micromachining process was considered, as the residual stresses
involved in an SOI wafer is very low. The new technology called the MicraGEM SOI
technology of Micralyne [52] uses SOI wafers which are bulk micromachined to release

the devices. Since bulk micromachining is involved, the
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etch holes are not a requirement and hence this fabrication process would be ideal for
MOEMS applications. The following section elaborates on the MicraGEM SOI

technology.

4.3 MicraGEM SOI micromachining Process

4.3.1 Process overview

MicraGEM SOI process is a very new microfabrication procedure introduced by
Micralyne [52] and made available to Canadian Universities through CMC. This process,
unlike MUMPS, is a bulk micromachining process using Silicon On Insulator (SOI)

wafers. Figure 4.5 shows the steps followed in the MicraGEM process.

Metal Electrode _
\_i._/—-—' Step 1: The process begins with a pyrex
4— Pyrex gdass wafer. Cavities are etched and metal
electrodes, microfluidic channels are
patterned.
t— giﬁgﬁg%ﬁe o Step 2: The structure of SOI wafer is
< y Single aystal sificon  shown in this figure. The SOI wafer is
anodically bonded to the pyrex glass.
- Step 3: The silicon handle and the buried
D—— oxide are etched leaving only the single
crystal silicon.
Metal on top
.; Step 4: Low stress metal is deposited on
— 1 top, and single crystal silicon is patterned
oW ——

with various microstructures

Fig. 4.5 Steps involved in MicraGEM
SOI process [83]
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4.3.2 Design layout

Fig. 4.6 Design layout

Figure 4.6 shows the design layout made in the present work for fabrication using
MicraGEM SOI process. The design layout is generated using Virtuoso® layout editor
of Cadence® [84] software. The layout consists of micromirrors of various dimensions,
capacitive transducers, cantilevers, microfluidic channels. The micromirrors fabricated
through this process are later tested for deflection angles for various voltages and natural
frequencies and were compared with the theoretical results. The microfluidic channels
are incorporated in the layout to explore the flexibility of this new fabrication procedure.
In the present layout 84 contact pads have been used as the CMC [53] provides 84 pin
package for the present microfabrication process. Figure 4.7 (a) shows the SEM of the

fabricated packaged device.
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This fabrication procedure was available with two options. The first option
provided a gap of 10um between the single crystal silicon device layer and the electrodes.

The second option provided a gap of 2um between the above mentioned layers. In the

present work the second option is explored.

The metal as electrode is a combination of titanium, platinum and gold and is
deposited using lift-off technique on the 525um thick pyrex substrate. This provides for
a good electrical conductivity as compared to MUMPS as in the MUMPS process the
electrodes are made of polysilicon. The thickness of the metal layer is such that, the
metal layer exists well within the pyrex etch. A 525um thick SOI wafer is anodically
bonded to the pyrex substrate. The buried oxide and the handle layer of the SOI wafer
are completely etched out as explained earlier, leaving only the device layer or the single
crystal silicon layer. This layer is then patterned to obtain the desired microstructures.
As it has been proved that the SOI wafer has a very low residual stress, the MicraGEM
SOI process has clear advantages over MUMPS in this regard. Hence there is no curling
of microstructures as shown in Figure 4.7 (b). Chrome or gold layer is deposited on top
of the single crystal silicon. The main advantage of this is that it gives enhanced
reflectivity. Since this metal layer is patterned and etched to expose the underneath
silicon, there are no etch holes present on top of the metal layer as compared to the
MUMPS process. This can be observed in the accompanying SEM pictures in Figures
4.7 (c), 4.7 (d) and 4.7 (f). Finally the structures are patterned and released using Deep

Reactive Ion Etching (DRIE).
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The MicraGEM SOI process is well suited for MOEMS applications as it uses SOI
wafers which have low residual stress and high optical reflectivity. Also the chrome or
the gold deposition on top of this layer increases the reflectivity and hence it is ideal for
fabrication of micromirrors. As there are no etch holes present on top of the metal layers,
it will not lead to any noise as compared to MUMPS process. However it allows only a
fixed electrode gap of 10um or 2um which applies certain restrictions on the design for
electrostatically actuated devices such as micromirrors. To overcome this limitation, a
feasibility study on the bulk micromachining etching using XeF, dry isotropic etchant is

presented in the following section.

