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CHAPTER 1: INTRODUCTION

1.1. Introduction
The role of technology in today’s society is eveegent. From iPod’s to cell

phones to the internet, technology is continuaiynsforming the global landscape. As
this trend continues, the push for smaller, fastdreaper, components continually
challenges engineers at all levels of product dgrekent. These challenges often go
beyond cramming more transistors on a chip, towartdgrating multiple technologies
into a single package for overall system densityt is here that the area of
microelectromechanical systems (MEMS) becomes @titactive, whereby lithography,
deposition, and etching techniques used in theamiectronics industry are exploited to
create complex structures and systems at the racale-

Some commercial MEMS products have recently seamtess, with Analog
Devices shipping over 200 million MEMS acceleromgteand Texas Instruments
introducing Digital Light Processing (DLP) chips fprojection displays. However, the
majority of fabrication techniques used in the gnéged circuit (IC) and MEMS
industries are considered planar technologies.piput, the user defines the horizontal
dimensions of a structure through a series of gitaphy steps, while subsequent
processes, such as etching or deposition, defimestitucture vertical dimensions. The
structures possible using such conventional fatoicatechnologies are extremely
limited.  Consequently, MEMS designers have typycdimited themselves to
structures/designs possible using the preferredicktion technologies rather than

designs capable of yielding the highest performance
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Alternative fabrication techniques have been inicsdl over the years that are
capable of creating complicated 3-D geometries.previous research has often focused
on creating stand-alone features for rapid proiotymnd are rarely batch fabrication
compatible (i.e. microstereolithography [1]), whictegates many of the potential
advantages for MEMS, such as high volume and lcst. ¢o contrast, the emergiggay-
scale technologys an attractive fabrication technique for prodaigci3-D structures in
silicon using batch fabrication tools [2-17]. WHhigray-scale technology is extremely
versatile (able to produce a variety of 3-D stroesuin a single lithography and etching
step), limited work has been done regarding thegnmattion of this technology with
standard MEMS processes and specific devicesdditian, gray-scale technology relies
heavily on deep reactive ion etching (DRIE), atreédy new technology (last 10 years)
whose limits and applications are still being exptb The integration of such a 3-D
fabrication technology with conventional fabricatitechniques could not only improve
upon existing devices, but also enable a class BMM® actuators previously thought
impossible or impractical.

This dissertation will focus on developing the egieg gray-scale technologio
improve upon existing MEMS actuators and developv rectuation schemes for
optoelectronics packaging. Consequently, the sogiscussed in this dissertation will be
broken into three primary categories: 3-D fabrmatiin-plane MEMS actuators, and
optical fiber alignment. First, newly developedaygsscale technology design and
fabrication techniques will be described, with ampdasis on technology collaborations
pursued as part of this work. Next, the develogetiniques were used to integrate 3-D

components into the actuation mechanism of elgettiodMEMS comb-drive actuators to



improve their resolution and provide tailored fomegagement profiles. This principle is
subsequently extended to the development of tunsliEi®S resonators that are more
compact than corresponding devices fabricated pldhar techniques. Finally, a novel
device for aligning an optical fiber in 2-axes @si®-D shaped actuators is proposed,
fabricated, and tested, as a platform towardsritegrated packaging of optoelectronics

components.

1.2. Summary of Thesis Accomplishments
The specific accomplishments of this research sifellws:

Gray-scale Technology Development

Starting with my masters thesis work [18], a metilogy for designing
complex optical masks to create 3-D profiles in tphesist was developed. The
subsequent pattern transfer of such structures siltcon via deep reactive ion
etching (DRIE) was characterized, with a focus toh eselectivity. This work was
extended to include novel design methods to allewi&o primary limitations within
gray-scale technology: First, double exposure techniquevas developed to
exponentially increase the number of gray-levekslalle in photoresist and improve
the vertical resolution in photoresist.  Second,design technique dubbed
compensated aspect ratio dependent etching (CARRMS) created to anticipate
feature dependent etch rates observed during gadg-BRIE pattern transfer.

The general utility of gray-scale technology foreate complex static
topographies was demonstrated through 3 technaloligborations:

1. Development of a variable span microcompressor .(lu$y Research

Laboratory and Massachusetts Institute of Technglog



2. Design and Fabrication of 3-D substrates for padkggof a MOSFET
relay (Toshiba Corporation)

3. Design, Fabrication, and Testing of X-ray Phasedae Lenses (NASA-
Goddard Space Flight Center)

Compact Tailored Electrostatic MEMS Comb-drives:

Comb-drive actuators incorporating variable heigfaty-scale structures were
designed, fabricated, and tested for the first tim@malytical and 3-D finite element
analysis (FEA) methods were developed to estaldigheoretical framework for
analyzing improvements in resolution, range of apen, and deflection stability.
Comb-drive actuators with reduced height suspessiwere also demonstrated as a
simple method to decrease suspension spring cdsstand thus reduce driving
voltages.

Testing of variable height comb-finger designs dest@ted >34%
improvement in displacement resolution (from 344nd 227nm/V), while reduced
height suspensions exhibited a 70% decrease ingspanstant (from 7.7 N/m to 2.3
N/m). The design and fabrication techniques depedofor integrating gray-scale
technology within an electrostatic MEMS actuatargass help these devices serve as
a platform for developing more complex 3-D shapetdaors.

Vertically Shaped Tunable MEMS Resonators

The work on vertically shaped comb-drive actuateas extended to create a
new class of compact, tunable MEMS resonators. Traditional theoretical
framework of voltage-controlled electrostatic sgen was modified using a

combination of 2-D and 3-D Finite Element Analy§#EA), enabling tuning of the



resonant frequency both Up and Down in a compacuianot previously achieved.
This framework can be adapted to use a new weightathble finger engagement
design to minimize non-linear stiffness coefficemthen driving the resonator with
large amplitudes.

MEMS resonators in the low kHz range were desigfedatjcated, and tested
to demonstrate these configurations. Electrostgpicngs as strong as 1.19 N/m
(@70V) enabled tuning of the resonant frequencyyo 17.1%.

On-Chip 2-axis Optical Fiber Alignment:

An on-chip 2-axis optical fiber alignment systemngsopposing wedges
fabricated with gray-scale technology was creatwdttie first time. Devices with
various actuator layouts and gray-scale wedge dgsigere fabricated, assembled,
and tested. An optical test station was develoged utilized to evaluate fiber
displacement range and resolution for various goméitions. New auto-alignment
algorithms were developed and implemented to detraissthe ability to align the
optical fiber to a specific target, with particulamphasis on comparing overall
alignment time and final resolution. Methods tcalerate Cartesian control and
possible hysteresis effects of these actuators alsoedeveloped.

Switching speeds were measured to be consistefittys< Alignment times
of <10sec to a fixed 2n square indium phosphide (InP) waveguide with <h6
resolution were commonly achieved by optimizingrekalgorithms and parameters.
Ultimately, MEMS aligners were able to achieve mfigent ranges as large as #0
(at fiber tip) in both the in-plane and out-of-ptardirections, with alignment

resolution of <1.25m.



1.3. Literature Review:
The area of MEMS has evolved over the past 20 yeard as such, the three

primary topics discussed in this thesis (3-D fadian, in-plane MEMS actuators, and
optical fiber alignment) have been investigatedddous extents by other groups. The
following sections will review the relevant workuid in the literature regarding each of

these topics.

1.3.1. 3-D Fabrication Techniques
While many 3-D fabrication techniques have beeretigped over the years, they

can be broadly categorized as being either a sandl process, where each unit is
fabricated in a sequential fashion, or a batchi¢éakipn process, where many devices can

be fabricated at one time on a given wafer.

1.3.1.1Serial Unit Processes
One of the most versatie 3-D fabrication techngues that of

microstereolithography [1, 19, 20], an extensiostefeolithography techniques patented
in 1986 [21] for rapid-prototyping. Microsteredldgraphy uses the light-induced,
spatially resolved polymerization of a liquid resnto a solid polymer. A sequence of
deposition and exposure steps of a thin photosemsiolymer are used, where each
exposure contains a 2-D pattern of the appropaaiss section of the desired structure.
After all exposures are finished, a single develeptstep removes the unexposed areas
of polymer, leaving a 3-D polymer mold with virthahrbitrary shape.

The exposure system could be a set of photomasksfleod exposures, or a
scanning technique using a rastered laser beamacHieve sufficient vertical resolution
at minimal cost, the laser technique has becomentae prevalent, and structures with

>1000 levels are common. Using a He-Cd laser (895hakagi et alreported structures



as large as 20mm x 20mm x 20mm, with a minimumlogem of 5 m x5 m x 3 m
(x,y,z) [22]. However, such a scanning technigeguires a long write time for each
layer, particularly over large areas. In additione must repeatedly spread a liquid resin
between exposures, slowing the process signifigantiTo this end, two-photon
microstereolithography [23, 24] could be used where-photon absorption is used to
expose confined areas within a solid medium.

With the advent of high resolution projection desd, some groups have moved
to ‘integral microstereolithography’, where a dynanpattern generator can quickly
expose an entire layer, and be reconfigured quicklgertsch et alsuccessfully
implemented a liquid crystal display (LCD) basedteyn (260 x 260 pixels) capable of
90 layers per hour with 5n x 5 m x 5 m resolution [19]. Yet, even as screen
resolutions improve, there is an obvious tradehdfween resolution and maximum
structure size. This limitation notwithstandingicrostereolithography has already been
used in RF MEMS applications to create a phasdesHi25], and can create intricate

structures such as the fluidic connector shownigare 1.1.

Figure 1.1: Fluidic connector fabricated using micostereolithography (Bertsch et aIMEMS '98).



Current microstereolithography research has beere rfazused on the use of
ceramic composites, in order to open up the oppiytwf manufacturing complex 3-D
parts that can be sintered into pure alumina margmonents [19]. However, some
limitations of microstereolithography cannot be dged, particularly in MEMS
applications. First, regardless of advances ircgssing speed, it is inherently a slow
process because only a single device is fabricatteshe time, which cannot compare to
large wafer throughput. Second, it is limited adyner materials, limiting its integration
with silicon microelectronic circuits, and prevergiits use in many MEMS applications.

If one moves towards more silicon-friendly 3-D fighation technologies, focused
ion-beam (FIB) fabrication techniques are quitesagle [26-29]. FIB can provide
localized maskless milling and deposition of botmauctors and insulators with very
high precision.Khan-Malek et aused this technique to fabricate 3-D diffractiyeical
elements (DOEs), demonstrating zone plates withm32ater rings [29]. While FIB
enables 3-D structures in/on silicon with superesolution, fabricating each structure is
quite time consuming (hours), making them bettexdadates for low volume tasks such

as photomask error correction.

1.3.1.2Batch Fabrication
It is clear that for high volume manufacturing, & fabrication technique must

be batch fabrication in some respect, and preferatnpatible with the IC workhorse
material, silicon, for later system integrationheTcrystallographic properties of various
substrates (such as silicon) may enable angledrésato be created using wet chemical
etching (such as potassium hydroxide, for silicdmi, flexibility in this angle cannot be

accommodated. In some cases, simple steppedwtsatan be used to mimic a 3-D



profile, possibly using multiple embedded maskiageks to create 3-4 levels in silicon
with heights in the 10's to 100’s of micrometer9][3 However, the goal of any
technique should be the fabrication of nearly aalyt angles, for maximum flexibility to

be used in myriad applications.

Some research has been conducted utilizing indlioeded UV lithography [31,
32]. Beuret et alwere able to use multiple integrated metal masksréate cones of
exposed resist as the light source is rotated,ltreguin angled structures in the
photoresist [31]. Metal structures with angledesidlls were then achieved by
electroplating. While this technique can creataduwtive structures with small angles
(<20° reported), it requires multiple integratedtatiee masks that complicate processing
significantly. Alternatively,Han et alused a negative thick photoresist (SU-8), which
was exposed using multiple inclined and/or rotagé@gosures, and reported angles in
resist up to 39° [32]. However, the author’s tegha results in polymer 3-D structures,
with no discernable way to transfer this proceds ite underlying silicon, severely
inhibiting its use in many applications.

In silicon, Pham et alhave used anisotropic etching of silicon to crezie
inductors, but anisotropic etching provides onle dixed angle (54.7° from the vertical
using a <100> wafer) [33].Ayon et alhave used a buried dielectric layer to deflect
charged ions during Deep Reactive lon Etching (DRE] to achieve angled etch
profiles, reporting angles as large as 32° [35}, ¥etting up this buried dielectric layer is
non-trivial. Often multiple bonding steps are riggd, and the handle wafer must be
sacrificed entirely due to notching effects. Thandle wafer also limits the density and

configuration of angled etch profiles, prohibitialf but the simplest angled trenches to



be fabricated. For MEMS devices demanding higlelewef density and integration with
other MEMS fabrication steps, this option is quitsufficient.

More recently, an alternative fabrication method fmeating 3-D silicon
structures using a single lithography and etchitegp,gray-scale technologyhas been
developed by multiple groups [2-14], including r@s# conducted at UMD as part of the
preliminary work for this thesis [15-17, 36-38]n this technique, a variable transmission
optical mask is used to partially expose a coneaali photoresist layer, often in a
standard projection lithography tool. After a deypenent step, different thicknesses of
photoresist remain (calledray level§ that correspond to the intensity through the knas
at that point. A dry-anisotropic etching step,lsas DRIE, then transfers this pattern

into the underlying silicon.

Figure 1.2: Positive lens in silicon, 10m tall, 30 m diameter (Wagner, Henke, et al, 1995).

Both Gal [2] and Henke et al[3-5] used the diffraction effects between sub-
resolution transparent pixels in a projection Igrephy system to create an intensity
corresponding to the pixel size, enabling slopestqiesist structures of various size that

could be transferred into a substrate (see Figuzg 1Whitley et al [6] then briefly
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demonstrated the transfer of these structures timtounderlying silicon using DRIE,
resulting in deep sloped structures in silicon,ag optics applications. This work was
then built upon byVaitset al[13-15] to extend this work into the MEMS domanhere
a light-field pixilated implementation was used, w&sll as detailed pattern transfer
characterizations begun. While the gray-scale gg®ds quite sensitive and requires
extensive characterization and optimization, it tees ability to create variable height
structures in silicon over a wide range of dimensi¢ m to mm) in a batch manner.
Simple gray-scale structures have been demonstpagatbusly, yet few (if any)
MEMS devices have been developed to take advanfatpes newfound capability. This
versatility, coupled with the fact that only stardldEMS fabrication equipment is
required, makes gray-scale technology an attractygion for integrating 3-D
components within MEMS devices. Since the techywis still in its infancy, Chapter 2
of this thesis will discuss the gray-scale prodasgreater detail, and describe the steps
taken to further develop and optimize the processemable increased flexibility,

resolution, and integration within MEMS devices.

1.3.2. Traditional MEMS Actuators
Many MEMS actuation schemes have been developed péanar technologies,

and not all will necessarily benefit from the intaggon of 3-D components. The
following sections will discuss two primary categasr for MEMS actuators, those used
for static actuation and those developed for remorapplications. Specific comments

will be made on the potential for 3-D componentsiibance their performance.
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1.3.2.1Static Actuation
Numerous research groups have developed MEMS amtugchniques, such as

magnetic [39], piezoelectric [40], scratch drivdd]] and shape memory alloys (SMA)
[42]. Magnetic and piezoelectric actuators areicipy inhibited by fabrication
difficulties and material concerns (such as comgimoxic lead compounds), which often
limit their applications. Scratch drive actuat@an create relatively large forces and
displacementsAkiyama et alreport 100N and 150m respectively [41]), but scratch
drives have a severe disadvantage because thealtyponly operate in one direction.
Shape memory alloys on the other hand, can prodaige displacements in two
directions, withKrulevitch et alreporting displacements >5& [42]. Bi-morph SMAs
can be used to produce large deflections with sifoatles, but these simply alternate
between two fixed positions. Alternatively, freeargding SMAs achieve reversible
motion by requiring extra springs for a restorimayck, or special thermomechanical
treatments (that exhibit less recoverable formatiamich would not be compatible with
most batch fabrication techniques [42].

Another class of actuators, electrothermal, has aéeived much attention
because they can generate large forces and disptate, while being fabricated with
planar IC-compatible techniques [43-4QJue et alhave reported forces in the mN range,
with displacements >10n, using relatively low voltages <12V [43]. Howeye
electrothermal actuators use Joule heating andfthrerrequire large currents (increasing
power consumption) and often reach temperature$@d C, which may be prohibitive.

An alternative MEMS actuation scheme that can Hwmidated using planar
techniques, electrostatic actuation [46-49], iseblasn capacitive actuation, resulting in

minimal current/power consumption. As a resuldnglr comb-drive actuators have been
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developed in multiple materials, including silic&®], polysilicon [47], and electroplated
metals [51]. While each finger of a comb-drive gwoes minimal force, cascading the
comb-fingers with careful suspension design caultré@slarge forces and displacements.

The first boom in comb-drive design centered onieathg large static
displacements using standard planar technologi@s5®-57]. One group identified that
with the ability to fabricate 3-D components, theguld significantly reduce the spring
constant of their suspension without reducing tenle-drive force, resulting in a
significant increases in displacement. THuex et alreported static deflections of up to
130 m at only 37V [58]. However, to achieve this sture took a complicated
fabrication process including 3 plasma enhancedats vapor depositions (PECVD), 4
DRIE etches, and 2 isotropic sulfer-hexafluoridégfSetches, followed by aluminum
metallization [58]. In contrast, such a structooelld be fabricated in a single etch using
gray-scale technology and will be demonstratedhagp@er 3 of this thesis.

The second wave of comb-drive research centeredindrahe fact that
electrostatic actuation relies on the capacitaretevden two surfaces, which is heavily
dependent on the geometry of each surface. Ftangalar planar comb-drives, there is
a constant change in capacitance per unit lengtiulting in a simple quadratic relation
between displacement X) and voltage (V) (i.e. x~V?) [46]. Using planar technologies
multiple groups have proposed altering this capaci-position profile by changing the
gap between the stationary and moving comb-fingas,Figure 1.3 [55, 59-61) eet al
[60] used numerical 2-D simulation to design vaeatomb-finger shapes and gaps for
linear, quadratic, and cubic force-engagement leofiJensen et al61] used a parallel

plate approximation model to calculate the capacgabetween overlapping comb-
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fingers with a lithographically-defined variablepgaThese results enabled tuning of both
displacement and resolution of the comb-drive dotsa but at the expense of
significantly increasing the size of each comb-pd&or example, most designs proposed
by Ye et al(or Jensen et alrequired more than twice the area for each coaib{f0].
The result is a device with a much larger footpramt unacceptable consequence in most

cases where miniaturization is a concern.

—

(@) (b)

Figure 1.3:(a) Top view of a typical planar comb-drive finger,where the gap remains constant as the
finger engages. (b) Top view of a variable gap degi (from Jensenet al IMEMS, 2003), where the
area required for a single comb-pair is greatly inceased.

Further work byYeet al [62] attempted to simulate variable capacitanceéo
profiles by optimizing comb-finger geometry in thertical dimension to address the
problem of increased device size. While the agthmesent simulation of complex
comb-finger geometries (shaping both top and bosanfaces of the comb-finger), they
concede that their designs cannot be fabricated tdu¢he limitations of current
manufacturing techniques. However, with the adwaingray-scale technology, 3-D
shaping of individual comb-fingers is possible, ldimay variable force-engagement
profiles for improved resolution without affectidgvice area.

The design, fabrication, and testing of comb-dratuators with altered force-
engagement profiles, as well as reduced springtaotss is discussed in more detail in

Chapter 3 of this thesis.
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1.3.2.2MEMS Resonators
Besides static deflection applications, one of phienary uses for electrostatic

MEMS actuators is for micromechanical resonatdfer example, MEMS varactors for
tuning electrical resonance have been developed mutiple groups [63, 64].