4.4 Feasibility study of bulk micromachining of SOI wafers using

double side XeF, etching

4.4.1 Introduction

Chapter 1 dealt with bulk micromachining, and the types of etchants used for
micromachining. It also briefly explained the structure of Silicon On Insulator wafers,
and the different fabrication procedures involved. In the present work, fabrication of

different micromirrors of various dimensions has been attempted using dry, isotropic

Xenon difluoride (XeF>) etchant.

Many studies on the etching of silicon with XeF, as an etchant have been carried

out previously [85-86, 88]. XeF, is a dry, isotropic white crystal at room temperature

99



and pressure and it sublimates at approximately 4 torr at25°C . The etching is carried out
with gas phase XeF,. The main advantages of using XeF, are its high selectivity to
aluminum, photoresist and silicon dioxide. The gas phase XeF; etching also minimizes
adhesion and stiction problems and its higher isotropic etch rate allows large structures

released quickly.

Two different types of etching methods are generally used for XeF; etching [86].
In the first method called the pulse etching method, the sample to be etched is alternately
‘exposed to XeF, vapor and nitrogen gas. The other method called constant pressure
etching consists of etching at a constant pressure for a designated amount of time, which

is easier and more convenient for longer etching times.

Silicon On Insulator (SOIJ) wafers are usgd increasingly for many optical
applications due to its flat and polished surface, stress-free nature, and compatibility for
fabricating high thickness structures. MicroElectroMechanicalSystems (MEMS) -
engineers are using this variation of the conventional silicon wafer to fabricate
micromirrors, and scanning mirrors for optical communication. For MOEMS (Micro
Opto Electro Mechanical Systems) SOI wafers are ideal as they do not have the
drawbacks of conventional wafers such as increased stress level, decreased

microfabrication possibilities, small thickness, limitation in the use of voltages [87].
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In the present work pulse-etching method is proposed due to its better
control and etching uniformity. The process flow involves mask preparation,

photolithography and etching.

4.4.2 Process flow

4.4.2.1 Mask preparation

Every microfabrication process involves mask preparation as this is the most
important step which determines the shape and the dimension of the microstructure
desired. In the previously explained fabrication procedures the masks were prepared
according to the design guidelines set for the mentioned fabrication procedures. Hence
previously MemsPro and Cadence were used to design the masks. For the present bulk
micromachining, as there is a flexibility in the design in considering various parameters
such as geometry, electrode gap, structural thickness, etc, different masks were prepared
to suit the etch rate of xenon difluoride and the limitations imposed by the etch facility.
The masks were designed using AutoCad drawing tool. All the masks used are light field
masks. Figure 4.8 shows some of the masks designed for the present bulk
micromachining. The dimensions of the micromirrors considered for this fabrication
flow varies from 1lmm x Imm to 6mm x 8mm in length and breadth of the micromirror,
respectively. The torsion beam width is from a minimum of 50pum to a maximum of
500um. The types of mirrors explored are both scanning mirrors and 90° torsional

micromirrors.
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Fig. 4.8 Sample masks of micromirrors

As there were limitations associated with the mask aligner and the dimensions of
the diced SOI wafers, the masks were designed considering those parameters also.
Hence, in Figure 4.8 each micromirror can be exactly patterned on a single diced SOI
wafer of dimension 15mm x 15mm. The figure also shows the pattern used for back side
etching. These back side etching patterns match the dimensions of the openings used to
release the micromirror. The masks are printed on a photosensitive film sheet to be used

in the photolithography.
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4.4.2.2 Photolithography

Fabrication of MEMS devices starts with the process of photolithography.
Photolithdgraphy is the process of transferring a pattern from a mask to the substrate.
The goal is to expose parts of the wafer to the subsequent processing step while
protecting the rest of the wafer. This is done through a sequence of steps: application of
photoresist, selective UV exposure through the mask, and development of the patterned
layer which removes exposed photoresist from the desired regions. Photoresist is a
liquid polymer that can be spread out onto a substrate, exposed with a desired pattern, . .
When negative phototoresist is exposed to UV rays, the part of photoresist which is not
exposed to the UV light is removed. A positive photoresist exactly works the opposite
way as that of a negative photoresist. In the present work positive photoresist is used.
The basic steps involved in the photolithographic process are wafer cleaning, pre-baking,
photoresist application, spin coating, soft baking, exposure, development and hard

baking.