Micromechanical resonators for signal processiligfing applications [65-67],

gyroscopes|[68], and charge and field sensors[@8j lbeen demonstrated previously.

A natural extension of static MEMS resonators is niake them tunable,
something first accomplished Nathanson et aih 1967 [70]. The basic premise was to
use a third electrode for tuning in a parallel @labnfiguration, where the quadratic
dependence of capacitance on the gap creates emnostatic spring. More recently,
other groups have used this concept to develop ME&sBnators towards RF tunable
filters, capable of tuning the resonant frequenawrm by 1% of 760KHz device [71], or
by ~5% for a ~1MHz resonator with Q factor = 4370][72However, bi-directional
tuning of a MEMS resonator (particularly over widege) is much more challenging.

Adams et akook the approach of using fringing field actuatdpasically non-
overlapping comb-drives moving perpendicular toirtheaditional direction [73, 74].
While this technique was able to tune both lineat mon-linear stiffness coefficients, the
range of motion was quite small (on order ofm) and tune fingers arranged
perpendicular to the stroke makes the design lesspact and increases damping.
Jensenet al chose to use variable gap (i.e. variable forceagament) planar comb-
fingers to create an electrostatic spring for lamgeges of resonator displacements and
bi-directional tuning [61]. But again, the variabyjap design requires that the size of
each comb-pair be increased, dramatically incrgaswerall device size. However,

using gray-scale technology to create the requuatable force-engagement profiles
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could produce similar effects over a large travaige without increased the device
footprint. The design, fabrication, and testirfgsoch resonators is discussed in more

detail in Chapter 4 of this thesis.

1.3.3. On-Chip Optical Fiber Alignment
Packaging of optoelectronic components, often m fitrm of fiber-pigtailing,

usually requires alignment of the fiber by largepensive, macro-scale systems capable
of aligning each fiber to high accuracy using psem actuators. However, these
machines are typically expensive and have low tjinput due to the tight alignment
tolerances required for aligning the fiber (in tirecron to sub-micron range). For
example, pick-and-place assembly systems with 2@A3@&ccuracy are an order of
magnitude faster than those requiring I¥2accuracy, severely affecting throughput
[75]. Optoelectronic packaging costs can easilgeed 50% of the total module cost
[76]. In fact, the 2003 International Technologga®map for Semiconductors (ITRS)
identified a key issue with packaging optoelecttodevices to be aligning the optical
path in an automated manor, as alignment betwespaoents currently dominates the
cost of packaging of most hybrid systems [77].

While silicon is not suitable for producing actieptoelectronic devices, hybrid
packaging approaches using micro-fabricated silipaokaging platforms to move the
alignment mechanism ‘on-chip’ have been of paréicumterest. Such systems offer the
potential for low cost, high volume, integrated keges, with potentially high accuracy
fiber alignment placement. In general, the apdnieaaeveloped fall into two categories,

either passive or active, each of which is disctisssow.
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1.3.3.1Passive Techniques
For the purposes of this research, ‘passive’ algmmntechniques will refer to

methods where the final alignment and assembly adopmed without any light

propagating in the optical path. Essentially, goal is to fabricate and assemble all
components extremely accurately and hope thatethdtris acceptable when the light is
turned ‘on.” Since the 1970’s, anisotropicallyretd v-grooves in silicon have been used
to create precise optoelectronic packaging platsofon passive alignment of an optical
fiber to optoelectronic components [78-83]. Theitaaries of the v-groove are defined
during the lithographic process to be preciselgrad with other features on the wafer,
forming what is commonly called a “silicon waferbdd as shown in Figure 1.4 [81].

The optical fiber is secured in the v-groove, whdlgtoelectronic chips are flip-chip

bonded to pre-fabricated solder pads, often uginigse tension for self-alignment of the

chip and substrate, see Figure 1.5 [84].

Figure 1.4: Prototype silicon waferboard for passie laser/fiber alignment (Armientoet al,1991).
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Figure 1.5: Surface tension of solder bumps duringe-flow can be used for self-alignment (Sasaki et
al, 2001).

By maintaining strict fabrication and assembly tafeces, such approaches report
alignment in the range of 1-&h [81, 82], which will not meet the needs for figur
devices that will require sub-micron tolerances|[83.imiting factors often include the
tolerance of fiber diameter, core/cladding condeityr and imperfect mounting in the V-
groove [83]. An additional challenge to such vaye/flip-chip approaches is to control
the vertical alignment of each component, as vartshifts due to changes in solder
ball/paste volume are common.

Even if these challenges can be overcome, suchvpassggnment schemes rely
on extremely precise fabrication tolerances to datiuely guarantee alignment, which
can significantly increase processing costs. Thegean attractive alternative approach
is to relax fabrication and assembly tolerances mstead use on-chip actuation to
optimally position each fiber for maximum couplirgessentially performing the role of

the expensive macro-aligner at the micro-scale.

1.3.3.2Active Techniques
Active fiber alignment involves monitoring the anmbwf coupled power through

the system while changing the location of the @ptiber. The fiber is then fixed at the
location where maximum coupling is measured. Ti@gry benefits of on-chip active

alignment systems using MEMS are:
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1. Relaxed fabrication and assembly tolerandésial alignment is no longer solely
dependent on cumulative fabrication tolerances witiple components, reducing
the required accuracy of individual components

2. Potentially high-volume and high throughpuwtctuation mechanisms are batch
fabricated and contained inside each optoeleadromodule, enabling
individually optimized alignment

3. Sub-micron actuation capabilityy EMS actuators with sub-micron displacement
resolution are common
Multiple on-chip active fiber alignment systemsngsiMEMS approaches have

been proposed and demonstrated, using a varietgtodtion schemes. Alignment in the
plane of the wafer (1-D) has been achieved usiegtethermal actuators [86, 87] or
asymmetric laser trimming of films with residualests [88]. However, as with the
passive alignment techniques, the lack of vert@efuation capability is extremely
limiting. Kaneko et aprovided a small amount of vertical shift by usagartially metal
coated fiber in a V-groove, yet the rotation of fiteer was done externally and the
motion was discrete (only 4 separate points coaldelached) [89].

When it comes to MEMS devices providing multi-aaiggnment, there have been
three primary devices developed. An electromags®sed actuator was developed by
T. Frank shown in Figure 1.6, that was capable of defhgcan optical fiber cantilever
over 100 m [90, 91]. The actuator used large coils in a ipldtwafer stack to actuate a
permanent magnet attached to the end of the fiblenvever, this technique requires the
attachment of a permanent magnet to the fiber, mgatiis technique impractical as a

high volume, high-throughput packaging option.
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Figure 1.6 Micro-alignment machine requiring a permanent magret attached to the optical fiber
(Frank, 1998).

An electrostatic actuator developed Kikuya et alused multiple anisotropically
etched v-grooves to create an optical fiber cardild92, 93]. By patterning electrodes
on the sidewalls of the deeply etched v-grooves atiplied voltages created an attractive
force on a metallized optical fiber, bending tHeefiinto appropriate alignment in 2-axes.
While this technique achieves 2-D fiber alignmemta relatively compact (narrow)
manner, it has two main limitations: First, the ctlestatic nature requires that the
component being manipulated is a conductor or l@mductive coating already applied.
Second, electrostatic attraction of the fiber ibjsct to the pull-in phenomenon, where
the fiber will ‘snap’ to the substrate after onlyowng a fraction of the gap size (in
parallel plate actuators, this happens at 1/3 efdtiginal gap [94]). Thus, tradeoffs
between fiber to v-groove gap, range of motion, applied voltages, make it difficult to

scale their design to shorter/stiffer cantileversQmm).
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Figure 1.7: In-package micro-aligner requiring spe@lized fabrication equipment (Haakeet al, 1998).

The most capable on-chip MEMS packaging systenasbds been that éfaake
et al [95, 96], see Figure 1.7, which is capable ofratgnt in all 3 axes,. The authors
report fiber tip actuation of over 2t in each direction. However, device design and
fabrication is quite complicated as the large foactuators require the LIGA process
[97], which needs an x-ray synchrotron radiatiourse — limiting the widespread
adoption of such a device. Additionally, typicainfigurations are not conducive to
dense fiber integration.

In contrast, electrostatic comb-drive actuator$v8HD shaped components could
provide an on-chip actuation packaging platformatdg of high-resolution active optical
fiber alignment within an optoelectronic module both the in-plane and out-of-plane
directions. Such a system could be batch fabuicateotentially dense configurations,
would require no previous fiber preparation, andldde integrated with 3-D gray-scale

actuators for tailoring displacement/alignment hason. The principles, design,
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fabrication and testing of the on-chip 2-axis MERM&r alignment system developed in

this work are discussed in Chapters 5 and 6 ofthi@sis.

1.4. Thesis Objectives and Structure
The purpose of this research is two-fold: Firstdevelop gray-scale technology

as an integrative MEMS-based 3-D fabrication taokl second, to demonstrate the first
MEMS actuators of any kind to utilize gray-scalérfeated features for improved
performance and capabilities. The advances in-geale technology pioneered in this
work firmly establish gray-scale as an attractil&fprm technology for MEMS device
development. As part of this research on the ¢echnology, multiple novel static
devices were demonstrated, including: static memopressors, 3-D packaging
substrates for MOSFET relays, and soft X-ray plassnel lenses. The variable-height
comb-drive actuators and resonators developedsmitbrk are the first demonstration of
achieving tailored electrostatic actuator behawitiile maintaining a compact device
layout. This dissertation also reports the firsix@&s on-chip optical fiber alignment
system that uses the coupled in-plane motion of-gcale shaped actuators to create
actuation both in- and out- of the plane of the ewaf Alignment of an optical fiber
cantilever in 2-axes over a large range @0x 40 m), with high resolution (<1m), and
fast alignment times (routinely <20 seconds), distiatihis device as a realistic on-chip
platform for the packaging and integration of ofeotronic devices.

This PhD dissertation is organized as follows: Gbéad has reviewed the
motivation behind this research, summarized thenneaintributions contained in this

dissertation, and briefly reviewed the relevarmréture.
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Chapter 2 will discuss the gray-scale technologgcess in detail. Specific
attention will be paid to profile control and patteransfer. Three demonstrations of
static 3-D applications developed with gray-scaehnhology will be presented as
technology collaborations with different partnetise U.S. Army Research Laboratory,
the Toshiba Corporation, and the NASA-Goddard Sjpdight Center.

The development of the first electrostatic MEMSuatbrs integrating variable
height structures fabricated with gray-scale tetbgy will be presented in Chapter 3.
Issues related to the design and integration of-gcale structures into a comb-drive
actuator will be reviewed, while test results watinfirm their improved performance.
Chapter 4 will build upon this work and discuss erenspecific application of gray-scale
tailored actuators: tunable MEMS resonators. Timeoretical framework for such
actuators will be presented, along with test reduttm multiple embodiments.

Chapters 5 and 6 will discuss the development néw on-chip 2-axis optical
fiber alignment system developed using gray-saahrtology. The concept, design, and
fabrication of the basic system will be discussedletail in Chapter 5, while Chapter 6
will review all optical testing and alignment retsul

Chapter 7 has been reserved for discussions omtdtextensions of the work
presented in this dissertation, as well as conotudemarks. Topics to be covered
include: low frequency tunable resonator appligagjgprospects for miniaturizing fiber
alignment systems towards dense array packagind),nathods for clamping optical

fibers after alignment has been achieved.
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CHAPTER 2: GRAY-SCALE TECHNOLOGY

This chapter will review the research performedt@core gray-scale technology
process, which serves as the cornerstone of tbsedation. The developments presented
here demonstrate gray-scale technology as a feexfdhtform for 3-D actuator
development. The initial portions of this work, shmotably the 3-D profile control and
etch selectivity characterization, were conductegat of my Master’s Thesis research,
“Development of a Deep Silicon Phase Fresnel LesisguGray-scale Lithography and
Deep Reactive lon Etching” [18]. For clarity, tleerh “gray-scaldithography will refer
to a photolithography process using a “gray-scatgcal mask,” while the term “gray-
scaletechnology will refer to the combination of “gray-scaléhography and a dry-

anisotropic etching step used to transfer the pheist pattern into the silicon.

2.1. Introduction
As discussed in Chapter 1, gray-scale technologyliatch fabrication technique

capable of creating variable height structuresilicos using a single lithography and
etching step. Gray-scale lithography was firstedeped for use in diffractive optics in
the mid 1990’s [8, 11, 12]. One method uses coroiaky available high energy beam
sensitive (HEBS) glass (www.canyonmaterials.comaj tises the chemical reduction of
silver ions in a silver-alkali-halide material tooduce coloring specks of silver atoms,
directly modulating the opacity of each point ophtomask [9, 10]. However, the cost
of HEBS masks can be up to one order of magnitudeerthan standard chrome on
quartz plates and there is only one known vendbichvtogether limit the widespread
adoption of this technique. Thus, the method @fyggcale implementation chosen for

this research is based on the pixilated approasbridbed byaits et al[14, 15], which
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uses many sub-resolution opaque pixels on a stdndarome optical mask in a
projection lithography system.

During a UV exposure, the projection lithographytsyn filters out all spatial
diffraction orders, creating intermediate transedtintensities proportional to the pixel
size [3, 4]. Each intensity partially exposes aifpee photoresist film to a certain depth.
This exposure renders the top portion of the plesist layer more soluble in a developer
solution, while the bottom portion of the photostsilayer remains unchanged.
Therefore, after a standard development step, @nniediate thickness of photoresist,
called a gray level,’ will remain behind in areas that received a phdi@posure. By
locally modulating this intensity pattern with aesmlly designed gray-scale optical
mask, many gray levels may be created at oncerto 3D structure in the photoresist,
where each pixel size on the mask results in amifft heighgray levelin photoresist.

By patterning the photoresist on a silicon waferdig-anisotropic etching
technique, such as reactive ion etching (RIE) epdeactive ion etching (DRIE), may be
used to subsequently transfer this pattern intcstieon [2]. A schematic of this entire
process is shown in Figure 2.1. By distributingnsnappropriately sized pixels on the
optical mask, step approximations to various 3-R2ps&ls can be replicated in the
photoresist and/or underlying silicon.

The following sections will review the theoretichhckground of gray-scale
technology, and then review developments in bdtiography and etching performed
during this work. Finally, three collaborationstiviorganizations outside UMD will be
presented as applications of static 3-D silicoucttires fabricated using gray-scale

technology.
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Figure 2.1: Schematic of the gray-scale technologgrocess. (a) An example pixilated gray-scale
optical mask design using 2 different size pixelgr gray levels. (b) The corresponding pattern in a
positive photoresist after exposure and developmentc) Final silicon structure after transfer into
underlying substrate using dry plasma etching.

2.2. Gray-scale Background
Before discussing advancements in gray-scale téopyaleveloped as part of

this dissertation, the theoretical framework andigte limitations for the chosen gray-

scale implementation must be discussed.

2.2.1. Theoretical Background
The chosen method of pixilated gray-scale lithogyapelies on a standard

projection lithography system, a simplified schemaft which is shown in Figure 2.2.
When a pixilated optical mask is placed in thistsysg a fraction of the incident light is
blocked and transmitted light will diffract. It this diffraction between closely spaced

opaque pixels that leads to a uniform intermedigensity at the wafer surface.
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Figure 2.2: A generic projection lithography systemwith reduction optics (usually 5X or 10X).

To understand this phenomenon more closely, we falibw the reasoning of
Henkeet al [4, 5], where we consider the projection optickjéative lens) to act as a
spatial frequency filter on a one dimensional g@gtisuch as set of chrome lines, with a
pitch ofp. We can define the amplitude transmission fumctibthe mask a$(x), where
the valuesO and 1 are assigned to locations on the mask with or auithchrome,
respectively. The Fourier spectruiiri(k), of this amplitude transmission function(x), is

obtained through the standard Fourier relations:

+#

T(x) = TEK)xexpikx)dk (1)

and
¥

T¢k) = $_¥T(x) xexp(- ikx)dx. 2
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A diffraction limited optical system will cut offigher spatial frequencies in the Fourier
spectrum;T’(k). Thus, the complex amplitud&(x’), in the image plane (i.e. at the wafer

surface), is given by:

+k,
A(xX9 = TEk) explkxgdk. (3)
-k

The parametek refers to a lateral wave vector on the mask, wHd'sdiffraction order

corresponds to:

k=/ﬁsinq=2pu (4)

where is the wavelength of illumination light used iretlstepper and is a spatial
frequency of the grating lines. The numerical aper(NA) of the system then defines
the maximum angle,;, capable of passing through the system:
NA=sing,. (5)
For normal incidence plane wave illumination, th#é determines the critical
spatial frequency, ¢, or critical pitch,p., necessary on the optical mask for thé 1
diffraction order to reach the critical anglg;

1_/
=—=—. 6
Pe u. NA ©)

For periodic features below this critical pitchetltl and higher diffraction orders are
prevented from passing through the projection systeSince all spatial information is
contained in the higher diffraction orders, onlymiform ‘DC’ component of light (®

diffraction order) is transmitted through the optisystem, and all spatial information

regarding the shape of individual pixels is logt. a true lithography system, the partial

28



coherence of the light source, will also play a role in determining the critiqaitch of
the system [5]:

/

(L+Ss)NA’ ")

Pe =

For the research performed in this dissertatiom pilch has been held constant, at
or near the critical pitch in order to maintainsticiondition. The ‘DC’ component of the
optical mask transmission was then locally modudldte varying the size of rectangular

sub-resolution opaque pixels contained thereishasvn in Figure 2.3.
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Figure 2.3: Optical mask design scheme using subsgelution pixels and a constant sub-resolution
pitch. By calculating the area of each pixel andhie area of the pitch, the percent transmission
through the mask is estimated.

Now, the complex amplitude at the wafer surface lmametermined by a simple

integral over the mask transmission function, wtoaaly includesk=0:

¥
A(XQ =TCk =0) =  T(x)dx. ®)
2p
For a pixilated approach, this integral calculates percentage of light transmitted

through the optical masK), which can be calculated using the area of ead (Aixe)

and the area of the square pitéyifn):
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Tr=1- Dol 9)

itch
This results in a normalized aerial image intenattthe wafer surface of:

2

1(x9 =|A(x9|" =Tr? = 1- Poer (10)

itch

2.2.2. Optical Mask Constraints
The projection lithography system used in this aesle was a 5X reduction

stepper (CGA-Ultratech) in the clean-room faciitiat the Laboratory for Physical
Sciences (LPS) in College Park, MD. Since themestied resolution of this system is
between 0.5-0.6m on the wafer, the critical pitch used on our ggagle optical mask is
on the order of 2.5-3.0n, meaning each pixel must be even smaller. Aficabmasks
for this research were obtained through Northropn@nan Corp., Linthicum, MD, but
the design rules discussed here can be appliatytmask vendor.

Optical masks cannot be fabricated with arbitrasihyall features, so the number
of different size pixels that will fit inside a gewular pitch is finite. The result is a
discrete set of available pixels (each with an @ased transmissior;r) that depends on
the selected pitch and the mask vendor limitatiddisice each pixel is sub-resolution, the
actual shape of the pixel (i.e. square or circhgutd not be reconstructed and therefore
only the total area of the pixel should be impartan

When designing a pixilated gray-scale mask, theee2amain parameters that
determine your pixel constraints: (1) minimum featsize E,) and (2) mask address
size, usually the electron beam spot s&g. (The minimum feature size is the smallest

feature dimension, opaque or clear, expected resmved after mask fabrication (i.e. all
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dimensions of an opaque box must be larger thaand two adjacent edges cannot be
spaced closer thah,). The spot size of the electron beam used tadailer a mask is
also important because it often defines the sntalfgsssible increment between
subsequent pixel sizes. Smaller spot sizes aranéalyeous because they can lead to
larger pixel sets as the permutations of pixel ssizan be increased while remaining
within the F, constraints. Masks obtained from Northrop Grumrhad limitations of

Fn=05mand$=0.1 m.