Steps in photolithography

1. In the wafer cleaning method the SOI wafers are cleaned with acetone solution to
remove possible dust particles, abrasive particles, photoresist residue from

previous photolithography and films from other sources such as solvent residue.
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2. In prebaking, the wafer is heated to about 90°C for 30 minutes in a baking oven.
The prebaking of wafers removes water and remains of acetone content present on
the wafer.

3. The next step in photolithography is photoresist application. The method of
photoresist is applied on a SOI wafer using ‘Spin coating’ technique. In spin
coating, the SOI wafer is held on vacuum chuck, photoresist is applied on the
wafer and the wafer is subjected to high speed spinning. Spin coating of SOI
wafers produces a thin uniform layer of photoresist on the wafer surface. In this
work a positive photoresist was used for spin coating, a thickness of 2~4 microns
was obtained with a spin covating for 120 seconds at 2500rpm.

4. After spin coating, the wafer with the photoresist is soft baked which increases the
photosensitivity of the photoresist.

5. The softbaked photoresist is then exposed to UV radiation and developed. This

leaves the pattern on the SOI surface.

The photograph in Figure 4.9 shows the mask aligner and the spin coater. On the
right of the photograph is the spin processor and on the left is the mask aligner. After
developing, the wafer is hard baked. This is the last step in the photolithographic
process. This step is necessary in order to harden the photoresist and improve adhesion
of the photoresist to the wafer surface. Figure 4.10 shows the SEM of one of the

patterned micromirror using photolithography.
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Fig. 4.9 Photolithography setup showing
the mask aligner and the spin processor
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Fig. 4.10 SEM picture of the patterned
micromirror on the SOI wafer.

As the XeF, does not etch the photoresist, the photoresist is used as an etch stop.

Hence, wherever the etching is not desired, the photoresist is painted on that part to

105



protect it from etching. After patterning, the wafer is subjected to etching using XeF,.

The following section details the process.

4.4.2.3 Dry etching using isotropic XeF, etchant

In the present work a <100> p-type SOI wafer with handle thickness of 400pum,
buried oxide (BOX) thickness of 1pm and single crystal silicon thickness of Sum has
been used. The 100mm diameter wafer of SOI is diced into 15mm x 15mm dices. A

customized holder was designed for the purpose to handle the diced wafers in the etching

chamber.

4.4.2.3.1 Etching method

As mentioned earlier XeF, is a dry, solid white crystal at room temperature which
sublimates at approximately 4 torr at 25°C. Some of the advantages of using XeF, are
its high selectivity to aluminum, photoresist, gold, silicon nitride and lower adhesion and

stiction due to the gas phase of XeF,. The basic reaction underlying XeF, etching

process is given as

2XeF; + Si —» 2Xe + SiFy
The etching mechanism involves the following steps [85]: (1) non-dissociative adsorption
of the gas at the solid surface (2) dissociation of the adsorbed gas (3) reaction between

adsorbed atoms and the solid surface to form adsorbed product molecule e.g., SiF,
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(4) desorption of the product molecule into the gas phase and (5) the removal of non-
reactive residue from the surface. Figure 4.11 shows the schematic of the experimental

setup for XeF, etching.

The setup consists of an etch chamber connected at one end to the vacuum pump
through a liquid nitrogen trap and an on-off valve. The chamber is also connected to the
stainless steel container of XeF, crystals through a supply valve, and to nitrogen gas
supply through a purge valve. A capacitance manometer and a pressure gauge are also
connected to the etch chamber. The chamber has a feed-through for loading the
specimen chips into the chamber.. The materials used for building the etching system -
include stainless steel, aluminum, Viton O-rings, glass.;, Inconel alloy and a standard -
mechanical vacuum pump [5'9]. Figure 4.12 shows the photograph of the pulse etching

setup in fumehood during operation.

Pressure Capacitance
guage manometer

Supply valve

Nitrogen gas Etching XeF2
supply @ chamber crystals

Purge valve

Liquid nitrogen Vaccum
trap pump

On-off valve

Fig. 4.11 Schematic of XeF, setup.
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Fig. 4.12 Photograph of the XeF, pulse
etching setup in fume hood during operation

4.4.2.3.2 Microfabrication results and discussion

The process flow used for double side XeF, etching is outlined in Figure 4.13.

The SOI wafer is patterned on both sides with photoresist. The device layer on top is

patterned with micromirror and the handle layer on bottom is patterned for back side etch
pattern as shown in Figure 4.13 (a) using photolithography.

(b) Initial etching for about 5 pulses is carried out to realize the micromirror on

the device side. As the thickness of the device side is only Sum, it was observed that 5

pulses are sufficient to etch away Sum of silicon depth. Simultaneously the handle side

will also be etched by about Sum depth as shown in Figure 4.13 (b).
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(c) The handle layer of the SOI is about 400pum thick, and due to varying etch
rate of XeF, which depends on the etch window as studied in a previous work [89], it is
estimated that for the present openings on the back side, the etch rate is about
1.5 um/min. Hence about 260 pulses are required to etch away this handle thickness. In
order to avoid the under etching on the device side, the device side is completely coated .
with photoresist and the back side is etched as shown in Figure 4.13 (c).

(d) After step (c), the releasing of micromirror can be carried out by etching the
buried oxide layer using 49% concentrated HF solution, as this solution etches only oxide

leaving the silicon un-etched as shown in Figure 4.13 (d).

(d)

(c)

Fig. 4.13 Process flow adopted for XeF, bulk
micromachining

The following graphs in Figure 4.14 are the variations of pressure in the etch
chamber during the actual etching process. Each graph in Figure 4.14 indicates a sudden
rise in pressure of XeF, in the etching chamber. During this time the inlet valve of the
XeF, is opened for the entry of XeF, into the etching chamber. As a result there is a
steady increase in the pressure. This pressure is brought to a predetermined level before

closing the inlet valve of XeF,. This predetermined level was determined based on many

109



factors. In Figure 4.14 (a) it can be observed that the starting etching pressure is slightly
above 2 torr. It was observed during etching that as the etching pressure was maintained
above 2 torr, the XeF; etching was very rapid and very difficult to control which usually
resulted in damaging the photoresist coat on the silicon surface which was not to be
etched. This resulted in etching to be stopped after 20 pulses for a recoat of photoresist.
It was also observed during this process that silicon under the photoresist was also
attacked. Hence in Figure 4.14 (b), the initial pressure was brought down to around 1.6
torr. The pressure of 1.6 torr was not sufficient to etch the silicon with the dimensions
presented earlier. It can be observed in this figure that the final pressure did not cross
more than 1.8 torr. It was found that 1.8 torr of initial pressure of XeF, as shown in
Figure 4.14 (c) in the etching chamber resulted in etch rate of 2p/min as calculated by the
optical microscope picture presented in Figure 4.15. Figure 4.15 (a) shows the top
surface of the corner of the device covered with photoresist. Figure 4.15 (b) shows the
etch surface at the same corner. By measuring the etch depth underneath the photoresist,
the under etch can be calculated for each pulse or for a minute by noting the number of
pulses required to achieve the measured etch depth. In Figure 4.14, it can be seen that
after the. inlet valve to the etching chamber for XeF, is closed, the pressure attains a
steady state. This steady state indicates the etching of silicon which is maintained for 60
seconds called 1 pulse. During this process XeF; is present in the etching chamber.
Once a pulse is completed, the valve of nitrogen gas is opened to purge the etching
chamber with nitrogen. The new pulse is started by creating vacuum in the chamber.
Once the vacuum is created the inlet valve of XeF; is opened to release the gas into the

chamber and the cycle is repeated.
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Fig. 4.15 Optical microscope pictures of
etched specimen for etchrate measurement
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Fig. 4.16 SEM pictures of micromirrors
on the device side of the SOI wafer
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The results of the feasibility study are presented in SEM pictures shown in
Figures 4.16 which shows the micromirrors realized on the device side of the SOI wafer.
Figure 4.16 (a) and (c) show the scanning micromirror and the 90° torsional micromirror
etched on the device side of the SOI wafer. Figure 4.16 (b) shows a close-up view of the
torsion beam of the scanning mirror. Figure 4.16 (d) shows the close up view of Figure
4.16 (c). From these figures, buried oxide layer of SOI wafer can be observed, as the
surface is smooth without any visible roughness which can be observed in
Figure 4.16 (e). In these figures the torsion beams of the micromirrors are firmly held by
the supporting structures and the etching is uniform over the surface of the device layer
of the SOI wafer. After this step as explained earlier, the top side is completely coated
with photoresist. Further etching is carried out which etches only the handle layer or the

back side of the SOI wafer.