A
v

Figure 2.4: Rectangular pixilation schematic useda define mask design constraints.
Thus, to create a set of useable sub-resoluticgipfer a gray-scale optical mask
design, the dimensions of each rectangular pixagHhi(X) vs. width(Y) must satisfy the

following 3 identities derived from Figure 2.4:

X,Y3 F_ (11)
X,YE(P.-F,) (12)
X =F_+n* - 2%
m > where n,m= O,ZL...IDC—ZFm (13)
Y=F,+m*S, S
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whereP¢ is the critical pitch, or resolution limit, disaex earlier. The limiting case of
11 will result in the largest transmission througla mask, while the limit of Equation 12
will define the smallest transmission through thaskn Equation 13 will determine the
final number of pixels (or transmissions) availabl&/e can now modify Equation 9 for

each pixel i to fit the rectangular case shown in Figure 2.4:

. X(i)*Y()
Tr(i)=1- “RF

Any pixels with identical (or extremely clos€) values may be eliminated from a

(14)

pixel set since they will be redundant. One misd &eep in mind that every pixel will

not necessarily result in a repeatable gray lengbhotoresist, since the development
process must be considered, which often eliminaigsy smaller pixels. The final pixel

set will be determined through the use of a caflibnamask to experimentally establish
the useable range of pixels (gray levels). In saonséances, a mask pitch above the
critical pitch could be used for gray-scale designincrease the number of available
gray-levels, but with the danger of introducingilbations in the photoresist surface as

higher diffraction orders are collected by the chje lens.

2.2.3. Standard Lithography Process
Establishing a standard photolithography processbles the lithography

processing to be considered a constant, which nm &llows all 3-D structures to be
designed using only pixel selection. When develgm@ gray-scale lithography process,
low-contrast thick photoresists are preferred toraase the range of intermediate
intensities that generate different developmenesiatesulting in moregray levels

Clariant's AZ9245 was chosen as the photoresist tfis research because it has

relatively low contrast and can be spun to a nohtimakness of >6m with ease. The
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developer solution was Clariant's AZ400K, mixedairtoncentration of 5:1, DI water to
developer. This yielded development times in tk@ fhinute range, much longer than
conventional development times of 1-2 minutes.w8lodevelopment steps are preferred
in order to avoid over-development, which will cawsloss of lower gray levels.

Exact lithography parameters were optimized usirgalébration mask [18] and
the 5X projection lithography system at LPS with @vserved resolution of 0.56,
corresponding to a critical pitch of 2/® on the optical mask. The process details are
given in Table 2.1. Note that no hard bake stepsed (as suggested by the photoresist
manufacturer) to avoid any photoresist re-flow dgrhard bake. Further details on the
lithography process can be found in [14, 15, 18hless otherwise noted, this gray-scale
lithography process was used for processing alls3rlictures discussed in the rest of this

dissertation. An example of a gray-scale photstegedge is shown in Figure 2.5.

Table 2.1: The standard gray-scale lithography proess.

Photoresist Spin Coating | Soft Bake Focus Exposure Developer :
(rpm : sec) (°C : sec) (m) (mJ) Time (min)

2500 : 60 _ AZ 400K 1:5

AZ9245 (6.0 m thick) 110: 120 -1.0 250 DI water : 5

Figure 2.5: An example gray-scale wedge in photorss using >45 gray levels.
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2.3. Design and Lithography Advancements
The previous section established the capabilitpdbieve multiple intermediate

intensities through a pixilated gray-scale optivalsk, as well as described a photoresist
process to realize these intensities as differertéaght photoresist structures after
development. To extend this work into MEMS andeotapplications, it was imperative
that methods to control the 3-D profile’s horizdraad vertical resolution be developed,

as discussed in the following sections.

2.3.1. Minimum Feature Limitations
The analysis and discussion provided in Sectiora8s2imes an infinitely periodic

array of gray-scale pixels. However, a real MEM@&ure is usually finite, leading to a
definitive ‘edge’ where the pixels stop and somghbkr diffraction orders are collected.
On large MEMS structures, this edge effect couldsh®ll compared to the overall
device size, yet on smaller structures (<h(, the effects can be severe. Shown in
Figure 2.6 is an opaque structure next to an atexingray level, using a pitch of 21
and only 10 pixels. As evident from the SEM, tluge effects on both side of this

structure effectively remove the entire intendealydevel.

Gray level

s

Figure 2.6: Attempted gray level in photoresist usig 10 pixels on a 2.0m mask pitch, where edge
effects have effectively removed the gray-level.
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As the size of the gray-scale structure increashs edge effect stays
approximately constant at around a 1-h5indent to each side. The r@ opaque
structure in Figure 2.7 shows that a nbgray level is now achieved. Thus, for gray-
scale structures with critical minimum features <10 a simple bias of ~In can be
included in the gray-scale design to offset thengleain dimension due to edge effects.
After pattern transfer, only a small amount of masssion at the corners is observed due
to the lack of verticality at the photoresist edy#e estimate that a minimum gray-scale

feature size of 4-5m can be realistically reproduced.

3.8 kV x18.0i

Figure 2.7: A gray level in photoresist using 20 pils on a 2mask pitch.

2.3.2. 3-D Profile Control

Given the small size of each pixel at the wafeeldw0.5 x 0.5m), it is crucial
that the method developed for controlling 3-D desfiin photoresist be conducive to
automation, in order to facilitate placement of theusands of pixels required to create
MEMS structures of appreciable size.

Our investigation begins with the basic law of apsion, where we know that as
the incident UV light travels through the thicknesk the photoresist, the intensity
decreases exponentially [98]:

[(2) =1,exp(az). (15)
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Considering only this exponential decay of intgnghrough the photoresist,
linear changes in transmission (ilg. through an optical mask will create a logarithmic
change in the exposure depth &t which a desired intensity is reached. Connigirthis
logarithmic behavior with an initial uniform photsist thickness and exposure time
could determine exposure dose contours within dgobsist layer. However, there are
other more factors that also influence the exackttess of photoresist that remains after
development, such as bake conditions, developnatet etc. Thus, a gray-scale profile
control model must account for all these procesmbkes.

An empirical model was developed based on the tiaecalibration mask and the
standard optimized lithography process. The calibn mask contained long stepped
structures with different constant pitch, and eaohtained a limited number of pixel
permutations. The height of each gray level in predist was measured and correlated to
the pixel and pitch on the optical mask that preduthe particular height. Measuring
multiple levels creates an empirical relation betwéhe initial pixel size on the optical
mask and the final photoresist height. Note thatexact pixel shape on the mask after
fabrication is unknown, so the calculatdd is an approximation. It is thus more
important that the mask vendor be consistant tlcaaorate because systematic errors will
be accounted for in the empirical model. The noizedl height in photoresistHf) for
many pixels with the same pitch was then plotteairs) the correspondinfy value, as
done in Figure 2.8.

A Gaussian curve was then used to approximaterémal tof these data points,

creating a simple relation between amandHp [16, 18]:

H,=A* exp(— (Tr)?* g) (16)
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whereApand are the empirically determined fit parameterstii@ particular photoresist
being used. Ideally, the fit parameters will bentical for different pitches, but due to
approximations infr value and measurement uncertainty, they tend ntp slgghtly. A
Gaussian fit to this data was chosen for two spemfisons. First, a decaying logarithm
or exponential type function with intensity is expe due to the exponential decay in
intensity with increasing depth. Since the intgnis proportional toarr* (Equation 10), a
decaying exponential appears Gaussian when plagjadhst thelr value derived from
the pixel size (Equation 9). The second reasomfGaussian curve lies in the simplicity

of inverting the equation.
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Figure 2.8: Gaussian curve fit through data pointsrelating normalized photoresist heights to the
percent transmission through the mask [16].

The result is an intuitive design tool, where apdemexpression can be used to
calculate the percent transmissidn, required on the mask to produce the desired heigh

in photoresistHp:

7
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When designing a specific structure, the idealudatedTr value is cross referenced with
the availabl€elr values from a set of available pixels.

By using the Gaussian approximation method desdriabove, much of the
modeling behind the gray-scale lithography procesy be abbreviated, and gray-scale
masks may be designed to mimic any desired sléeshown later in Section 2.5, this

technique has demonstrated precise profile cootret a wide range of structure sizes.

2.3.3. Double Exposures
While the pixilated technique makes gray-scale mdskign and fabrication

simple, one disadvantage is the inherent tradeetivéen horizontal and vertical
resolution. A small pitch will yield the best hmontal resolution, but few pixel

permutations are possible, limiting vertical resioln. By choosing a large pitch, more
gray-levels can be designed to fit the criteridineat in Section 2.2.2, but the horizontal
resolution in the plane of the wafer becomes pdevren if vertical resolution is the only
concern, the pitch (and therefore # of pixels) cartye increased arbitrarily due to the
finite resolution of the projection lithography sss.

It is instructive to introduce typical values faaoh of the constraints outlined in
Section 2.2.2. Using a critical pitcRJ of 2.5 m and a minimum feature sizE{ of
0.5 m, we can calculate the minimum and maximilimvalues to be 36% and 96%,
respectively. The useable rangeTlofis actually even smaller in practice because pixel
with Tr values above 80% are rarely realized in photdra$ier development. Since the
first (highest) gray level is created usifg=36%, only approximately the bottom %2 of
the photoresist thickness will have gray levelsing a spot sizeS) of 0.1 m, only ~40

unique pixels could be designed in this range, that requires working at the extremes
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of mask vendor capability, which often does notdjieonsistent results. And even 40
gray levels may be insufficient for MEMS structurtbsitt span 100’s of micrometers.
Thus, a new method of mask design is necessaryelwhdrigh resolution in horizontal

and vertical domains can be maintained, while iaarmask fabrication tolerances.

In this research, an exponential increase of pheist gray levels has been
demonstrated through the addition of"@@xposure step before photoresist development.
By tuning the time of each of the two exposures, ¢htire range of photoresist can be
utilized for gray-scale structure creation. A deubxposure test mask was designed and
fabricated to demonstrate this capability. A pitél2.6 m was chosen to remain close to
the diffraction limit, whileF,, was increased to 0.6 andS was assumed to be 0r#
(both values relaxing previous mask tolerances)ly ®@quare pixels were chosen for this
demonstration, yet the results can be scaled tadecrectangular pixels as well. The

square pixel dimensions used and their correspgridinalues are shown in Table 2.2.

Table 2.2: Pixels and percent transmissions used double exposure experiments, with 2.6m pitch.

Pixel Size Tr
2.6 0%
1.8 52.1%
1.6 62.1%
1.4 71.0%
1.2 78.7%
1.0 85.2%
0.8 90.5%
0.0 100%

Note that pixel sizes of 2.1 and 0.0m correspond to completely opaque and
completely transparent areas, respectively. Assgrll gray levels could be reproduced
in photoresist, using a single exposure would teal8 distinct levels for use in structure
design: the full photoresist thickness, 6 intermagglgray level heights, and no remaining

photoresist. Each size pixel was arrayed to mak@ r@ by 200 m pads that were
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arranged in columns by pixel size, creating a sgjuaatrix of gray-scale pads with
identical columns. This square matrix was thereadpd with a 90° rotation, as shown

below in Figure 2.9, and placed on the opposite sica single mask.

1 2

Figure 2.9: Schematic of the mask layout for the deble-exposure experiment, where each column (or
row) corresponds to gray-scale pads using a singbéxel size and constant pitch.

A silicon wafer was prepared with the standard gregle lithography process
outlined earlier, with the exception of the expesstep. Rather than a single exposure of
say 1.5 seconds to achieve the correct dosagevafex was exposed in two steps. The
first exposure corresponds to the pattern in Fi@u®e The mask was then removed from
the system and rotated 180°. After rotation, the trthogonal columns of gray-scale
pads overlap, so that during the second exposurepnaplete matrix of exposure

combinations is create, resembling Figure 2.10.

180° rotation
between exposures

.
H
i
3

Figure 2.10: Schematic of exposure matrix after 18Qotation of mask between 2 exposures, where
the primed numbers indicate the 2% exposure pattern.
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Using simply two %2 exposures, the number of unigdposure combinations
possible with N intensity levels is?® (in this case, 32). Yet, by exposing with a
weighted exposure technique, say 1/3 and 2/3 dasésd| complement of Rintensity
levels (64) can be achieved. Figure 2.11 showssured photoresist heights for each
pad in the double exposure matrix for a combinatb®.95 + 0.55 second exposures,
plotted as a function of the effective total petdeansmissionT reg:

(Tr,” Time) +(Tr,” Time)
Timeg + Time, '

Tr, = (18)

The large points in the figure correspond to thiesels where an identical pixel was
used during both partial exposures, and thus reptdéle gray levels possible using only

a single exposure technique.
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Figure 2.11: Achieved gray levels using the doubkexposure technique with 6 pixel sizes. The levels
achieved using identical pixels for both partial egosures correspond to a single exposure technique.

Previously with single exposures, gray levels caubd be created in the higher
portions of the photoresist due to pixel limitaspmendering approximately the top % of

photoresist unusable. In addition, the spacingra¥ levels was uneven, leading to large

41



vertical steps between high gray levels. Howeiteg clear from Figure 2.11 that not
only has the number of gray levels increased, bet distribution throughout the
thickness of photoresist has also improved dramlitic

The power of this technique is easily realized when consider that the pixel set
used for this demonstration was limited to 6 squaxels with conservative spacing.
Simply extending the initial pixel set to includé pixel permutations should result in
>200 gray levels in photoresist, covering the mgjoof the photoresist thickness. It
must also be reiterated, that these improvememsaltdbe achieved without sacrificing
any horizontal resolution.

While the design of an optical mask becomes mompticated when using the
double exposure technique, empirical modeling simib the Gaussian approximation
method described in Section 2.3.1 should be passibl automate the process.
Depending on the required horizontal and vertiesolution required for a particular
application, the double exposure technique may @y not be necessary. However, the
flexibility to create 3-D structures in this expa&addesign space lends further weight to
the importance and significance of gray-scale tetdgy as an enabling tool within the

micro-fabrication and MEMS communities.

2.4. Pattern Transfer
Once a variable height photoresist structure iateg® it is subsequently used as a

mask during a plasma-etching step to transfer dteeqm into the underlying substrate
material. For shallow structures (<if), reactive ion etching (RIE) can be used, while
for deeper structures in silicon, deep reactive @ohing (DRIE) has become the

dominant technique. The following sections willsdebe the basic DRIE process and
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how the gray-scale pattern is transferred intocaili A detailed etch selectivity
characterization for controlling the amplificatiohthe photoresist structure into the final

3-D silicon structure will be presented.

2.4.1. Deep Reactive lon Etching (DRIE)
Robert Bosch GmbH established the basic DRIE pso@@sl996 [99], where

cycles of etching and passivation are used to erdaep, vertical, high aspect ratio
features in silicon. Much research has been degarding the various processes at work
in the plasma, including [34, 100-107], so the bageration is only briefly summarized
below. The remaining focus will be on its applicatto gray-scale pattern transfer.

The starting material is typically a silicon wafetterned with a masking material
such as photoresist or silicon dioxide. A shocdhetg step is first executed using an
inductively coupled plasma (ICP) containings&nd sometimes Ar or {yases). This
etch is relatively vertical over small depths (Usualnm), however there will be a
limited amount of isotropic lateral etching of tei#icon. A passivation step follows,
where GFggas is cycled into the chamber to create a confor@flan-like film over the
entire surface. When the etching step is repeditedpassivation layer is preferentially
removed from horizontal surfaces by charged ionghe plasma, allowing vertical
etching to continue. Simultaneously, this passivatayer temporarily protects the
silicon sidewall from further etching by F ions aratlicals. Etch and passivation steps
are cycled until a desired etch depth is achiemetie silicon, resulting in a deep vertical
etch with slight scalloping on the sidewalls, aswh in Figure 2.12. Etch rates of 1-

5 m per minute are achievable.
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Sidewall
scalloping

Figure 2.12: Cross section of a silicon trench faliwated using DRIE, where the sidewalls exhibit
slight scalloping due to the cyclic nature of theteh.

During the DRIE process, the masking material muianeously etched along
with the substrate. However, the etch rate of mhasking material, in our case
photoresist, is many times lower than the etch ehtglicon. This ratio of the silicon to
photoresist etch rates is referred to as thieh' selectivity Etch selectivity for a
photoresist mask is typically around 60 to 1, usuatitten as 60:1 or just 60Whitley et
al [6] briefly demonstrated and received a patenthentransfer of gray-scale structures
into silicon using DRIE in 2002, showing simply th@aning the cycle times could
produce sidewall facets with sufficient quality fibreir optical devices. However, full
characterization of the etch selectivity within &JIE system is required for gray-scale
technology as the difference in the etch rates éetwthe two materials amplifies the
vertical dimensions of each gray-scale structure.

Figure 2.13 shows an example photoresist wedge silican substrate. As this
wedge is etched in a DRIE process, any exposecbsilwill etch quickly, while the
photoresist nested mask etches more slowly (théoptmist is primarily etched by ion
bombardment). As the etch proceeds, the photoresige will slowly recede, exposing
more silicon to the high etch rate plasma. Thesferred gray-scale structure will retain

its original horizontal dimensions, while the veali dimensions are amplified by the etch
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selectivity. Therefore, etch selectivity contrslan absolute necessity for the fabrication

of precise 3D structures in silicon.

Photoresist

(b)

\Silicon

P

()

Figure 2.13: (a) Initial sloped photoresist structwe on silicon. (b) Sloped pattern begins to transfe
into the silicon with a particular selectivity. (¢ Final structure in silicon retains lateral dimensons
while vertical dimensions are amplified by the etclselectivity.

2.4.2. Selectivity Characterizations

Precisely controlling the vertical scaling of thieoporesist into the final silicon
structure (i.e. etch selectivity) during DRIE iseoaf the major challenges in the gray-
scale technology process. Many factors contributée etch rate of both the silicon and
photoresist, and often the effects are difficultd®-couple entirely. During each etch
cycle of DRIE, the silicon is etched by a combioatiof chemical reactions and ion-
assisted etching, while the photoresist is etchyesplittering via ion bombardment.

A number of experiments were carried out to asdessffect of changing various
etch parameters on etch selectivity [16-18]. Tiaetiag etch recipe, termedhse Etch ||

is shown in Table 2.3, and consists of separatsiya®n and etch steps within a time
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multiplexed cycle. Changes were madeBase Etch Iregarding temperature, electrode
power, and silicon loading because of anticipatéects on the etch selectivity. For
example, increasing the electrode power will insesthe rate at which the photoresist is
sputtered from the surface due to ion bombardnuanising a corresponding decrease in
etch selectivity. These results were presentedare detail in my Masters Thesis [18],

but are summarized in Table 2.4.

Table 2.3: DRIE process parameters for Base Etch I.
Ste Ar C4Fs Sk | Pressure Water Electrode | Time
P (sccm)| (sccm) | (sccm)| (mTorr) | TempfC) | Power (W)| (sec)
Passivation 40 70 0 19 20 1 5
Etch 40 0 100 19 20 10 8

Table 2.4: DRIE etch selectivity characterization esults.