The results of the back side etching are presented in Figure 4.17. Figure 4.17 (a)
clearly shows the isotropic nature of XeF, etchant as the surface is uniformly etched. The
SEM etch results presented are taken after completion of certain pulses. Figure 4.17 (b)
shows the etch depth obtained after 75 pulses of etching. Figure 4.17 (c) is the etch depth
obtained after 110 pulses of etching. Figure 4.17 (d) ,(e) and (f) are obtained after 130
and 150 and 180 pulses of etching, respectively. In these figures it can be observed that
the etching is uniform throughout and a constant etch rate of ~ 2um/min was maintained.
The back side or the handle side of the SOI wafer was subjected to a maximum etching of
about 180 pulses. Figures 4.17 (b), (d) and (e) all have photoresist which could be seen

hanging in the pictures. This is due to the fact that the etching is isotropic resulting in
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etching underneath the photoresist. From this the etch depth obtained can be clearly
measured. A maximum etch depth of 310pum was reached during this feasibility study.
Since the SOI wafers taken for etching had a handle or back side thickness of 400um, an
additional’90pm needs to be etched to complete the release of the mirror. Since after 180

pulses as seen from the figures the structure is safe with minimum damage, the releasing

of the mirror can be achieved with additional 60 pulses.

From this feasibility study it can be concluded that the method proposed for
etching Silicon On Insulator (SOI) wafers, using XeF; dry isotropic etchant can be used
to fabricate the micromirrors. The method adds more flexibility to the design and
fabrication of micromirrors compared to other industrial microfabrication procedures
discussed earlier. The limitations posed through this long etch process due to the
technical difficulties associated with the etch set up renders the present work to be

stopped after 80% of back side etching.

In Chapter 4, based on the theoretical modeling, the possibilities of microfabricating the
mirrors with surface and bulk micromachining procedures have been explored. It was
shown that the controlled pulse etching using XeF, of SOI wafers offers more flexibility
compared to the standardized processes such as MUMPS and MicraGEM. The various
limitations and advantages of each microfabrication procedure were mentioned. As the
theoretical modeling can be applied to any dimension of the mirrors discussed, one such
mirror from the MicraGEM SOI fabricated chip is taken to validate the theoretical results

through experimentation. The microfabrication technologies that were used to fabricate
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the mirrors demonstrate the feasibility of fabricating mirrors through surface
micromachining (MUMPS), hybrid SOI machining (MicraGEM), and double side bulk
XeF, machining. Depending upon the requirement, one could select any of the above
fabrication methods. In the following chapter the complete testing method used to test

the mirror for static and dynamic performance will be explained with the results.
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Chapter -5
Testing

5.1 Introduction

The testing of micromirrors were carried out in order to validate the theoretical
model. The testing method discussed in this chapter can be applied to any dimension of
the micromirror. Chapter 1 briefly dealt with the testing of microstructures. In the
present work the micromirrors fabricated through MicraGEM SOI process have been
tested for static and dynamic behavior. The testing of microsystems is important as it
determines the suitability of the microsystems for real applications. In this case, the
testing of micromirrors for static angles reinforces the understanding on electrostatic
actuation of micromirrors presented througﬁout this work and also helps to determine the
workability of the specific device. The testing of the dynamic behavior of
micromachined components is important as it determines the performance
characterization of these devices. Due to the smaller dimensions of micromirrors they
pose great difficulty in testing with regard to test facilities that are simple and less
expensive. One of the methods to test the dynamic characteristics is the testing using
Laser Doppler velocimetry as it allows non-contact testing of microsystems thereby
allowing to test for frequencies without damaging the sensitive devices. The principle
used for this type of testing is the Doppler effect. When the electromagnetic radiation is

emitted by a moving object moving toward the observer its frequency increases and when
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the object is moving away from the observer, its frequency decreases. This frequency

shift is the Doppler effect.

In the present work a Laser Doppler Velocimeter is used to measure the natural
frequencies of the micromirror. A laser source is used to measure the static angles of the
MicraGEM fabricated micromirror for different predetermined voltages which are within

the pull-in or the snap voltage.

5.2 Static testing

As explained in Chapter 2, the micromirrors when actuated by a bias voltage tilt.
This property of the micromirror is used in optical switching applications. The static
angle and the snap angle concepts used for switching were explained in Chapter 2. In the

present section, the micromirrors are tested for static angles for different voltages.