Silicon Si Etch PR Etch Etch Sidewall Angle

Parameter Loading Rate Rate - ) .
(%) (Mm/min) | (mm/min) Selectivity | (Inside/Outside
Base Etch | 41 0.71 0.010 75 -0.1/-2.0
Base Etch I 57 0.73 0.016 42 -0.1/-2.0
Base Etch Il 27 0.90 0.010 92 -0.3/-2.1
Higher
Electrode Powef 41 0.71 0.013 55 -0.5/-2.2
Lower Electrode
41 0.54 0.005 103 2.3/0.4
Power
Increased 41 0.75 0.015 48 1.3/-2.9
Temperature

While the process changes described above may pke@pn many cases,
achieving extremely low etch selectivity (<20) niag difficult while maintaining other
etch characteristics, such as sidewall profile. afternative approach for coarse tuning
of etch selectivity was also developed that usemtmmmediateOxygen-onlystep added

to each passivation-etch cycle [16, 18], as shaowhable 2.5. Oxygen plasma steps are
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commonly used in MEMS and the IC industry for phlesist removal, and have minimal
structural impact on silicon surfaces. But by adda short Oxygen-only plasma step to
each cycle, a thin layer of photoresist is removkding each cycle, effectively

increasing the photoresist etch rate. The silie@ch rate should remain largely
unaffected since the Oxygen plasma step is sepfoamtethe etching portion of the time-
multiplexed cycle. By modulating the length of tkixygen-only plasma step, the
amount of photoresist removed during each cycle, laence etch selectivity, can be

coarsely controlled, as shown in Table 2.6.

Table 2.5: Modified Bosch process using an Oxygemly step for etch selectivity reduction.

Ste Ar C4Fs Sk O, | Pressure Chamber E::()e(t):\tl\r/g?e Time
P (sccm)| (sccm)| (sccm)| (sccm)| (mTorr) | Temp(C) (W) (sec)
Passivatior] 40 70 0 0 19 20 1 5
Etch 40 0 100 0 19 20 10 8
Oxygen- | 4q 0 0 70 19 20 8 0-6
step
Table 2.6: Modulating the length of the O2 etch sfecoarsely controls resulting etch selectivity.
Etch Length of @Step (sec) Etch Selectivity
1 0 70.4
2 2 37.2
3 4 25.6
4 6 13.7

The etch recipes and trends seen above are inténdedve as guidelines for etch
development of specific structures. It must alsmbted that while the selectivity can be
changed over a wide range, there are nearly alwvagieoffs with other etch parameters
that may or may not be important, such as etch oatesidewall angle/roughness.
However, given the design flexibility afforded dugithe gray-scale lithography process,

it is often possible to design for an etch seldgtisange where other etch parameters are
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acceptable, and use the results above to finethm@rocess to achieve the appropriate
final 3-D silicon structure. An example gray-scaledge after being transferred into the

silicon is shown in Figure 2.14.

" FBeam Spot Magn Det WD Exp ——————————— 200pm
" 100KV 30 360x  SE 1811 ~ R

Figure 2.14: Example 200m tall gray-scale wedge after being transferred ird the underlying silicon
using DRIE [17].

2.5. Technology Collaborations

The previous sections have discussed the mechanisehénd gray-scale
technology, and the steps taken to improve andrekp@on its capabilities. Yet these
abilities and developments are best understood wdigtussing specific applications
where precisely controlled 3-D silicon structurelayp a crucial role in overall
system/device performance. The following sub-sesti briefly describe three
technology collaborations, where my research wate@aed with outside organizations

to develop and demonstrate unique 3-D silicon sires for enhanced performance.

2.5.1. Micro-compressor (ARL + MIT)
Researchers at the U.S. Army Research LaboratoRL)YAand Massachusetts

Institute of Technology (MIT) are currently devellogp a micro turbine engine device,
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towards portable power generation for the futuddieo[108-110]. The development of
such a micro-gas turbine engine requires an efficiaicro-compressor design that
preferably emulates their high efficiency macroksceounterparts, which are 3-D in
nature [111, 112]. While designing 3-D microstwes would not be realistic using
traditional micro-fabrication techniques, with tdevelopment of gray-scale technology,
the design may be driven by optimum performancdsgdher than what is achievable
with conventional fabrication techniques.

A micro-compressor based on the capabilities ofy-g@ale technology was
recently designed [111, 113], and is shown in Fegud5. This improved design has the
tops of the blades defined by the original waferfagie, while the bottom of the flow
passage is etched to a variable depth. To comphietdlow passage, another wafer
would be bonded on top for encapsulation. Thegtesalls for the base of the flow
passage to slope from 408 deep at the inner radius to 200 deep at the outer radius
(a 2mm long, 200m tall slope), resulting in a mass flow inlet tatenatio of 2:1 in the

vertical dimension.

Figure 2.15: Variable height micro-compressor desig exhibiting a 2mm inwardly sloped profile,
where the compressor blades and veins extend abave slope to a constant height.
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The first generation design, before the introducti@of the Gaussian
approximation, had a sloped photoresist height3fm; so that a selectivity of 67 was
needed. When using the base etch | from Tabla Bgight of 210m was achieved, and
the final structure is shown in Figure 2.16 [17]t is apparent that in this first
demonstration, the sloped was quite non-linear. uByg the Guassian approximation

method, a ¥ design was fabricated with a linear slope, as shdm the optical

profilometer scan of Figure 2.17.
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Figure 2.16: SEM and profilometer scan of the *f generation micro-compressor [17].
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Figure 2.17: Optical profilometer scan of the ? generation micro-compressor using the Gaussian
approximation design method.
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The final step in developing this 3-D structure wasntegration into an existing
MIT compressor wafer process flow. A nested maggk@ach was developed to create
the gray-scale slope and outer flow channels irarsee etches, thereby eliminating the
need for large single gray levels [114].

An abbreviated schematic of this process flow ievsh in Figure 2.18, while
Figure 2.19 is an SEM of the final variable heigiliton micro-compressor with smooth

outer flow channels.

1. Deposit and pattern PECVD oxide
nested mask on silicon wafer.

using gray-scale lithography.

I . L N - Spin and pattern photoresist
I O R B

3. DRIE gray-scale pattern transfer
using photoresist mask.

4. Remove photoresist and DRIE
using the nested oxide mask.

Figure 2.18: Integrated micro-compressor level wafeprocess flow using a nested oxide mask.
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Figure 2.19: SEM of a micro-compressor fabricated sing the integrated, nested oxide mask process.
At the time of this writing, the improved perforntanof variable height micro-
compressor structures has not been confirmed wtadimg platform within the micro-
engine device, largely due to the many other te@tmihallenges associated with the
project. However, our research was able to advgnag-scale technology to the point
where such geometries can be achieved with regplasing the design methods and etch

development guidelines described earlier.

2.5.2. Phase Fresnel Lens (NASA)
A phase Fresnel lens (PFL) is essentially a sniatirgy that will diffract incident

radiation towards its focus, while ideally produxia phase change within each grating
zone to concentrate all incident power into themary focus. Recently, G. Skinner
proposed a Fresnel lens-based system for astroaboliservations at hard X-ray and
gamma-ray energies [115-117]. This system wouldehtére highest diffraction-limited
angular resolution of any wavelength band, resgltina greater than $dmprovement
over current gamma-ray imaging systems. The seitgiof the proposed system would

also be tremendous compared to typical backgroumided gamma-ray instruments,
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resulting in a 1®improvement. (Improvements based upon compad$@5m Fresnel
lens-based system to that of INTEGRAL [117].) Thaiimdrawback is the inherently
long focal length, on the order of ®lkm, requiring that the lens and detector be located
on separate spacecraft and aligned appropriatlgietailed mission study indicated that
given current propulsion technology, a large fdeabth is not prohibitive [118]).

To demonstrate the superior imaging properties &fF&, scaled down lenses
were developed for ground testing at lower X-ragrgies as part of my masters thesis

work [16, 18]. The thickness (t) of a PFL, as adtion of radius (r), is defined as [119]:

2
t(r) =t,, * MOD % 1 (19)

wheret,, is the thickness of material required to produghase shift of 2 andA is a

function of focal lengthff and target photon energy)( given by:

A=a9g% | (M 0 (20)
E(keV)

Neglecting absorption effects, the lens profile @so be extended to higher phase
depths, such as 46 , etc [120]. Making a step approximation to theaiderofile leads
to an expression for the efficiency {9 of a multi-level diffractive lens, given the

number N) of steps used to approximate the profile [121}123

")

Therefore, a traditional binary lens (2 steps) hamaximum theoretical efficiency of

(21)

40.4%. For example, By increasing the numberegstsing gray-scale technology to 8,

the maximum theoretical efficiency reaches 95.0%.
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Using the photoresist profile and etch selectiviintrol methods described
earlier, silicon PFL’s with diameters as large asnim were designed and fabricated.
Figure 2.20 shows an optical profiler scan of aitated silicon PFL profile (red) along
with the designed profile (blue). The close agreeimover the measured profile,
demonstrates the precise profile control possibéngi the gray-scale techniques
developed in this research. A phasor-based prefilduation method was developed in
combination with optical profiler scans of silicB®¥FL profiles to estimate the efficiency
of the fabricated structures [18, 36]. Efficierscief >87% were obtained for 1.2mm
diameter PFL’s assuming 8.4keV photons and f=1188].[ An SEM of a 1.6mm

diameter silicon PFL is shown in Figure 2.21 [16].
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Figure 2.20: Measured silicon PFL profile comparedo the ideal case, with efficiency >87%.
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Figure 2.21: SEM of a 1.6mm silicon PFL fabricatedising gray-scale technology [16].

Similar test PFL's with diameter of 3mm and 4.7mrargvfabricated on 70n
silicon-on-insulator wafers using identical designd fabrication techniques. To
minimize absorption, a backside through-wafer etels added to remove the bulk silicon
beneath each test lens. A few such lenses havefakgcated for testing in a new 600m
x-ray beam line at the NASA-Goddard Space Flighht€e[124]. Preliminary results
show prominent focusing by the lenses, however ifstgmtly more testing and
characterization is needed to properly evaluatepigrdormance of the lenses and the
beam line itself. At the time of this writing, thiresearch is being pursued by my
collaborators at NASA. Figure 2.22 is a raw datagen from a cooled x-ray CCD
camera, where each point indicates a single x-bsprmtion event. As shown in the
histograms (at bottom and right), a Gaussian-shapstibution is evident from the

collected photons.
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Figure 2.22: Raw data from X-ray beam line testingof 3mm silicon gray-scale PFL's on SOI
substrates — filtered around the k_alpha line of @opper target (8keV). Each blue point corresponds
to a single X-ray, with histograms for both axes a provided in green.

2.5.2.1. Compensated Aspect Ratio Dependent Etching (CARDE)
My research on silicon PFLs with decreasing ridgelthv and focal length

revealed that aspect ratio dependent etching (ARBE) 102, 106] caused significant
changes in overall profile accuracy, as small redgelarge radii did not etch as deeply as
larger ridges towards the center [16]. This probles expected to limit future PFL
efficiency because the annular ring created by e@gfe has an identical collection area,
so the accuracy of small outer ridges dominates P&iformance. Since gray-scale

technology is already being employed to define teetical dimensions of the PFL
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features, a photoresist biasing technique using-geale lithography was created to
counteract the subsequent ARDE. Specifically, dicad bias was introduced to the
design of variable-height photoresist nested mdsk$ocally modulate etching time
according to feature size and pattern density, ticrgaa compensated aspect ratio
dependent etching (CARDE) process [36, 125].

The conventional, or uncompensated, PFL profilekitess profile(r), given a

desired focal length of 17.1m and 6.4 keV photoas, be defined as [36]:
2

r

t(r) = PR xMOD
(1) = PR 8142

(22)

which normalizes the periodic modulo function tce tmaximum photoresist height
(PRnay available in the design. An investigation of Btjan 22 reveals that as the radius
increases, each ridge becomes thinner and thus lhigber aspect ratio.

For the CARDE PFL, a compensating functio(r)) was introduced to the above
design. Since the widths of the PFL ridges stgadiicrease as the radius increases, a

linearly decreasing compensation function was dgeedimplicity:

dar)=- % r+a, (23)

ax
whereRyax is the radius at which no compensation will beduged  is the maximum
normalized offset in the center=Q0) of the PFL. The compensation function is then

incorporated into the thickness profile of Equatiih

r
81442

An example of the normalized compensated and uneasgied PFL profiles is

t(r)= (PR, - d(r))xMOD 1 +d(r). (24)

shown in Figure 2.23. The large, fast-etching egl@t the center of the lens are now
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defined using higher gray levels (i.e. thicker mhesist). These large central ridges will
begin etching after a delay, while the thin outeiges will begin transferring into the
silicon immediately, effectively getting a headrstaAt a certain point later during the
etch, the large central ridges will catch up to tihi@ outer ridges and a consistent etch
depth/ridge height will be achieved. This behavw#confirmed in the two silicon PFL
profiles shown in Figure 2.24. For the uncompess$atase, the ridge height/depth

decreases at large radii as the aspect ratio iseseaHowever, for the CARDE case, a

consistent ridge height/depth is achieved.
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Figure 2.23: Normalized ideal and compensated PFL hotoresist profile, showing the linearly

decreasina compensation function.
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Figure 2.24: Silicon profiles measured using an omal profiler for an (a) uncompensated and (b)
compensated PFL design. The latter has differentidth ridges with the same height/etch depth.
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Using the profile evaluation method developed i8,[B6], we calculated the
efficiency of ridges at the edge of 1mm PFL prafile>400 m) for both compensated
and uncompensated PFL designs to be 55% and 54peatively. This similarity at the
edge of the PFL is expected since the small oidges receive no compensation. Note,
these calculated efficiencies also easily exceedntaximum theoretical efficiency of a
binary Fresnel lens profile (~40%) that would besgible using planar fabrication
techniques. Optical profilometer scans were taiear the first 4 ridges (r=0250 m)
and their efficiencies calculated. For the unconspgéed profile, an efficiency of only
43% was calculated for the center of the PFL, whilealculated efficiency of 80% was
measured for the CARDE PFL. Thus, by introducing tompensation function to the
PFL design, the calculated efficiency for the CARBEL was almost twice as high as
the uncompensated PFL.

This photoresist biasing technique clearly offérs &bility to control the vertical
dimensions of a 3D silicon profile despite changeseature size that causes different
etch rates across the pattern. Such a techniquid be utilized for the integration of
gray-scale structures with silicon-on-insulator (B&rtuators, since electrostatic MEMS
actuators often incorporate a wide range of featires and over-etching of large

features, gray-scale or otherwise, may be unddsirab

2.5.3. 3-D Substrates for Packaging (Toshiba)
Researchers at the Toshiba Corporation (Corporaaufdcturing Engineering

Center, Yokohama, Japan) desired to reduce theo$iteeir metal-oxide-semiconductor

field effect transistor (MOSFET) relay — a switohidevice for small electrical signals
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commonly used in measurement equipment. Thereforeew, smaller MOSFET relay
package configuration based on a 3-D silicon sabstwas proposed and demonstrated
using gray-scale technology at UMD [126, 127].

The outline of a conventional MOSFET relay packaj®mwn in Figure 2.25(a),
contains three separate devices: a light emittimgled (LED), the MOSFET, and the
Driver chip. Traditionally, the chips are connetctey wire bonding and the package is
shielded by plastic molding. The proposed relaykpge, at approximately one-half the
size of the conventional package is shown in Figugs(b). The combination of a 3-D
silicon substrate (in place of the lead-frame) diwolchip bonding to connect the
MOSFET and Driver chips enables more dense pacinigpe components to reduce

overall package size by 50%.

LED Silicone Resin

Si Substrate Gold Bump

Gold Wire

Lead Frame Driver Chip MOSFET
(a) (b)

Figure 2.25: Schematic cross-sections of (a) thera@ntional MOSFET relay package, and (b) the
proposed MOSFET relay package utilizing a 3-D silion substrate.

The new design requires a tall, sloped silicon éulgat must be metallized to
provide electrical connection between the basehefdubstrate and the second vertical
level containing the Driver chip. Wiring of largsptropically etched surfaces has been
demonstrated bysharma et al[128], however isotropic etching in general isheat

limited in the structures and geometries that camabhieved. In contrast, gray-scale

technology can make nearly arbitrary profiles licsn at the necessary scale.
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The basic design of the 3-D substrate is showngarE 2.26. The substrate has
three primary features. First, backside electraatesconnected to the substrate surface
using large through-hole interconnects. Second, laxge bulges are used to provide a
vertical platform for attaching the Driver chip afeothe LED. And third, electrical
connection between the top and bottom of the bukyascomplished by patterning wires

on a large, sloped surface on the side of the bulge

Bulge

Y 4 -
“1 / Silicon Substrat
licon substrate
Slope __~—7 /\/
-V =

Metal Wiring

Backside Electroder _ '\
Through Hole

Figure 2.26: Schematic of the MOSFET relay 3-D sulbsate incorporating two bulges with sloped
wiring and through-hole interconnects.

The major fabrication challenge is to optimize fray-scale technology process
to achieve sloped wiring connections between mleltipvels vertically separated by
>100 m. The primary concern for developing sloped ienects is the surface
morphology of the slope, since a single large stapd prevent electrical continuity.

Using a minimum spot size &=100nm as the increment in pixel width or
length, a set of >50 pixels was created for a ptttB.0 m on the mask. Using a fixed
increment in pixeidth creates a change in pixel area proportional tlertgth( Area =
Increment x Length), and vice versa. Thus, thetebg a large increment in pixel area
between two large pixels, creating larger gray llesteps at the top of photoresist
structures (this was also apparent previously gufd 2.11). Since a single gray level

step of only a few micrometers could prevent eieatr connection down the tall
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(>100 m) gray-scale slope, post-processing of the phsisireand silicon slopes was
investigated.

A hard-bake step was added to a mOversion of the gray-scale lithography
process (following the development step) in annaptteto cause limited photoresist re-
flow and improve the smoothness of the slope. EiquR7 shows profilometer scans of

two photoresist structures before and after thd bake step.
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Figure 2.27: Profilometer scans of (a) gray-scalehptoresist slope and (b) planar structure, before
and after a hard bake step. The gray-scale slopeesbomes remarkably smoother, while the planar
structure loses some dimensional accuracy.

In the case of the gray-scale slope, Figure 2.2%fe bottom of the slope is
initially quite smooth, while the top of the slopentains gradually larger steps due to the
constant pixel increment discussed earlier. Affter hard bake step, the photoresist re-
flow has significantly improved the smoothness led entire profile. However, Figure
2.27(b) shows a large planar structure before aiter ahe hard bake, where the
photoresist horizontal dimensions and sidewall ifgdfave changed. The dimensional
change of 15-20m for this large planar structure is acceptabletfe MOSFET relay

substrate, as only large planar structures arenefduring this step. However, for
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applications requiring strict planar dimension cohtthe photoresist re-flow method
may be inappropriate or require further optimizatigsuch as tailoring baking
temperature and/or time). The change in photdregiewall profile (no longer vertical)
may also result in rough silicon sidewalls due @skerosion during the DRIE step.

These photoresist profiles were subsequently tearesf into silicon, where the
average roughness on the gray-scale slopes imrabdéafter DRIE was measured to be
less than 50nm. Simple post-processing steps, adgcisotropic plasma etching and
thermal oxidation, have been used to further imprtwe sloped surface morphology.
Alternative methods, such as hydrogen annealin@][12ould be used for dramatic
smoothing of the silicon profile if desired.

The final step in developing 3D sloped interconsegas to define metal traces
on the slope and verify electrical continuity. A/Au (60nm/300nm) layer was
evaporated over the entire substrate. Since thstsie has already undergone DRIE,
photoresist spray coating was performed at the ibasiCorporate Manufacturing
Engineering Center in Yokohama, Japan to coat thaptex topography. Contact
lithography was used to pattern this photoresistriand wet etching removed the excess
metal, leaving various metal traces on the 3-D sates as shown in Figure 2.28(a).

Electrical continuity was verified between the tafghis 170 m tall bulge and the
bottom of the etched open area, using standardrwabbes. These results confirm that
the final gray-scale silicon slope was sufficiengiyooth for even a thin (360nm) metal
layer. Figure 2.28(b) shows example IC’s aftep-tthip bonding, demonstrating the

ability to interconnect multiple IC’s at differeatevations on the same substrate.
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Figure 2.28: (a) Silicon substrate with patterned ratal traces providing electrical contact between th
two levels. (b) Flip-chip bonding of multiple IC’sillustrates the potential configuration for a
MOSFET relay.

2.6. Conclusion
This chapter has reviewed the research performedthen core gray-scale

technology process, an attractive and flexible tbdtbrication technique capable of
creating variable height structures in silicon gsasingle lithography and etching step.

Developments presented include precise 3-D phastrpsofile design techniques, and
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etch selectivity characterization for controllingetvertical amplification of photoresist
profiles into final 3-D silicon structures. Multg applications were pursued as
collaborations on this technology, where the dgwetbtechniques were shown to be
effective and precise. This research has laidfé@dation for gray-scale technology
serve as a platform technology for 3-D MEMS actud@velopment, towards improving

device performance and enabling unique actuatoa\neh
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CHAPTER 3: ELECTROSTATIC COMB-DRIVES
USING GRAY-SCALE TECHNOLOGY

3.1. Introduction
As discussed in previous chapters, the majoritfabfication techniques used in

the area of microelectromechanical systems (MEMS®) @anar technologies. While
myriad MEMS actuators have been developed usimngettechniques, the design space is
severely constricted due to fabrication limitation$hus, actuator designs must often
compromise between desired performance and thityaioilbe fabricated. In particular,
electrostatic MEMS actuators are extremely seresiiivtheir surrounding geometries, so
the ability to design with 3-D structures, can offesignificant performance advantage.
This chapter will review the basic mechanisms atkwia electrostatic MEMS
comb-drives, as well as highlight the areas whenprovements can be made by
incorporating 3-D components. Novel methods foirtg comb-drive performance using
gray-scale technology in both the comb-fingers #mel suspension structure will be
discussed. Comb-drive actuators with 3-D combdisgand reduced height suspensions
are demonstrated that enable customized displadechanacteristics and lower driving
voltages without increasing device footprint. Tihéegrated process flow and comb-
actuators developed here will serve as a buildilegkbfor the development of tunable

resonators (Chapter 4) and optical fiber align@tsafpters 5 and 6).

3.2. Electrostatic Actuation Fundamentals
Planar electrostatic actuators, and in particutemnlz-drives, have been developed

with planar techniques by many groups [46-57]. omler to properly utilize the
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capability to now design comb-drives in the velttianension, we will first consider the
relevant equations for the planar case. Refetonigigure 3.1, two sets of interdigitated
fingers are used to form a parallel plate capacit®y applying a potentiaM) across the

capacitor, an attractive force is generated betwhenfingers causing their overlap to

increase (assume one set of comb-fingers to beesdsgd and the other fixed).

Moving
electrode
Fixed
electrode
+V

Figure 3.1: Perspective view of a comb-drive actuat.

Suspended

Figure 3.2: Schematic of a typical comb-drive actuar with fixed and suspended comb-fingers. The
suspended set of comb-fingers is often electricallyrounded to minimize any attractive force to the
ground plane below.
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The behavior of a comb-drive is typically descriligdconsidering a single comb-

pair, shown in Figure 3.2, where we write the elegiotential co-energy (W as [130]:

. _CV?

2
W, 'WZ* _CV

2 2

(25)

whereC is the capacitance between the two conductors fparticular position of the
suspended fingers. In the voltage constrained, @ssene side of the capacitor moves,
the electrostatic force involved is the positiveatsd derivative of the stored potential

energy [131]. Thus, we can write the forces inxhand y-directions:

2
F, :1 1*+W2*1 :V_ .”_Cl+‘”_C2 (26)
X v 2 Tx T
and
q(. - ) V? qC, 1C
F =— +W. = 14772 27
’ ‘HXM1 ZXV 2 Ty Ty en

Once the comb-fingers are overlapped, the contdbutf fringing fields on the
derivative of capacitance is essentially negligifl&82]. Thus, the capacitance for
overlapping section of a single comb-finger is pftestimated using a parallel plate

approximation:

(28)

where ¢ is the permitivity of vacuum (and approximatelyttiod air), h is the height of

the comb-fingersx is the amount of overlap, ardlis the gap between comb-fingers.
First considering the force in the y-direction, wee that when the suspended comb-
finger is equidistant from both sidesi£d,), the force generated from each of the

capacitors €; and C,) will be equal in magnitude, but in opposite dires, canceling
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each other out. Note that this issue will be rigsislater in Section 3.3.3 as it relates to
instability of the comb-drive. Using the same asption ({d;=d,), the force in the x-

direction can also be calculated as:

V32 (29)

whereN is the number of comb-fingers aNds the applied voltage. For a planar comb-
drive where the height of the comb fingelh$ 6 constant, the derivative of capacitance
with respect to position is also constant. Thhs, force generated by a comb-drive is
independent of the overlap of the comb-fingers prmportional to the square of the

applied voltage.

The total displacement of a comb-drive actuatdhespoint where the generated
force and restoring spring force are equal in niagle. Assuming a linear spring
constantK), the displacement of a planar comb-driv&)(is also a quadratic function of
applied voltagey:

px =N &N
I

V2, (30)
Plugging in some example numbers from structurbgeaable with DRIE, Figure
3.3 shows a plot of the resulting displacementu®kltage curve. A few characteristics
of this graph, and comb-drives in general, shoddbted: first, displacements >10
can be easily achieved using <100V, making thisatractive technology for large
displacements at the micro-scale. Second, the gtiadelation between displacement

and voltage results in large displacements, buhatcost of significantly decreasing

resolution at large deflections.

69



50 T ! T 7

Displacement {um)

0 20 40 60 80 100
Voltage

Figure 3.3: Example calculated displacement versugoltage plot for an electrostatic comb-drive
assuming N=50, K=5 N/m, d=10m, and h=100 m.

We can define the actuation resolutioR, (in meters/volt) at a particular

displacement as the derivative of the displacemeli&ge curve at that point:

R(DX) = Ox(V)| _ 2N g, ><hV¢

(31)
™ L kd
whereV is the voltage required to causedisplacement:
V ¢= M—XDX (32)
N xg, xh
Resulting in a displacement resolution that depemdthe present displacement:
R(DX) = 2 NKL;‘:;«\/&. (33)

For applications working with optics or nanomecleaniesting, sub-nanometer
resolution may be important over large distancdsnm) [133]. Referring to the case of
Figure 3.3, the resolution at & is three times better than the resolution atr0

displacementR(5 m)=133nm/V while R(40 m)=376 nm/\.
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3.3. Tailored Comb-finger Design and Simulation
To meet a specific resolution, we see that theahotudesign can be adjusted

through many parameters (suspension, gap, etcwetdsr, in order to meet a required
resolution at large displacement, we see thatdakelution at small displacements will far
exceed that which is necessary. This means wesaentially “wasting” voltage during
small displacements of the device since we unnadbsscreated extremely high
resolution at those points. Ideally, a constasblion over the entire range would be
the most effective use of applied voltage. Thues, tesolution at large displacements
should be improved while keeping the resolutioaraall displacements unchanged.

Since traditional planar comb-drives use a congjapt between the moving and
stationary fingers, they have a constant changeajpacitance per unit length and
generate a force that is independent of the redtnger position. However, by locally
modifying the capacitance profile, the force-engaget profile can be changed, enabling
the resolution to be tailored as the displacembanges. For example, as the voltage is
increased, the generated force scaled/as If the change in capacitance (i.e. force)
decreased as the actuator is displaced, the effesgjuaring the voltagevf) would be
offset. The net effect would be the improved resoh at large deflections without over-
engineering small displacements.

As mentioned in Chapter 1, previous approachetaftmring the capacitance (and
force) characteristics have varied the gap,d(x), between the moving and fixed comb-
fingers. However, such variable-gap approachesectarge increases in the wafer real-
estate required for each comb-pair (frequently >p0%sulting in a much larger device
footprint [60, 61]. One group realized that withvariable height profileh h(x), the

generated electrostatic force can also be maddigosiependent without increasing
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device footprint. They expanded their simulatedigies to include shaping in the
vertical dimension, yet eventually conceded thatrtdesigns could not be fabricated due
to manufacturing limitations [62].

The following sub-sections describe new 3-D conmigidir designs that use gray-
scale technology to locally reduce the height ofmbefingers to alter the capacitance
profile, as shown in Figure 3.4. Such an appradmds not increase the area occupied by
each comb-pair, while enabling similar tuning ofmglacement-voltage profiles. Both
analytical and finite element analysis will be ugednvestigate the effects of shaping
comb-drive components within the constraints ofyggeale technology. To enable the
extension of these actuators to the optical figneent systems developed in Chapters

5 and 6, 100m silicon-on-insulator (SOI) wafers will be congidé.

Variable Height
Moving Finger

/

Figure 3.4: Schematic of a single variable heightoenb-finger moving between two constant height
stationary fingers to achieve tailored comb-drive tplacements.

3.3.1. Analytical Displacement Simulations (2-D)
To further establish the intuition for tailoringrab-fingers, analytical simulations

using 2-D parallel plate approximations for theam@fance were used. This method was

then extended to simulate the displacement-volbedavior of a profile given a position
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dependent capacitance chand€/dX [134]. Much of the analysis and designs will use
10:1 aspect ratios, which are readily achievabl®RIE, making the initiagap=10 m

for 100 m SOI wafers. Determining the displacement-voltelgaracteristics of a comb-
drive design starts by estimating the capacitan@aeh position of an individual comb-
pair. The device behavior is then calculated bingisan incremental method to
determine the voltages required to create smadlaiiements.

Let us consider our proposed design which locadiyes the height of each comb-
finger using gray-scale technologly, h(x). The static displacementx(V), of this
comb-drive is the point at which the generated caimbe force and the restoring spring
force are equal in magnitude. Assuming a lineangpconstantk, the displacement of a
planar comb-drive was easily described as a quadiaiction of applied voltage and
linearly proportional to the other design paranmeiarEquation 30, and is repeated here
using a height that changes with positib(x):

€, >h(x)
kxd

Dx=N V2, (34)

Looking at Equation 34, we see that by changinghttight profile of the comb-finger to
scale as the inverse of displacemdn(ix)u 1/ x) will create a relationship where both

displacement and voltage scale together quadrigtical

Dx N—)EXVZ D2 pu N-Sv2. (35)

An example of aX/ x) profile is shown in Figure 3.5. Essentially, he tlisplacement
( X) increases with voltage, the heighj (lecreases to offset the squaring of the applied
voltage. This decrease in height is analogoushéogradual increase in gap between

comb-fingers investigated by other groups [60, @it in our case the overall device
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footprint remains unchanged. Similarly, the opposiffect can be produced by creating
comb-fingers that gradually increase in height itee g¢ubic or other force/displacement

profiles (analogous to decreasing the gap).

.
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Figure 3.5: An example variable height comb-fingeprofile compared to the constant height case.
Assuming the capacitance is known as a functioposftion, an iterative method
was introduced to simulate the displacement-voltageavior of the device. First, an
incremental movement,x;, is defined. Then, Equation 34 is inverted tocekdte the
incremental voltage, V;, required to produce this incremental movemengemithe local

change in capacitance:

-1
py;? = X0 d¢ (36)
N  dx

A running calculation of voltages is then used $seamble the voltage as a function of

displacement, whereV; is typically 0.1V:

V(%) =yV(x, ) +DV? . 37)
Using a parallel plate approximation, we initialgssume the change in

capacitance with positiordC/d® to simply be proportional to the local height tbk

moving comb-fingerh(x). Figure 3.6 shows simulated displacement chaiatits for
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the height profiles shown in Figure 3.5, assuming20D comb-fingers, a gap of

d=10 m, and a linear spring constant of 5 N/m.
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Figure 3.6: Calculated displacement as a functionforoltage for designs using the constant height or
variable height comb fingers shown previously in Fjure 3.5.

As expected from the analysis presented earlierctimstant finger height profile
results in a quadratic displacement-voltage cuwigle the variable height comb-finger
profile (now possible using gray-scale technologgates a displacement-voltage curve
that stays linear. In the variable height case,ititremental movementlX) created at
large voltages is reduced giving improved resotutadf the comb-drive positioning.

While this method is used here for the simpleseazh(x)u 1/ X, it can be adapted to

any C(x) relationship to predict the correspondastuation behavior.

3.3.2. Finite Element Analysis (3-D)
The glaring difference between the planar and w&iaheight case is the

importance of fringing fields, which are neglected planar devices. Given the
dimensions and aspect ratios involved, simply reduthe height by 50% will not reduce
the capacitance at each comb-position by exactdp.50hus, our parallel plate model
must be extended to include the effects of fringiigdds on the capacitance-position
profiles to accurately predict actuator behavioingsFinite Element Analysis (FEA).

During our simulation, limitations imposed by fatation processes must be considered,
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as achievable comb-finger gaps and feature aspgoswill be fabrication dependent.
Our analysis and designs will continue to assum@ 10SOIl wafers and 10:1 feature
aspect ratios, giving an initial gap @10 mas done before.

FEA models were constructed in the FEMLAB (V3.0g&flostatics Module to
emulate a grounded, variable height comb-finger inppbetween two stationary comb-
fingers (held at a potential of V=1 Volt). The leior of a device with N comb-pairs
was estimated by multiplication. Top and side visghematics of the basic model
geometry simulated are shown in Figure 3.7. Wh{lu 1/ x profiles were discussed
earlier for intuition, it will be shown that fringg fields cause a height step to act in a
similar manner. All comb-fingers were 10@ long with a maximum height of 106n.
The moving comb-finger has an initial I full-height section, followed by 85n long
section with a reduced constant height, A ground plane was included 1@ below the
comb-fingers to simulate a grounded substrate bel@vmoving fingers. The system
was bounded by a 3mm by 3mm grounded box. A mestaming approximately 200K

elements was found to be sufficient to ensure cgeree of our solution.

15 m

100 m

A
v

100 m 100 m
(a) Top View (b) Side View

Figure 3.7: (a) Top view and (b) side view schemas of the FEA models built in FEMLAB. The
moving comb-finger has an initial full-height secton, followed by a section with reduced height
(simulating a single gray level).
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Rather than solve the Laplace equatidii\( = 0) directly, FEMLAB was used to
minimize total system energy in order to find thedtage distribution. This distribution
specifies the electric field, and therefore electmergy density, in each discrete element.
By integrating over the volume, the total electpiotential energy of the system was
obtained. The capacitance is then calculated ukisgotal electric potential energy and
the applied potential of 1V in Equation 25. TheAF&tmulated capacitance as a function
of comb-finger overlap is shown in Figure 3.8 faalues ofH = 100 m (planar),
H=40 m, andH=10 m. While the absolute value of capacitance willdiéerent for
each case, all curves were shifted vertically twommon origin to ease interpretation.

This does not effect the force profiles since thegend only on the derivative.
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Figure 3.8: Simulated capacitance vs finger overlafor different height gray levels (H=100 m, 40 m,
and 10 m) using FEMLAB.

Using 8" order polynomial curve fits, the derivative of bagimulated case was

calculated, see Figure 3.9. These curves représemormalize force of each actuator as
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a function of position. As evident in Figure 39e planar case results in a constant force

that is independent of position, consistent with shmple parallel plate model.
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Figure 3.9: Normalized force vs. position for diffeent height gray levels. Fringing fields cause the
gradual transition. For H=10 m, the force is reduced by 75%at 40 m overlap.

From the FEA simulation results, we see that tifieces of fringing fields on the
capacitance profile are significant. If a parafidte approximation was sufficient for the
variable-height case, the normalized force profeuld resemble the stepped height
profile, h(x), shown in the side view of Figure 3.9. Howevhg fringing fields and our
FEA model are able to “see” the change in heighb&fore the reduced-height section
arrives between the stationary fingers at an opeofal5 m. Consequently, the force
profile changes gradually around the transitiompaand eventually settles to a smaller
constant value. For the case of H=d{) the total force is reduced by 75%, which should

cause a corresponding improvement in displacenesaiution of the actuator. Both the
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analytical and FEA simulated force profiles will bempared to the experimental results

of the fabricated gray-scale actuators in Secti6ril3

3.3.3. Instability Considerations
One issue that has been ignored to this pointassthbility of the comb-drive

actuator. In the analysis presented in SectioniBwas assumed that all forces in the y-
direction (perpendicular to the stroke) will cancelowever, that assumption is premised
on the moving comb-fingers beirexactly %2 way between the stationary fingers. In
reality, the comb-fingers are always slightly offiater and the force in the y-direction is

non-zero:

e, xA(DX) A/ 2 11
2 (d- Dy)*> (d+Dy)’

F,(Dx) =N (38)

WhereA( x) is the effective overlap area of a parallel plapacitor on each side of the
moving comb-finger. WhileA( x) does not explicitly take fringing fields into acow,
any capacitance value including fringing fields da@ represented as an equivalent
parallel plate case ignoring fringing fields.

We can now define a virtual spring constant in yhdirection Ky.irua) as the

derivative ofF, with respect to y, evaluated at thg=0 (center) position:

F 2N xe, xA(Dx) »/
ky— virtual (DX) = . = : 3( )
Y loy=0 d

(39)

This spring constant essentially represents theuamof instability present due to
electrostatic forces. When this virtual spring stant of the electrostatic force exceeds
the real mechanical spring constant of the suspensi the y-direction K.iea), an

instability point is reached and both sets of cdingers will likely ‘snap’ together. If
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we setky.virtual = Ky-rea, W€ can find the maximum stable deflection poin&y. For the
case of a traditional, planar comb-drive, we digrte-arranging Equation 30 to be:

V2:MDX. (40)
N xg, *h

Substituting this/* expression into Equation 39 (setkaea), and using the fact that for

the planar casA(x)=h- x, yields:
_ 2Nxg, xh>xDx k., >xd>xDx
: (41)

k =
y-real d? N xg, xh

Collecting terms and solving forx, we find the maximum stable deflection point for a

traditional, planar comb-drive to be:

k - real
DX = d X [ =2 (42)
2 x- real

Thus, the maximum displacement is actually dictdtgdhe ratio of spring constants in
the x- and y-directions, rather than their absolatieie. It should be noted that the spring
constants in Equation 42 are real, instantaneolsesa While an approximation,
Equation 42 can be used as a reasonable guidelinehbosing a suspension design to
suit your desired displacement needs. Furtheudson on the design and performance
of comb-drive suspensions is provided in Sectidgn 3.

For the case of a gray-scale tailored comb-fingawever, Equation 42 is no
longer applicable. Since the height is now a fiomcbf displacement, we must write

A( x) as an integral:
Dx

A(Dx) = h(x)dx (43)

0

Making Equation 39:
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Dx
2N h(x)dx»/?
1, e, % h(x)dx

0
y-virtual

= . (44)
ﬂy ‘ y=0 d ’

Similarly, Equation 40 no-longer holds as t&Xx) relationship is now a complicated

function dependent am(x), X, kg, N, o, andd:

V2 = f(h(x),Dx,k,,N,e,,d)

(45)
Substituting into Equation 44 giv&g.iwa for a variable height comb-finger:
Dx
2N xg, x h(x)dxxf (h(x),Dx,k,,N, &,,d)
ky— virtual (X) = 0 d 3 . (46)

Given a particulah(x) profile of the comb-finger, we can solve Equatdghnumerically
for different values of displacement (explicit codegiven in Appendix A). Using the

comb-finger profiles and assumptions from Figur8, ¥, .inva Was calculated as a

function of displacement, as shown in Figure 3.10:
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Figure 3.10: Calculated virtual spring constants fo both planar and variable height gray-scale
comb-finger designs.
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In Figure 3.10 a fictitious line has been addedefaresent an arbitrary value for
ky-rea. It IS clear that a device with gray-scale vaeabeight fingers will reach this
limiting threshold earlier than a correspondingngladevice would. Such behavior is
expected from the gray-scale design because imgrogsolution was obtained by
increasing the voltage required to generate theesdisplacement. Even though the
overlap area of the gray-scale comb-fingers is lem#tan the planar case, the fact that
force scales with/’ over-compensates for the reduction in overlap.afi@aus, vertically
shaped gray-scale comb-fingers can be expectedave A net decrease in stability

compared to traditional planar comb-drive designs.