Photograph in  Figure 5.1 (a) shows the testing setup used. The 84 PGA
packaged MicraGEM device consisting of micromirrors is held by a holder placed on
micro-positioners. A He-Ne laser source which has a nominal beam diameter at the
output as Imm is used to get a laser spot on the micromirror device. Figure 5.1 (b) is the
close-up view of Figure 5.1 (a) at the indicated region which shows the laser spot on the
device. Figure 5.2 shows a microscopic view of laser spot on the micromirror. A
diverging-converging lens configuration was used in order to reduce the beam diameter

and focus the laser beam onto the structure. Different laser spot sizes may be obtained
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Fig. 5.1 Testing setup to measure the static angle
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Fig. 5.2 Microscopic view of the laser spot on a
micromirror

by varying the distance between the lenses in order to test devices of different
dimensions. The micro-positioners can also be used to fine tune the lens separation. This
combination of lens and micro-positioners can be used to get any desired laser spot size.
The reflected laser spot falling on the micromirror is made to fall on a white background
as shown in the Figure 5.1 (a). The bias voltage is applied through a voltage source
through the pins of the packaged device. Figure 5.1 (b) shows the pins connected to the
probes which are connected to the voltage source. When a predetermined voltage is
applied to the micromirror, the micromirror deflects and the spot falling on the white
screen changes its position. By measuring the distance between the spot position at O
volts and new spot position and also the distance between the device and the screen, the

static angle ‘0’ of the micromirror for the particular voltage is obtained.
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5.2.1 Static angle results and discussion

For the testing of the mirrors, the exact dimensions of the device were taken from
the SEM of the MicraGEM SOI microfabricated device. Figure 5.3 shows some of the
close-up views of the beam and the micromirror fabricated through the MicraGEM SOI
process. The micromirror dimensions on the device are 100um beam length, 4um beam
width with a plate of dimension 500pum x 500um. The thickness of the silicon from the

SEM pictures shown in Figure 5.4 was found to be 1.9um. However, the theoretical

thickness of silicon specified in the MicraGEM process is 2.075um which includes the

750 /(51 of metal coating on top of the silicon. Hence the theoretical prediction was carried
out for three thickness values of 1.8um, 1.9um and 2.075um. The actual dielectric gap of’
2.2um determined from SEM measurements has been used for all theoretical predictions.
It was found from the theoretical prediction that the pull-in of the device occurs at 1.2
volts. Figure 5.4 gives a comparison of experimentally measured values of static angles
and theoretically predicted variation of static angles for three different thicknesses. From
the figure it is confirmed that the static angle values are in good agreement with the

experimental values.

After 1.2 volts, due to pull-in, the theoretical calculation shows that the mirror snaps
reaching the maximum allowed angle. The angle obtained experimentally at 1.2 volts
closely matches with fhat obtained theoretically. The angles obtained after the pull-in
voltage has increased steadily due to the fact that the mirror after pull-in enters a bending

mode. Due to this, the centre of the mirror at the deflected end gets pulled towards the
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electrode, while the edge touches the substrate; hence there is an increase in static angle
with increase in voltage. These experimentally calculated angles have been listed along

with the theoretically calculated angles in Table 5.1.

X2,688 1Bvs HD43B

Fig. 5.3 SEM micrograph of close-up of
micromirror and the torsion beam

It was observed experimentally that after 2.25 volts, there was no significant
change in the position of the laser spot on the screen. Hence the static angle at 3 volts is
same as the angle at 2.25volts. The experimental values were tabulated for 5 different
readings which were achieved by moving the screen to different positions keeping the
device at a constant place, and the average static angles were obtained. The SEM
pictures in Figure 5.5 shows the micromirror snapped due to the application of voltages

beyond pull-in voltage.
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Fig. 5.4 Comparison of experimental and
theoretical static angles for different voltages
Bias Experimental prediction (in deg) Theoretical
voltage Readings prediction
(volts) |1 2 3 4 5 Average
0 0 0 0 0 0 0
0
1.2 0.1827 |0.2122 | 0.1760 | 0.18046 | 0.1876 | 0.1868 | 0.17852
1.75 0.36538 | 0.4244 | 0.418 0.4511 |0.4118 |0.414 0.5602
225 0.5846 | 0.63651 | 0.61598 | 0.6766 | 0.6852 | 0.6397 | 0.5602
3 0.5846 | 0.6351 | 0.61598 | 0.6766 | 0.6852 | 0.6397 | 0.5602

Table 5.1 Tabulation of experimental and predicted

scan angles with t = 1.9pum and d = 2.2um
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Fig. 5.5 SEM npictures of snapped
micromirror fabricated through
MicraGEM SOI process
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It can be concluded from the above results that the experimentally obtained values have

good agreement with the theoretically obtained values.

5.3 Dynamic testing

As mentioned earlier, for dynamic testing, a Laser Doppler velocimeter (LDV) is
used to obtain the natural frequencies of the micromirror. Figure 5.6 shows a schematic
of the set-up used [89]. This schematic can be compared to Figure 5.1 (a). The
micromirror device is mounted on an oscillating device. The test setup consists of a
signal detection system consisting of an oscilloscope for the time-domain reference, and a
spectrum analyzer for the frequency domain. When a coherent laser beam is projected on
to the surface of the micromirror as shown in Figure 5.6, the light reflected back from the
surface undergoes a shift in frequency which will be proportional to the vibrational
velocity of the surface due to the Doppler effect. LDV measures this frequency shift and
produces a real-time velocity signal, which is characteristic of the surface vibratory
motions [89]. All the other components used in the set-up is same as that used to

measure the static characteristics of the micromirror.

The test setup consists of Bruel and Kjaer LDV with (HeNe) laser. This laser
supply has an integrated Bragg cell. However, to measure the natural frequency, a loose
dice of the MicraGEM fabricated device containing the mirrors is attached to a flat
acoustic speaker as shown in Figure 5.6. Signal response measurements from the speaker

indicated that the Bragg cell had a threshold detection ability of 25khz. Hence the
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micromirror is selected in such a way that the theoretical value of natural frequency of

the micromirror lies inside the threshold frequency.

Speaker

\

Mounting for Microstructure

LDV (LASER SOURCE)

- |
il

fens 2 fens |

XYZ Platform

YY Platforms _aser Beam

Fig. 5.6 Schematic of the LDV
setup for dynamic measurement [89]

5.3.1 Results

Table 5.2 gives the experimentally obtained values of natural frequency for the
mirror with dimensions discussed earlier. Figure 5.7 shows the theoretical variation of
natural frequency of mirror. The maximum natural frequency of the mirror at 0 volts is
found to be 4.09 kHz for a thickness of 2.075um. The Table 5.2 gives comparision of

these values with the experimentally obtained value of natural frequency of the mirror.

Experimental Theoretical Values (kHz)

Values (kHz)

t=1.8um | t=19um t=2.075um

4.22 3.65 3.81 4.09

Table 5.2 Tabulation of experimental and
predicted natural frequencies with gap 2.2pum.
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- From Figure 5.7 it can also be observed clearly that the pull-in voltage is 1.2 volts. The
frequency response of the micromirror has been experimentally obtained and shown in
Figure 5.8. This clearly shows the first resonance at 4.22kHz. In order to obtain the final
response of the structure, the base response has been subtracted from the response of the
entire device. The natural frequency of the micromirror depends on the thickness and as
observed theoretically, the frequency increases with increase in thickness as the stiffness
increases. Due to microfabrication, it is always observed that the dimensions of the

structure may not be same as the theoretical dimensions. Hence the experimental values

4500 T ; T T T T
-t =1.8e-06

a000f M S —+ = 207506 | |
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2000 } ]

1500 | 1 1 1 1 1
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Fig. 5.7 Theoretical variation of natural
frequency at different bias voltage

are observed to vary slightly compared to the theoretical values. In this case, the

frequency obtained experimentally in Table 5.2 is close to theoretically predicted value.
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Thus the testing confirms the validations of the proposed synthesis of electrostatically

actuated micromirrors using the concept of boundary conditioning.
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Fig. 5.8 Experimental frequency curve
showing resonance at 4.22 kHz

In the present chapter, the static and dynamic testing of the micromirrors fabricated
through MicraGEM process have been carried out. The results obtained were validated
with the theoretical results and are in good agreement. This determines the performance
characterization and usefulness of the micromirrors fabricated through the above

mentioned procedure.
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Chapter -6

Conclusions and recommendations for future
work

6.1 Conclusions

Electrostatic effects on the dynamics of torsional micromirrors have been
modeled and analyzed. The influence of boundary conditioning due to the external effect
of electrostatic field has been investigated. The micromirrors were fabricated using the
MUMPS surface micromachining process and MicraGEM SOI hybrid micromachining
process. Also the fabrication of micromirrors was explored using the double sided pulse
etching using XeF,. A particular MicraGEM fabricated scanning mirror was tested for
static angles and natural frequency using a Laser Doppler Velocimeter to validate the

theoretical and experimental results.