3.4. Reduced Height Suspensions
While shaping comb-fingers in the vertical dimemsioan alter the force

generated by the comb-drive, gray-scale technotogy also be used to locally reduce
the height of comb-drive suspensions, for tailorsgring constants and/or resonant
frequencies. Significant research has been peddrregarding the various suspension
designs possible for electrostatic actuators [58:54, 135]. The ‘folded-flexure’
suspension design, shown schematically in Figurg, 3s one of the simplest designs and
has a relatively high compliance in the directidnihe stroke, while providing stability in
the direction perpendicular to the stroke (i.egéar xnay. The approximate spring

constant in the direction of motioksuspension Of the ‘folded-flexure’ design is [50]:

_ 2Ehb’

Suspension™ | 3

k (47)

whereE is Young’s Modulush is the spring height,is the leg length, anldis the width

of each leg. For planar designs, the spring cohssausually changed by adjusting the
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spring length (at the expense of increased dewiea)aor the spring width (at the
expense of higher aspect ratio). However, graljesesghnology offers the possibility of

tuning the suspension without increasing devicea areaspect ratio.

A

anchor

stroke >

Figure 3.11: Top view schematic of a ‘folded-flexws’ suspension.

Assuming that the leg widthn, is limited to some minimum width, modulating
the suspension height is the only method for deomgsksuspensionWithout increasing
device area (i.e. length). Reducing the thickradsthe entire device would reduce the
spring constant, however this simultaneously reslibe force generated by the comb-
drive in an identical ratio, offsetting the effgstee Equation 29). By fabricating the
suspension using gray-scale technology, the sphieight may be reduced without
changing the comb-drive force, resulting in largisplacements at corresponding

voltages. The change in spring constant will @aose a change in resonant frequency,

% — /kSuspension. (48)
Ifnresonator
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For the devices discussed later, the suspension imagpproximately 18% of the entire
resonator masshesonator HOWever, since the beam velocity varies alomgléimgth of the

suspension, it should be described with an effeathassr). For a simple cantilever

beam,m = 024xm [136], making the effective mass of the springseioto 5% of the
overall mass, of which only part is removed by @dg the suspension height. Thus,

Equation 48 can be used for reasonably accuratkgtions of resonant frequency shifts.

3.5. Fabrication
In order to integrate 3-D structures within an #lestatic MEMS actuator, the

gray-scale process must be developed as part dparopriate process flow. The
fabrication process developed in this work, andimed in Figure 3.12, is based on
silicon-on-insulator (SOI) technology, where a csih dioxide sacrificial layer is
sandwiched between two crystalline silicon subssraf customized thickness.

Metal liftoff is first used to pattern contact pamisd alignment marks. Gray-scale
lithography is then performed in a projection lignaphy system (GCA-Ultratech) at the
Laboratory for Physical Sciences (LPS) using a ifipatty designed gray-scale optical
mask. DRIE is used to transfer the planar andabéeiheight structures into the silicon
simultaneously. As discussed in Chapter 2, thk sétectivity is controlled to properly
define the vertical dimensions of eagnay-level in silicon. Before removing the
remaining photoresist, the wafer is dipped in lnaffiehydrofluoric acid (BHF 1:6) to
remove the sacrificial silicon dioxide layer. Swoakin successive solutions of isopropyl
alcohol (IPA) enables released structures with@rtifscant stiction problems due to its
lower surface tension. Oxygen plasma is used fip siny remaining photoresist.

Explicit process details are given in Appendix B.
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1. SOI wafer 2. Pattern Metal contacts (Al) 3. Gray-scale Lithography

F A rs s r A r s rrs]

4. DRIE pattern transfer 5. Oxide etch release (BOE) 6. Remove photoresist

[ i 7 [l

Figure 3.12: Integrated process flow for creating lectrostatic MEMS actuators with 3-D suspended
components.

An initial SOI device layer of 100n and a buried oxide layer of & were used,
where the device layer was chosen to be approgdoaterther extension to the actuation
an optical fiber (125m in diameter) later in Chapters 5 and 6. It ipemative to note
that this 3-D actuator process flow is no more clexphan the planar case, although
each step must be precisely controlled to prodoealésired results.

The design and fabrication challenges for such agsvifall into two main
categories: optical mask design and DRIE contrbbr designing the optical mask, a
small offset was introduced between the desirattire edge and the pixilated design,
according to the characterization of Section 2.3dr variable height comb-fingers, this
offset was very important to ensure that the gafvéen fingers was constant. For
DRIE, it was necessary to control the etch selggtwhile etching high aspect ratio
structures (10:1) and combating aspect ratio degr@netching (ARDE), as discussed
previously in Chapter 2 [34]. In the case of vialgaheight comb-fingers, this means the

etch selectivity inside the fingers is differerdarfr that in open areas. By using the buried
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oxide layer as an etch stop, over-etching of tmepta was used to further etch the gray-
scale structures without significantly affectingaament planar structures.

An SEM of the initial variable height comb-fingeesign after DRIE is shown in
Figure 3.13. A single gray-level 3 long and 10m high was used to remove a ‘notch’
from a planar comb-finger. It is important to nobat the roughness seen on the gray
level is easily removed with short isotropic plasetehing steps, and as such should have
negligible effect on the capacitance and devicéopmiance. Figure 3.14 shows an SEM
of a different variable height comb-finger desidteafabrication and a short isotropic
plasma etching step. The roughness is essengiatig, leaving a smooth reduced height
surface. An example of a reduced height suspen&anicated with gray-scale
technology is shown in Figure 3.15, where roughnisssanconsequential for the

mechanical properties of the suspension.

Figure 3.13: SEM of variable height comb-fingers inorporating a single intermediate gray level.
Roughness may be reduced with post-processing.
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Figure 3.14: SEM of another variable height comb-de where isotropic plasma etching leaves the
gray-scale comb-fingers smooth.

X808 37.5sm

Figure 3.15: SEM of reduced height comb-drive suspsions fabricated with gray-scale technology.
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3.6. Comb-drive Testing
The simulated static and dynamic behavior of comedactuators incorporating

variable height gray-scale features was confirmgdabricating two comb-drives on a
single wafer, where the only difference was eithrethe comb-finger profile or the

suspension height.

3.6.1. Reduced Height Comb-fingers

For the case of reduced height comb-fingers usrag-gcale technology, devices
had identical suspensions=1000 m, b=10 m), gap (=10 m), and number of fingers
(N=100). Two comb-drive devices were fabricated, one platevice and one with a
gray-scale notch (as shown in Figure 3.13). THkckon of these two devices was then
measured under an optical microscope for variousapglied voltages to compare static
deflection characteristics. The approximate spraogistant for the suspension was
extracted from the planar actuator using its mesasactuator dimensions in silicon and
analytical equations to estimate the force. Thasueed dimensions of the gaps/finger
widths in silicon were also imported into the FEMBAnodel to account for fabrication
errors. Using the iterative technique describedviptesly in Section 3.3.1, the
displacement characteristics were simulated forpgamaon to experimental results.

Figure 3.16 shows the measured displacement asctidn of applied voltage for
each of the two actuator types: planar and varidigight (with gray level height of
40 m). The behavior of the planar actuator is acelygtredicted using simple parallel
plate approximations for the capacitance. Forvidmgable height comb-finger case, we
see that the parallel plate model first over-estamathen under-estimates the actual

displacement. However, the FEMLAB capacitance rhaeng with the iterative
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displacement calculation method was able to acctamntringing fields and accurately

predict the displacement behavior of the varialeligit device.

40
Planar - Parrallel Plate
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----- Variable Height - Parrallel Plate A
301 Variable Height - FEMLAB /
a O  Variable Height - Measured
2 A :
% A T
IS 0
g 5
]
= | 0
K .-
a -
T

120 150

Voltage (V)

Figure 3.16: Measured displacement with simulatedasponses for comb-drives incorporating planar
or variable height comb-finger profiles (40 m tall, 30 m long gray-scale section). FEMLAB models
are able to accurately capture variable height comtlrive behavior.

A summary of the actuation magnitudes and resalatioom the data in Figure
3.16, is shown in Table 3.1. For the planar c#se,amount of displacement achieved
over the final 50V idarger than the displacement achieved over the first 1Q@<all
that comb-drive force scales witt). However, for the variable height case, the
displacement measured over the final 50V is actuataller, leading to a significantly
better resolution at large displacements (227 vs184/V) compared to the planar case.
Looking back to Equation 33, we see that a plantrator could offer similar resolution
at 20 m displacement by increasing the spring constam #.2 N/m (measured) to ~9.6
N/m. However, the voltage required to cause +2@isplacement using the new spring
constant would increase to 177V compared to theabkr height device that requires

only 140V.
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Table 3.1: Displacement and resolution data for bdt planar and gray-scale comb-finger designs.

Incremental Displacementf) Resolution (hm/V)

0 100V 100 150V @5m @20 m

Planar 14.6 17.8 141 344

Variable Height

(Gray-scale) 115 10.5 126 227

These results confirm that our iterative technignd FEA models can be used to
accurately predict the static deflection behaviovariable height comb-drives fabricated
using gray-scale technology. It should also besdidahat these improvements were
achieved with a conservative design. Devices \ather gray level heights (than the

40 m device discussed above) should show even stroagponse.

3.6.2. Reduced Height Suspensions
A second set of comb-drive actuators were desigmeldfabricated with identical

planar comb-finger layouts to investigate the dffexf locally reducing the height of the
suspension structure. By using gray-scale teclgyoto reduce the suspension height,
the spring constant should be reduced proportipnailih the height. This modulation
comes without effecting the generated comb-drivedpresulting in a net increase in
displacement for a given voltage.

Static displacement measurements were made usingpplizd voltages under a
microscope for two devices with identical lengths 1000 m) and widthsf=10 m), but
different heightsh=100 m (planar) anch~30 m (variations from gray-scale uniformity).

The resulting static displacement measurementshemen in Figure 3.17.
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Figure 3.17: Measured displacements for comb-drivegsing planar or gray-scale suspensions.

By using the measured comb-finger widths/gaps ardliel plate approximation
for the force, the spring constants were estimaidae 7.7N/m for the 100n tall planar
suspension and 2.3N/m for the 30 tall gray-scale suspension. Referring back to
Equation 47, we see that the spring constant shemake with the height, and in fact, our
measurements confirm that reducing the spring & 80 its original height reduces the
spring constant by an identical amount.

Another consequence of a reduced height suspedsisign is that the dynamic
behavior of the device also changes due to theceztlspring constant in Equation 48. A
Veeco Wyko NT1100 Optical Profiler with DMEMS optiavas used to test the dynamic
behavior of comb-drive devices. The Wyko usesbstsocopic white-light interferometry
to measure the position of the comb-drive durirfigeguency sweep at a particular phase.
This information was then transformed into an agpnate displacement to extract the
resonant frequency for each of the two devicesudsed above, and the results are

shown in Figure 3.18. (Note: more detail regardimg Wyko system will be given in
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Chapter 4 which focuses on the dynamic charactesizaof tunable comb-drive
resonators). Ignoring any change in resonator raassed by reducing the suspension
height (as explained earlier), the measured changessonant peakf/=1630Hz
fo=910H2 corresponds well to the prediction made usingrddhiced spring constant
and Equation 48{=891H2).

One drawback of reducing the suspension heiglitaisthe spring constant in the
vertical direction (out of the plane of the waf&)significantly decreased, leading to
difficulty releasing the buried oxide layer with wetching. This problem could

potentially be solved by using dry vapor-etch teghas [137].
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Figure 3.18: Dynamic measurements of the planar anceduced height comb-drive devices.
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3.7. Conclusion
This chapter has reviewed the basic mechanismantetlectrostatic MEMS

comb-drives. The design and simulation of combamctuators incorporating gray-
scale technology to tailor actuator properties lfaitt increasing the device footprint)
was presented using both analytical approximatiand finite element analysis (in
FEMLAB).

Multiple comb-drive actuators with reduced heigbinb-fingers and suspensions
were then fabricated and tested to experimentadiyfian the predicted behavior of
improved resolution and reduced driving voltageSpecifically, for variable height
comb-fingers, the displacement resolution at rA0was improved from 344nm/V to
227nm/V with little effect on resolution at smalldisplacements. On a separate device,
suspension spring constants were reduced from m7td/ 2.3N/m to enable lower
driving voltages, achieving >3 times the deflectadri00V.

These results have clearly illustrated the valueugsihg gray-scale technology
within electrostatic MEMS actuators to modify devidehavior without increasing
overall actuator footprint. Measurements of staimd dynamic actuator behavior
confirm that our FEA model and iterative displaceingalculation techniques are able to
accurately predict 3-D actuator behavior. Thesilte serve as the foundation for
developing the tunable resonator devices present€tiapter 4, as well as for the optical

fiber alignment systems developed in Chapters 56and
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CHAPTER 4: VERTICALLY-SHAPED TUNABLE MEMS
RESONATORS

4.1. Introduction

Micromechanical resonators have received signifieatention over the past 20
years due to their applications in thin film chaeaization [138], signal processing (RF
and IF filters) [65, 67, 139], gyroscopes [68],adtestatic charge and field sensors [69],
mass sensors for bio-chemical sensing [140], abchtton-to-electric energy conversion
[141-144]. Laterally driven comb-resonators areewfpreferred due to their reduced
damping and large travel range [49]. Vacuum sgatechniques have been used to
increase the quality (Q) factor of comb-resonators2,000 in some cases [67].

This chapter is devoted to presenting an additiam@lortant application for the
variable-height comb-drive structures presentedChapter 3: voltage-tunable MEMS
resonators. Previous MEMS tuning methods will @aawed briefly, and the principle
of vertically-shaped gray-scale electrostatic gygirs introduced as a tuning mechanism.
Design and simulation of vertically-shaped comlgéirs as electrostatic springs will be
followed by testing results that demonstrate thmidirectional tuning capability of

MEMS resonators in the 2 kHz range.

4.2. Tunable MEMS Resonator Operation
Since the inception of MEMS resonators, as far baskl967 [70], the natural

progression has been towards developing tunabbmagsrs for use in tunable filters and
other frequency dependent applications. The mopular technique is the use of an
additional electrode beneath a suspended cantjlageshown in Figure 4.1, to tune the

resonant frequency down [66, 70-72, 139]. Theasidmn can be best described using the
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energy method, where the total potential energyiglihe sum of the kinetic energy of
the beam and the potential energy in stored irtuthimg capacitor [72]:

1 1 1
U==k.z"==k_z°+=CV? 49
2 eff 2 mechZ 2 ( )

wherekes is the effective spring constaltechis the mechanical spring constants the
deflection magnitude, and andV are the capacitance and voltage on the tune etkxtr
respectively. Assuming the voltage is constakintathe 2 derivative of Equation 49
yields an expression fdts, where the second term represents an electrosating
(Keted):

1 9%C

keff =k + kelec = kmech + EF

V2, (50)

mech

For the cantilever example in Figure 4@,can be approximated as a parallel-plate

capacitor using the electrode ardy @Qap (l), and dielectric constant of air):

€A
= (d(i—z) . (51)
Combining Equations 50 and 51 yields:
€A
keff— ParallelPlate — kmech - ﬁ 2 (52)

The major drawbacks of the parallel plate tuninghtéque are that the electrostatic
spring strength depends on the magnitude of vitmadf the cantilever and the initial gap
(d), which is dependent on the tuning voltage [7Rhus, the tune and actuation voltages

are inherently coupled.
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Figure 4.1: Schematic of a MEMS resonant cantilevewith drive and tune electrodes for tuning the
resonant frequency down.

Alternative tuning techniques have been developedtl todify the capacitance-
position relationshipC(x) for in-plane resonators; de-coupling the actuatiod tuning
effects, and enabling electrostatic tuning of taeonant frequency either up or down.
First, so-called “fringing field actuators,” haverdonstrated tuning of linear and non-
linear stiffness coefficients [73, 74]. These @bped only over a small range of motion
(~2 m) and oscillated perpendicular to the comb-fingeentation, increasing footprint

and air damping.

kmech

y

L..

Figure 4.2: Electrostatic spring tuning via tailored capacitance-position profiles using variable-gap
comb-fingers [61].

Shown in Figure 4.2 is a tuning method using faaniliariable-gap comb-fingers

[61]. In this case, the electrostatic force isuaction of comb-finger engagement, so a
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DC voltage can create an electrostatic spring dasge displacements. Note that a
constant gap and height comb-finger should pro@deiform mechanical force along
the travel distance, so electrostatic spring wdndabserved.

Describing the variable gap situation using thergnenethod is now slightly less
intuitive (but still valid) because both the gapdasmrea of the capacitor change with
distance. Instead, we can qualitatively considerforces generated by the comb-fingers.
Applying a voltage V) to the static electrode of Figure 4.2 createglantrostatic force
in the positive x-direction on the moving fingeAs the comb-finger moves from point
“A’ to point “A,” the electrostatic force remains in the positk«glirection and the
magnitude increases, shown schematically in Figu3éa). Also shown in Figure 4.3 is
the mechanical restoring forcE{ecp) created by the spring{ecn. In a sense, the tuning
electrode “helps” pull the resonator in the x-dif@ec more as the engagement increases,
weakening the sprindkds < Kmecr). A plot of the net forceHye) in Figure 4.3(b) shows

the reducedt is valid over the range where the gap changesdistiance.

F(x) Fred(X)
4 A
A i
\\ I:elec
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< - » X < , —_— X
= \f\\\'s Kmech A
v X N v
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Figure 4.3: Graphic representation of the individud mechanical and electrostatic forces in (a), as
well as the resulting net force in (b), for a weak@ng comb-finger design.

The strength of this electrostatic spring) is voltage dependent, causing a

change irkess and shift to a new resonant frequenigy.dy:

97



f — 1 kEff — 1 kmech + kelec
tuned - ) (53)
20\ m 2p m

which can also be expressed in terms of the ofiggsmnant frequencyoj:

ftuned = fO] 1+% ' (54)
mech

For the case shown in Figure 4R, is taken as a negative since it is in the
opposite direction from thienechrestoring spring, essentially “weakeningi and tuning
to a lower resonant frequency. The opposite tubiggavior, a “stiffening” spring, can
also be produced by using a comb-finger design vkiee gap increases with distance.
In such a “stiffening” design, the electrostaticc® would “help” significantly in the
beginning, and then provide less help as the deflemncreased. Thus, the spring would
appear to be “stiffer” than the mechanical springstant Kert > Kmec), and the resonant
frequency would increase.

While variable gap resonators are versatile, omgagnatheir tuning ability comes
at the expense of dramatically increasing the @esize. However, as shown in Chapter
3, vertically-shaped gray-scale comb-fingers caavigle variable force-engagement

profiles over large travel ranges without incregdime footprint of a comb-finger pair.

4.3. Gray-scale Electrostatic Springs
The design, simulation, and fabrication of variabdéeght gray-scale electrostatic

springs used here are quite similar to the metlledsloped in Chapter 3. The following
sub-sections will introduce the three types of afale-height electrostatic springs
investigated in this research, as well as simutagiod fabrication results to predict their

relative spring constants.
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4.3.1. Design
As evident from simulations in Chapter 3, a veftst@p in comb-finger height

creates a smoothly varying force-engagement pr({gie Figure 3.9), of which a portion
appears to be quasi-linear and could be used atradtatic spring. Therefore, the three
designs presented here contain only a single gnesl for simplicity, and the height of
the gray level (in conjunction with the applied tagje) will determine the strength of the
electrostatic spring. More precise force-engagemprofiles are possible by
incorporating more gray levels (as will be showthvaimulations in Section 4.5).

The first gray-scale electrostatic spring desigshiewn in Figure 4.4, where the
moving comb-fingers initially engage with a redudszlght section, followed by a full
height (planar) section. Such a design is analegothe decreasing gap design shown in

Figure 4.2, and will thus be referred to as thedkening” finger design.

Engagement
Weakening /

Design

+—___Stationary

- Fingers
Moving Finger

Figure 4.4: Spring-weakening comb-finger design usg a single gray level on the moving finger.
A second electrostatic spring design is shown guid 4.5(a). The moving finger
initially engages with a full-height (planar) sectj followed by a reduced height section
some distance later. Thus, the electrostatic fdexeases as the engagement increases,

analogous to an increasing gap comb-drive desldne net effect is a “stiffening” dé.
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Figure 4.5: Spring stiffening designs using (a) sagie or (b) double vertical shaping of the comb-
fingers with gray-scale technology.

Figure 4.5(b) shows an additional novel design theattically-shapes both
stationary and moving comb-fingers. As the fingemgage in this “stiffening — double”
design, there should be a dramatic change in fascthe two full-height sections pass
each other. Since the fully engaged force willldager for the “double” design, it is
anticipated that a more dramatic electrostaticngptstiffening” effect will be observed
(assuming the change in force from max to min accoover a similar engagement
change). A variable-gap comb-finger design wowdgiehparticular difficulty replicating
the analog to this “double” shaping design sinc&vauld require shaping both moving
and stationary fingers, leading to an increasesinag footprint. It must be noted that the
electrostatic spring will be non-linear for eachtloése three cases due to their simplistic

design, a trait that will be discussed in more iledavards the end of this chapter.
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4.3.2. Simulation
The capacitance as a function of engagement &h espring design was

simulated using FEMLAB for different gray level gbts. As in Chapter 3, 10t SOI
wafers are assumed, with I8 comb-finger gaps and widths. Capacitance-engagem
data were fit with a'B-order polynomial, and the derivative taken nearhkight change
to obtain the local force-engagement profile. Tbazontal geometry of each design and

the engagement required to reach the edge hegsytare shown in Table 4.1.

Table 4.1: In-plane design specifications for res@tor designs.
Planar Section| Gray-scale Engagement to
Design Length Length Height Change
(m) (m) (m)
Weakening 85 30 30
Stiffening — Single 15 85 15
Stiffening — Double 15 85 30

A derivative of the force-engagement profile ndae height step was used to
estimate the generated electrostatic spring constivhile in general taking multiple
derivatives of polynomial fit functions can be icacate, later results will show that
derivatives in the middle of the simulated rangeafnthe height step) are able to predict
resonator behavior with reasonable accuracy. Ribtee £ and 29 derivatives of the
simulated capacitance for each type of comb-findesign are shown in Figure 4.6,
Figure 4.7, and Figure 4.8, where each line inéea specific height of the associated
gray level. The plots represent example electtiostarces Feiec - left plots) and spring

constantskgec - right plots) as a function of engagement fomale comb-finger.
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Figure 4.7: SimulatedF ¢ and ke for “stiffening—single” design with 10, 30, or 50m gray levels.
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Figure 4.8: SimulatedF ¢ . and ke for “stiffening—double” design with 30 or 50 m gray levels.
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The T' derivative of capacitance can be used in Equa®trom Chapter 3 to
obtain the force, while the"® derivative should be plugged into Equation 50 from
Chapter 4 to obtain the spring constant. In eade,cone must multiply by the number
of comb-fingers in the system. The peak valuk.gfis calculated in Table 4.2 for each
simulated design, assuming N=50 comb-fingers andmplied voltage of 100V. As
expected, lower gray levels create larger changésrce, and thus higher magnitudes of
keleo It is also clear that the “stiffening — doubl@&sign is a significant improvement

over the “stiffening — single” design (1.97 N/m \ts15 N/m for 30m high gray levels).

Table 4.2: Peak simulated spring constants for diffrent finger designs and gray level heights.

Design I—Eeir%;]t Peakke|ec($\ll\l/:n5)0, V=100
Weakening 20 -1.31
Weakening 40 -0.98
Stiffening — Single 10 1.43
Stiffening — Single 30 1.15
Stiffening — Single 50 0.69
Stiffening — Double 30 1.97
Stiffening — Double 50 1.39

As a rough comparison, we consider the geometnyired for a planar, variable-
gap model to produce tuning equivalent to the fertihg — double” design above (using
the model oflensen et d61]). For similar fabrication constraints, thepgwould have to
change from approximately 16 to 20 m over a 10m engagement length. However,
by changing the gap, the density of fingers is cedy so a device with similar footprint
will only provide 2/3 the tuning of the gray-scalevices shown above. It is possible that
a combination of variable-gap and variable-heigbib-fingers could provide even

stronger tuning effects.
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4.3.3. Layout and Fabrication
The layout of tunable gray-scale resonators isdasethat shown in Figure 4.9.

A set of 48 stationary planar comb-fingers are eated to an actuation electrode, where
the AC drive signal is applied. The “tune” eleckeoon the right side, which always
receives a DC voltage, is attached to 48 statiogeay-scale comb-fingers. The resonant
mass is made entirely of planar comb-fingers, exfmpthe “stiffening — double” design

that requires comb-fingers on the “tune” side @& tesonant mass to be shaped vertically.

500 m

A
v

Frame/
suspension

= Suspended
] Resonant Mass
Planar Comb- -
fingers ™
— DC
= Tuning
= Electrode
AC —
Actuation =
Electrode =
= GS comb-
= fingers

Suspension
Anchor

Figure 4.9: Basic layout of a tunable MEMS resonatousing gray-scale comb-fingers.
The design above was developed for simplicity, hewehere is an obvious
asymmetry of applied forces. While a small (~2®\G signal will be used on the left

side to drive the resonator, DC tuning voltagesaid00V will be applied to the tune
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electrode on the right side to maximizg, This bias will cause the device to resonate
around a deflected point (5-18). Sincekgec iS position dependent in Figures 4.6-4.8,
static deflections will effect the magnitude of #lectrostatic spring. To anticipate these
offsets, the rest position of the comb-fingers Wiased so that the pe&kec occurs after
~5 m of deflection.

All resonator devices were fabricated using the §f@ly-scale actuator process
described in Chapter 3. The approximate measuray Igvel height for each type of
device tested in the following section is showrplein Table 4.3. For comparisons with
the models presented earlier above, the simulaaigb\closest to the measured height

will be used folkeiec predictions.

Table 4.3: Measured heights of gray-scale comb-firg sections after fabrication.

Device Approximate gray level height
( m)

Weakening 10-20

Stiffening — Single ~35

Stiffening — Double ~35

4.4. Testing and Characterization
Static and dynamic characterization of all resorsatwas performed using an

optical profiler (Veeco Wyko NT1100 with DMEMS opti). As with the comb-drive
testing in the previous chapter, the resonatingsmasd bulk substrate are kept
electrically grounded to avoid pull-in forces notma the substrate. The following
sections will review the methods used to test easbnator, and to extract the resonant

frequency f) and electrostatic spring constakid) as a function of tuning voltage.
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4.4.1. Method
The Wyko NT1100 operates under the principle oftedight interferometry in

both of it's primary modes, static and dynamic.ttéta recognition software can be used
in either mode to measure relative structure mowvesnén both the horizontal and
vertical planes.

DC tests on the set of planar comb-fingers on easlonator were used to
estimate the mechanical spring constant of theensspns Krnec). Analytical equations
were used to calculate the force as a functionppiied voltage (Equation 29 from
Chapter 3), while the Wyko software was used toktthe resonator position. Thgech
is then back-calculated usifigrkmeciX. Example displacement vs. voltage measurements

are shown in Table 4.4, where the extradigdnis relatively consistent.

Table 4.4: Displacement and voltage for planar comffingers to determine the mechanical spring
constant.

Applied Voltage | Measured Position| Displacement Extracted Kmech
V) (m) ( m) (N/m)
0 135.28 0 -
20 135.56 0.28 5.7
40 136.55 1.27 4.9
60 138.03 2.75 5.1
70 139.02 3.74 5.1
80 140.23 4.95 5.0
90 141.49 6.21 5.0
100 142.91 7.63 51

Next, the dynamic measurement mode is used to rdigterthe frequency
response for different tuning voltages. In thisd@othe Wyko uses an LED that is
synchronized with the actuation signal to strolee rissonator at a particular phase of its
periodic motion. A schematic of the periodic dngyisignal is shown in Figure 4.10,

where the peak of the shifted sinusoid occurspdtase of 90°.
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Figure 4.10: Schematic of the applied voltage asfanction of phase.
To obtain the resonant frequency, we strobe theomadt a particular phase,
while sweeping the actuation frequency. As themasor passes through resonance, the
drive signal and resonator motion will undergo ktree phase shift, according to the

standard resonance equation [145]:

d - mech (55)

where is the resonator displacemeft,is the applied forceFeFgsin( t)), Q is the
quality factor, and g is the resonant angular frequency. A brief inipacshows that as
0, Equation 55 reduces to Hooke’s Law=F/knecp), While for the case of = g

(resonance) we find a —90° phase shift:

g=- 35

56
K (56)

mech

Considering this standard resonance behavior, digpgron the choice of phase
for the LED strobe, the measured resonator posusorirequency will be quite different.
Here we will discuss two primary examples: firfsg strobe phase of 90° is chosen, then

for f<<fy the measured resonator position will be at its imar deflection (during the
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peak of theVyive Signal). As the drive frequency approachgshe resonant amplitude
will gradually increase. However, at resonance,3@° phase shift causes the mechanical
vibration and LED strobe to be 90° out of phaskusl the resonator will now be strobed
in the middle of its travel range, appearing asliggde movement even though the
amplitude of vibration is maximized. As the freqag increases further to>f,, another
90° phase shift causes the strobe and mechani¢adnro be 180° out of phase, and the
measured resonator deflection is at the maximuntectedn in the opposite direction.
This sequence is depicted in Figure 4.11(a), whieeepoint that the resonator position
crosses the rest position indicates the approxipaite of resonance. Yet, the odd shape
of such a plot makes it difficult to determifygaccurately with a limited number of data

points.

Position Position
A A

V

fo f0
(@) (b)

v
v

Figure 4.11: Schematic of resonator position vs. éiquency for a strobe phase of (a) 90° and (b) 0°.
Alternatively, a phase of 0° can be used when sigothe resonator. Initially,
almost no motion is detected because the strober®déo the middle of any periodic
motion. However, as the drive frequency approadhethe 90° phase shift causes the
maximum mechanical deflection to shift to the phadwre it is being strobed. This

method creates a plot of position vs. frequencyilamio Figure 4.11(b). This second
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method is preferred for the purpose of determim@gpnant frequency because a peak
curve fit can be used to extract the center frequeri the peak with only limited data
points required. For the data discussed herepardmeterd,b,%,yo) Lorentzian fit in

SigmaPlot was used of the form:

Y=Yot————=- (67)

The quality factor (Q) of a device is often estiathtising Q=¢/ , where is
the full-width half max of the power spectrum, dr 2 of the amplitude. However, we
must remember that the Wyko records plesition of the resonator at a particular phase
for each frequency, not tleamplitudevs. frequency that is required to estimate thdityua
factor. Thus, the width of the Lorentzian fit tus data cannot be used to find Q. The
Wyko is capable of generating amplitude vs. freqyeplots, but requires a series of
nested phase and frequency sweeps that is much timeeeconsuming. However,
referring back to Equation 56 for the case &f g, we can divide the peak resonant
amplitude by the displacement caused by a DC signabtain an approximate Q. For

most resonators tested here, this method yielde*15 in air.

4.4.2. Weakening Resonator Tests
Tests of the weakening resonator design used amrM€ voltage of 30V on a

device with 10-20m gray levels and 10n wide suspension arms. The extradtgen
from static tests was 4.7 N/m. Figure 4.12 shdvesrheasured resonator position as a
function of frequency for different applied DC tagivoltages (0-80 V). Notice that as
the voltage is increased, the base of the peatsgriidually in the +x direction by ~f,

as expected from the asymmetric resonator desigiamge DC tuning voltages. As the
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tuning voltage increases, the resonant peak doiftewer frequency, consistent with a
“weakening” of the mechanical spring in Equation 53igmaPlot curve fits show the

resonant peak shifted frofgr 1594.6 Hz at \ne& 0V, tofuneqd 1442.4 Hz at \ne= 90V.
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Figure 4.12: Measured position vs. frequency for ffierent applied voltages in a weakening comb-
finger design.

To compare these tuning results to our predictioves,start by taking Oukeec
parameter from Figure 4.6 for the 20 case at each appropriate finger engagement
(accounting for the DC displacement caused hyV Using Mune and the number of
comb-fingers (N=48), the expectkgkis calculated for each voltage using Equation 50.
This result was combined with the measukggd., in Equation 54 to yield a predicted
resonant frequency as a function of tuning voltagbe measured and predicted resonant

frequencies match well, as shown below in Figuig4.
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Figure 4.13: Predicted and measured resonant frequey as a function of tuning voltage for a
“weakening” comb-finger design.

4.4.3. Stiffening Resonator Tests

For the “stiffening” resonators, we will first cader the “stiffening — single”
design. The suspension arms areriOvide and the gray-levels were measured to be
~35 m tall. The extractelly.nfrom static tests was 5.7 N/m and an AC driveagst of
20V was used. Once again, we extract ke parameter from FEMLAB simulations
and combine it withkpmech in Equation 54 to calculate the predicted new masb
frequency. The measured and predicted resonapidreies agree well and are shown in
Figure 4.14. As expected, increasing the tuninitpge causes the resonant peak to shift
to higher frequencies, indicating a “stiffening”lQf. SigmaPlot curve fits show that the
resonant peak shifted frofp= 1965.9 Hz at Wne= 0 V, tofiyneq= 2151.5 Hz at Wne=

100 V.
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Figure 4.14: Predicted and measured resonant frequey as a function of tuning voltage for a
“stiffening — single” comb-finger design.

Next, we consider the “stiffening — double” desigmhich according to our
simulations, is expected to produce even strongend) characteristics. The gray levels
were measured to be ~3& tall, but the suspension width in this case waly 8 m.
Since the suspension spring constant scales wighwidt?® (see Equation 47 from
Chapter 3), the extractdghech from static tests was only 3.2 N/m. Figure 4.h6ves
both the measured and predicted resonant frequef(uwseng FEMLAB simulations and
Equations 50 and 54) as a function of tuning vatad@he rapid increase in frequency is
larger compared to the “stiffening — single” finghsign due in part to the small@fecn
but also because of the lardgg. produced. SigmaPlot curve fits show that the maab
peak shifted fronfp = 1332.5 Hz at Vne= 0 V, tofunea= 1560.2 Hz at \he= 70 V, a

17% increase in resonant frequency.
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Figure 4.15: Predicted and measured resonant frequey as a function of tuning voltage for a
“stiffening — double” comb-finger design.

4.4.4. Tuning Summary
The previous sections have demonstrated multipfengu configurations for

stiffening and weakening gray-scale comb-fingerigles Since each device is tested
separately, and thekiechand masses are slightly different, it is helptucobmpare their
extractedkeec magnitude using Equation 54. Figure 4.16 showstiractedee. for the
three gray-scale comb-finger designs, as well asafplanar design where negligible
tuning is expected. We see that in each case dasuned and predicted values from our
model show reasonable agreement, even at highgesita

For the planar case, we observe a slight spririteisitng effect even though a
simplified model of constant height comb-fingersulebindicate no electrostatic force
gradient there. However, since the resonator laygoasymmetric (with tune fingers only
on one side), we should include the capacitor faring the comb-finger tips. For an
order of magnitude estimate, we consider the areated by the comb-finger tips as a

parallel plate capacitor, and then use the anapysisented in Equations 50-52. We find
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that a Mune = 100 V would produce electrostatic springs ondtaer of 0.05 N/m, which

is ~1/3 of the extractelfeec for the planar design. We attribute the discrepato
fringing fields that increase the effective area thfe finger tip, causing an
underestimation of the capacitive tuning. We haithis small asymmetry also caused a
slight stiffening shift in all of designs, as ewudefrom the consistent slight

underestimation in the figure.
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Figure 4.16: Extracted electrostatic spring constan(keed for the 3 types of gray-scale springs and the
planar case for comparison.

As expected from our simulations, the strongesitingd tuning is achieved with
the “stiffening — double” comb-finger design, whareelectrostatic spring of 1.19 N/m is
created using only 70 V. However, above 70 V, tesonator became unstable due to
it's asymmetric design. Thus, the largest absdlutéeng was actually achieved by the
“stiffening — single” design since it was able taintain a stablekgec Up to 120V,

resulting in an extracteklLc of 1.66 N/m. Resonator designs with tuning comlydrs

114



on either side of the resonating mass should eliteiany resonator offset induced by the
large DC tuning voltages. This would enable theigks to stay in their linear range up
to larger tuning voltages; however the versatiihd utility of variable-height gray-scale

electrostatic springs has been clearly demonstrated

4.5. Non-linear Stiffness Coefficients
As mentioned in the previous section, g created by the gray-scale comb-

fingers has a limited range over which the sprimdaves linearly. Thus, at large
deflections or large DC tuning voltages, the preseof non-linear stiffness coefficients
becomes important. An example of this non-lineahdvior for the “weakening”
resonator design presented earlier is shown inr€igul7 (un-tune&=1594.6 Hz). For
each of the 4 cases shown, the tuning voltage wiasdonstant at 80V, but the amplitude
of the drive signal was changed from 10V to 40\ ti#e lowest drive voltage of 10 V,
the tuned resonant frequency was 1472.5 Hz. ineaid system, the peak should simply
change height as driving amplitude changes. Howeke figure shows that large drive

amplitudes cause the peak to bend/creep towardwitgieal fo.
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Figure 4.17: Measured resonant peak for a single senator with a constant tune voltage of 80V, but
different drive voltages.
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In general, such a system can be described by tiffen§ equation [146]:

mX + xx + kx + gx® = bcos(m) (58)
where is the damping coefficient and represents a third-order term in the spring
constant, such that:

F =kxx|gx®. (59)
Exact solutions to the Duffing equation are not,general, available [138], but the
concept of both “hard” &0) and “soft” (<0) springs are shown in Figure 4.18. In some

frequency ranges, multiple stable solutions exust the resonator may ‘jump’ from one

position to the next as the frequency changes [E88lindesirable effect in most cases.

<0

Soft
spring

>0

Hard
spring

1 » f

Figure 4.18: Schematic of frequency response forrasonator with non-linear stiffness coefficients.
For a typical un-tuned resonator, as the resonamtlitude increases, cubic
stretching terms in the suspension spring congtetit, 148] can become non-trivial,
leading to a “hard” spring behavior [138, 146]. r&li@l plate electrostatic springs have
been found to exhibit “soft” spring behavior [14&Jn inherent artifact of their cubic

dependence on amplitude and gap from Equation 52.
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Fe|ec (a. U )

In contrast, the tendency of vertically shaped masars developed in this work is
to bend towards the origingj (i.e. a “weakening” design shows “hard” spring beba
and a “stiffening” design shows “soft” spring belmy. This occurs becausge. at the
rest position is typically at a peak value, so ¢avibrations move the resonator to regions
of significantly lowerksec and the amount of tuning decreases.