The 90° torsional micromirror was modeled to include the counter electrostatic
field effects in addition to the main electrostatic field. The effect of counter electrostatic
field was found to decrease the effective tilting ability of the micromirror as the effect
gives rise to a third equilibrium position which was demonstrated in the present work. In
order to retain the tilting ability of the mirror, a stopper electrode was introduced whose
effect adds onto the main electrostatic field thereby giving the micromirror the desired tilt

for optical switching applications.
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A conceptual design of one dimensional scanning mirror was carried out
considering the design parameters suitable for MUMPS surface micromachining
fabrication procedure and SOI bulk micromachining fabrication procedure. The
flexibility of using design parameters such as the size of the mirror and the dielectric gap
which can be much higher than the maximum dielectric gap allowed in MUMPS was

exhibited.

Boundary conditioning of micromirrors using artificial springs was analyzed
using boundary characteristic orthogonal polynomials in the Rayleigh-Ritz method. To
quantify the end support conditions, translational and rotational springs were used at the
supports. The microfabricated end condition was shown to. be in between a fully clamped
(CCCC) condition and simply supported (SSSS) condition. A comparative study of these
support conditions were carried out in order to obtain the eigenvalues and modeshapes
for these support conditions. The influence of electrostatic field on the modeshapes has
been quantified using modal deviation parameter through artificial elastic foundation.

The influence of electrostatic field on the design synthesis has been well modeled.

Microfabrication of different type and dimensions of the mirrors were carried out
using MUMPS surface micromachining process and a newly introduced bulk
micromachining process called the MicraGEM SOI process. XeF, controlled pulse
etching method was used for bulk micromachining of SOI wafers with patterns of

micromirror. The double side etching on SOI wafer using XeF, demonstrated the
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feasibility of fabricating SOI based micromirrors that will provide vast design

possibilities.

The natural frequency of a particular micromirror fabricated through MicraGEM
process and the static angles at different bias voltages were validated with the theoretical
result and were found to be in good agreement. An LDV (Laser Doppler Velocimeter)

was effectively used to obtain the natural frequency of the mirror actuated by a speaker.

Conclusions based on the results from the present study were outlined at the
respective chapters. From a global point of view the conclusions drawn from the present

work can be summarized in the following way:

1. The effect of counter electrostatic field reduces the effective tilting angle of the
micromirror. A stopper electrode of significant height can nullify this effect. As
the stopper height is increased the static angles of the micromirror also increases.
The transient response of the micromirror showed that the settling time taken by
the mirror to reach the steady state is very small, thereby making it suitable for
optical switching applications.

2. The designing of micromirror using SOI bulk micromachining process offers
more flexibility over MUMPS with regard to dielectric gap and mirror
dimensions. The static angles hence obtained for SOI bulk micromachined

fabricated mirrors are more than that of MUMPS fabricated mirrors.
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3. Boundary conditioning of external effect of electrostatic field for different end
support conditions showed that the elastic properties of the mirror changes with
increase in voltage. This is significant in the first mode for the end support
conditions discussed, as the peak in the first mode occurs at the centre where the
electrostatic field effect is maximum due to the mirror proximity with the fixed
electrode.

4. Controlled double side pulse etching using XeF, dry isotropic etchant is a good
option for bulk micromachining of SOI wafers.

5. A validation of theoretical and experimental results for static angle and natural

frequency for different bias voltage were found to be in close agreement.

6.2 Recommendations for future work

MEMS is a multidisciplinary filed with numerous possibilities in various
applications. Integration of a MEMS device with electronic circuitry poses a serious
challenge to the MEMS industry and universities alike. A systematic approach in

research considering the above mentioned aspect is vital.

The present work has focused on the modeling of electrostatic effects on

micromirrors and microfabrication. Further work can be carried out on the following.
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. The scope of the present modeling and microfabrication can be extended
to other electrostatically actuated MEMS devices such as capacitive and
pressure transducers,

. Finite element modeling of the device with the electrostatic field effects
can be carried out using coupled solvers of the FEM package ANSYS.

. Fringe field effects can be included with the modeling.

. Boundary conditioning for other external effects like squeeze film
damping and Lorentz force can be used to model MEMS devices.

. Experimental testing of dynamic behavior including the modeshapes under

electrostatic field can be studied.
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