Two potential methods will now be presented to dedh these non-linear
effects. First, multiple gray levels can be usedutther tailor the capacitance profile to
extend the linear range of the electrostatic sprikgr example, Figure 4.19 shows the
simulated electrostatic force and spring constanafsingle gray level design (“stiffening
— single,” 10 m tall) compared to a multi-gray level design (thexditional 10m long
intermediate steps with heights of @, 50 m, and 30m). As evident from the figure,
the single gray level design provides a steep ahamdorce over a short distance. The
multi-gray level design provides the same totalngeain force, but it now takes place
over a large engagement distance, leading to atlsligmaller spring constant that is

more consistent with engagement.

T k T T T
— Multiple gray levels : : — Multiple gray levels
==~ Single gray level : : === Single gray level

Kelec (@.U.)

5 15 35 45 5 1

9 25 35
Engagement (m)

25
Engagement (m)
Figure 4.19: Simulated electrostatic force and spnig constant for a multiple gray level finger design
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Complex force-engagement profiles could be develogeough simulation to
tailor spring behavior, though the simulation psseés quite slow. However, a second
method for extending the linear range of electtastsprings is also briefly introduced
below. By staggering the relative engagementrmjlstgray level comb-fingers, byas
shown in Figure 4.20, the sum of appropriately spdaslectrostatic springs could be used
to create a wide linear range of operation. I8 tlase, a single gray level design can be
simulated accurately in 3-D FEA and the result rpalaited easily within a simpler

programming language (such as MATLAB).

L,

gray-scale
shaping

DN /777
Figure 4.20: Schematic of a variable-engagement cdnfinger design.
To investigate this concept in more depth, we digrconsidering the simulated
spring constant as a function of engagement fongles finger, as done previously in
Figure 4.6 — Figure 4.8. We then use the sum afynstaggered fingers to create an

arbitrarykeec€ngagement profile:

kelec(x) = kO(X - dn) (60)

whereko(x) is thekeecengagement profile of a single un-shifted finged a, is the shift
of each individual finger. For the simplest cadeshifting A fingers forward and
fingers backward by an identical amount, we have:

Koo X) = Axky (X + df) + B3, (X - d). (61)
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Thus, the problem has reduced to simply finding tweefficients,A and B, which
determine the relative number of comb-fingers \eich shift (+¢ or — g).
For example, Figure 4.21 shows a simulated eldetiiosspring without any

offset, where the magnitude &fi.. changes dramatically with engagement. However,

when an offset of =8 m is used (withAz% and B =%), a plateau >20m wide is

created where there is negligible changekda, Thus, a tunable resonator with 48
fingers (like before) would be designed with 30géns shifted forward and 18 fingers
shifted backward from a neutral point. More comgied combinations of offsets and
coefficients could be used to extend and/or taherks.cengagement profile as desired.
In some instances, this manipulation of high-ostémess coefficients may prove useful
for purposes beyond improving linearity (such asormporating “soft” electrostatic

springs to compensate for “hard” mechanical spbi@igavior due to material stretching).
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Figure 4.21:ke. characteristics possible with a binary variable-egagement design.
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4.6. Conclusion
This chapter has reviewed the mechanisms behintr@datic tuning of MEMS

resonators through modifications to the force-eegaent profile of comb-drive
actuators. Variable-height comb-finger tunableoregors were designed, simulated,
fabricated, and tested for the first time. Suckiaks can provide similar tuning to
variable-gap comb-finger designs, however withdwt penalty of increasing the device
footprint. Electrostatic springs as high as 1.1/nNusing 70V) or 1.66 N/m (using
120V) were demonstrated, with a maximum frequenicyrig of 17% of the origindb.
Although most designs discussed in this work wiiza single gray-level, simulations
were able to show that finer control of the forcgf@gement profile is possible by using
the many intermediate heights available througly-gcale technology.

As a direct result of the development and integraibf gray-scale technology
presented in the first 3 chapters of this dissertaall of the above tuning and frequency
response control is provided without increasingdherall resonator footprint. While the
resonant frequency and Q-factor of the devicesudsed were kept low, the design and
simulation principles developed can be applied tdually any of the resonator

applications mentioned previously [65, 67-69, 13&]1
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CHAPTER 5: GRAY-SCALE FIBER ALIGNER I: Concept,
Design, and Fabrication

5.1. Introduction
Alignment of an optical fiber within an optoeleatio module is a continuing

challenge in optoelectronic packaging, and oftermidates module cost [76].
Ultimately, passive alignment and packaging techesgwould be preferred for their
simplicity. Passive systems utilizing silicon wdfeards and flip-chip bonding have
reported alignment accuracies of 12 [149-151], mostly through attempts to improve
process and dimensional control (and in turn irgirga processing cost). Common
sources of error that make passive sub-micron e difficult include fiber core
eccentricity, fiber diameter, v-groove width andig¢gment, or variation in etch angle
[88]. Particular difficulty in configurations ugyrflip-chip bonding has been encountered
with non-uniform solder ball volume distribution,high can cause vertical shifts in
alignment [152-154].

Even if high-accuracy fabrication and flip-chip ldomg can be accomplished,
such tight tolerances increase the cost of proogsasnd assembly, and severely limit
throughput. For example, relaxing placement toleea from the Im to 20 m level can
increase throughput of a pick-and-place machinarbgrder of magnitude [75]. Further
complicating the drive for passive techniques, geonow report up to 3dB of loss from
only 1-2 m of axial misalignment [155]. Thus, as currengranent requirements
approach 0.2m [85], passive alignment becomes unrealistic idigas of the amount of
process control. Multi-axis on-chip methods farali alignment of the optical fiber are
therefore attractive replacements for the expenai slow macro actuators currently

required to achieve sub-micron alignment.
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The primary challenge for on-chip fiber alignmerystems is realizing both
horizontal and vertical actuation of the fiber mgpensate for shifts in either direction,
such as vertical shifts from solder ball irregulas [152-154]. Previous MEMS fiber
actuators have demonstrated multi-axis on-chipnatignt [90, 95]. However, these
systems typically require specialized fiber prepara(attachment of permanent magnets
to the fiber tip [90]) or rare fabrication techneg(LIGA [95]). Such requirements limit
their feasibility as a packaging option. In costrdhe 2-axis fiber actuator developed in
this research requires no special fiber preparatiad is realized using gray-scale
technology — a batch technique using standard MEMSpment. Thigray-scale fiber
aligner exploits the coupled motion of opposing in-plamtuators with integrated 3-D
wedges). The device creates a dynamic v-groovetr@ted via MEMS in-plane
actuators) to modify the horizontal and verticasiion of the optical fiber [156, 157].

The developed optical fiber alignment system caraa@a platform for integrated
packaging of optoelectronics devices, addressing ohthe most costly and time-
consuming aspects of mass-producing such componatagrated packaging platforms
using the chosen fabrication techniques are intigremass-producible and compatible
with electronics integration, promoting dense iné¢ign of optical and electronic
systems in a single component.

Section 5.2 will discuss the concept of operatiod &éayout of the developed
MEMS gray-scale fiber aligner. Section 5.3 willscliss the competing optical loss
mechanisms in the device which serve as guidehmesystem design. The layout and
dimensions of each actuator component are desdanb®édction 5.4, while the fabrication

and assembly of the device are detailed in Seclidnand 5.6. Finally, a brief
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demonstration of the actuation mechanism usingpgical profiler is provided in Section

5.7. The following chapter will discuss opticastiag results.

5.2. Device Concept
Contrary to traditionafixed v-groove designs obtained by wet chemical etching

[78-83, 149], the fiber alignment mechanism devetbm this research createdymamic
v-groove using opposing sloped, silicon wedge stings to hold the optical fiber in a
particular alignment location. The basic alignmergchanism is illustrated in Figure
5.1. In Figure 5.1(a), the system is “at rest’hatlhe fiber lying at the bottom of the
dynamic v-groove. However, in Figure 5.1(b), after in-plane displacement of one
silicon alignment wedge, the bottom of the dynamgroove has been translated in both
thein-plane andout-of-planedirections, altering the alignment of the opticailsa Thus,
through coupled in-plane motion of opposing wedgactures, alignment of an optical

fiber in the X-Y plane can be achieved.

% Optical Fiber Silicon Alignment
Wedge

L> X

(a)

Horizontal displacement
Vertical
displaceme
(b)

Figure 5.1: Optical fiber (a) at rest and (b) afteractuating a single wedge, causing horizontal and
vertical displacement of the fiber [156], essentiBl creating a dynamic v-groove.
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3-D and top-view schematics of the 2-axis opticherf alignment system are
shown in Figure 5.2 and Figure 5.3. A flexibleefilcantilever is created by anchoring
one end of the fiber in a static v-groove or tretadated a few millimeters away. The
static v-groove provides approximate passive aligmsuch that the free end of the
flexible fiber cantilever rests between two sets3eD shaped wedges. Each set of
wedges is attached to an in-plane MEMS actuatah s comb-drives, which provide
the requisite forces. The movement of each inglactuator allows the position of the
fiber tip to be changed; improving alignment t@eget device — in the case of Figure 5.2,
the target is a chip with a waveguide. After acimg the desired alignment, the fiber
could be secured using various types of epoxy ssipty a clamping mechanism (more
discussion on this topic in Chapter 7). It is apated that fiber tip actuation of >1
will be required to compensate for fabrication amdsembly errors within an

optoelectronic module [152].

Chip with

Optical Fiber Waveguide \
Cantilever

3D Shaped
Actuator

Figure 5.2: Concept of on-chip active MEMS fiber agnment system using opposed sloped alignment
wedges to create a dynamic V-groove. Shown withngplified suspensions and planar comb-drives.
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As mentioned earlier, the sloped alignment wedgedadbricated using gray-scale
technology. Since the integration of gray-scahm®logy with an SOl MEMS actuator
process flow has already been developed in Ch8pdéthis dissertation, only the results
of the process will be given later when the faliraais discussed. Additionally, since
the gray-scale alignment wedges are purely mechbeliements, they are not limited too

conductive or magnetic materials, as may be the icesther types of actuators.

Comb-drive —  Comb-drive
A B
A
Sloped alignment
wedges
Fiber
cantilever
v
Fixed :
(o)
Trench S~ {%&%&%‘!“ Fiber anchored

22242K

Y using epoxy

[~

Figure 5.3: Top view schematic of the 2-axis optitdiber actuator [157]. The opposing actuators are
aligned with a static v-groove trench to provide aproximate passive alignment.

5.3. Fiber Coupling Loss Analysis
The goal of the gray-scale 2-axis fiber alignetoieliminate axial misalignment

by bending the fiber to an appropriate positionowdver, bending the fiber inherently
introduces some loss as well. Thus, three prinsamyrces of optical loss, shown in
Figure 5.4, should be considered and analyzed:itlmfigal (along the axis of light
propagation), axial (perpendicular to light propémd, and angular. The coupling

analysis in this section is based on the Gaussapling model presented Rypyce and
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DeLoachin 1984 [158]; however adaptations have been dutted to specifically model
the behavior of the gray-scale fiber aligner. Thisproach requires beams to be
represented by their nearest equivalent Gaussiate nwhich while an approximation,
provides useful insight to the coupling for a varieof optical and mechanical
configurations of the gray-scale fiber aligner. eTibllowing analysis will assume fiber-
fiber coupling, but can be applied to other sowiod&/ combinations with approximately

Gaussian modes. Similar treatment of Gaussianliogugan be found in [159, 160].
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Figure 5.4: Three primary sources of loss in fibeffiber coupling.
The simplest case to consider initially is thatpoirely longitudinal separation
between two co-axial fibers, as shown in Figurgd.4 Since the optical mode is no
longer confined upon entering the gap between wheftbers, the beam waisw] will

expand as it propagates in the z-direction accgrtin

2 1/2

27

2
0

wherek=2 / andwy is the original beam waist inside the fiber cor€he termw is

w(z) =w, 1+ (62)

known as the half-width or beam waist, where theldaode of the electric field drops to
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1/e of the peak, or where the intensity drops €. 1For the simulations below, and most
subsequent experiments in the following chaptél, r@. core single mode optical fibers
were used (Corning SMF-28e), witwv210.4 m', and an operating wavelength of
1550 nmto match the preferred low loss window of optiitaérs [161].

For elliptical mode profiles, the coupling effioey () between co-axial fibers for

either thex ory primary axes, can be calculated separately td 5&|]

V2
t = (63)
2 2 %
W01 + WOZ + 2 Z 2
Total
WO2 WOl kW01W02

where wp; and wp, are the original beam waists for the input andpoutfibers
respectively, anZrqa IS the separation distance between them. Assurmiroylar
symmetry and identical input/output fibers, the gled power transmission coefficient

(TLongitudina) can be simplified to:

T =tt,=t*= (64)

Longitudiral

We can plot this transmission as a function of s#pmn to evaluate the
anticipated loss resulting from only longitudinabaration, see Figure 5.5 below. From
the graph it is clear that the magnitude of separa{z|) has a large influence over the
coupled power between fibers, and should therefmeekept as small as possible.
However, small changes %) about a certain separation have little effecttlom total

transmission T(z+Dz)»T(z ). For example, assuming only & longitudinal

placement accuracy for |z|=28, the difference in coupled power between rA0and

" Material data sheetvw.corning.com/photonicmaterials/pdf/pil446.paécessed 3/16/05).
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25 m separation is <0.08dB. As will be shown shorthys difference in coupling is
virtually negligible compared to the change in dowpthat would be caused by similar
levels of axial misalignment. Other studies halg® gshown the longitudinal axis to be

the least critical of the misalignment componemtssidered here [159, 160].

Transmission (dB)

3

0 zio 4|0 aio alo 100
Longitudinal (z-axis) Separation (um)
Figure 5.5: Calculated coupling as two co-axial sgle-mode fibers are separated longitudinally.

Thus, we can conclude that while the magnitudabsrfseparation is important,
active fiber positioning along the axis of transsios at the sub-micron level is
unnecessary. Passive techniques for fiber placemleng this axis can be utilized
instead, meaning the gray-scale fiber aligner emtrict itself to 2-axis optimization of
the more important axial and angular alignment comenmts. Ultimately, for other
devices or applications, the longitudinal fiber igos may be more important than

shown here, but positional requirements should lsél more forgiving than along the

other axes.
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For the gray-scale fiber aligner, we will assumenseaconstant separation value
(Zrota) between two fibers that are also offset both lgxiand angularly. The
representative configuration is shown schematicadlyFigure 5.6. An input fiber is
secured at one end to create a cantilever. Thdesaar has an initial axial misalignment
of Yo. The cantilever tip is then displacedy) by the gray-scale fiber aligner in an
attempt to maximize the coupled power. For theppses of this analysis, we will

assume that the misalignment in the x-directioto(the page) is negligible.

\Y Evaluation
point \ W Output fiber
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Figure 5.6: Alignment schematic for a bent fiber catilever coupling to a fixed output fiber.
The fiber cantilever lengthL] and tip displacement Y) dictate the included

angle () between the extended propagation axes of eaeh(Bee Appendix C):

g= » = (65)

For such separated fibers with an included angleJoyce and DelLoackvere able to

show that the transmissiom)(can be now be written as [158]:

2

T= TLongitudimI exp - i (66)

e

where . is an angular tolerance parameter:
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o W@, w(z)

/ /

(67)

The important aspect of Equations 66 and 67 is thatbeam waistsw) must be
evaluated at the appropriat#® [ocation corresponding to the intersection of élieended
propagation axes. Thus, we can calculate the gedfmn distance for evaluation wf(Z;

andZ,) based on the geometry of Figure 5.6:

Z, = Yo- By (68)
tan(q)
Zz = ZTotaI - Zl (69)

Strictly speaking, the path traveled by the inpatii will be the hypotenuse of the
triangle created by; and(Yo- y). However, since the angles involved will be sniail
practical lengths and deflections<Q.02 rad for L=5mm and y=50 m), Z; is a
reasonably good approximation of the path length.

Pure axial misalignment can be viewed as a speas# of Equations 67 and 68,
where the included angle becomes infinitesimallakm@ingle (=d/zasz ). Thus, as

z , Equation 63 approaches 2z/kw and Equations 67 and 68 reduce to [158]:

2

d
T= TLongitudiraI EeXp - d_ (70)
where:
d, = V2 7 (71)
1 1 7
[ 2 + 2
WOl W02

These expressions are equivalent to those derilgedvieere for the case of pure axial

misalignment of Gaussian modes [159].
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We will now use Equations 62-69 to simulate thengraitted powerT ) as a
function of fiber cantilever tip displacement anthlyze the losses corresponding to each
component. Shown in Figure 5.7 is the transmipder for a cantilevelLE5mm) with
various tip deflections. The target fiber locatibas been fixed a¥,=20 m with
longitudinal separation aZ=30 m. Also plotted in Figure 5.7 are lines indicatitigp
loss that would be caused by each type of misalegmrfiongitudinal, axial, and angular)
if they occurred independently of the other two.tricBy speaking, the three loss
components are not entirely separable. Howeverthi® geometries being considered,
Figure 5.7 suggests that (to first order) they bamualitatively viewed as components

whose sum approximates the loss behavior neamitinging peak.
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Figure 5.7: Various loss components for a single tget fiber location @ Y,=20 m.
As evident from the figure, the longitudinal losaused by 30m separation
essentially causes a vertical shift across theeerdinge of tip displacements (0.31 dB).

In contrast, the axial loss changes dramaticallyhwip deflection, where a 2n
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misalignment should cause >0.5 dB of loss. While telative sensitivity to axial
misalignment should be independent of target locatrigure 5.7 shows that the angular
misalignment loss (0.03dB foYp,=20 m) increases with cantilever tip displacement
(increasing ). Since the gray-scale fiber aligner reducesamm®unt of axial loss by
introducing a small angular loss, the locationha target fiber is extremely important as
it dictates the angular loss penalty introducedhaydevice.

Looking more closely at the angular loss penaltgufe 5.8 plots the maximum
transmission for different fiber cantilever lengthad tip displacements (temporarily
assuming no longitudinal separation). For longtitarers (10mm), the angle created by
bending the fiber tip 50m is still rather small. However, for shorter cevers (5mm),
the angle resulting from the same displacementaigel (see geometry analysis in
Appendix C), leading to more optical loss. For gamson, the loss caused by pure

axial misalignment is also shown.
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Figure 5.8: Max transmission depending on fiber catilever length and tip displacement, compared
to the loss caused by Im axial misalignment with no angle between input/otput.
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We see that a 5mm cantilever with 45 tip displacement actually introduces
greater angular loss than would be caused by &xial misalignment. This means that
for cases of short fiber cantilevers and largeedtitbns, the gray-scale fiber aligner may
not provide a significant advantage over otherraignt techniques. As a general rule,
the angular loss introduced by the gray-scale fddigner should be small compared to
the equivalent axial loss tolerance we are trymglbtain. Thus, Figure 5.8 illustrates
that this device will have inherent limitations actuation range when the length of the
fiber cantilever is scaled down.

Another way interpret the introduction of angulaisaignment is that the axial
misalignment must be improved in order to compensatd maintain the same total
transmitted power. This concept of angular/axlagnanent tradeoffs has been derived
analytically in multiple forms as an “alignment grect” of angular and axial tolerance
terms [158, 159]. Fiber splices requiring highahxesolution are insensitive to angular
misalignment, while fiber splices requiring highgatar resolution are less sensitive to
axial misalignment. As the fiber tip is deflectby the gray-scale fiber aligner, many
combinations of angular and axial losses occurusTthe power transmission curves for
anL=5mmcantilever have been calculated numerically féfledent target fiber positions
to investigate the tradeoff between tip deflect{@ngle) and required resolution (see
Figure 5.9). The loss caused by anlaxial misalignment is also plotted for reference.

As evident in Figure 5.9, target fibers locatedlage tip deflections have
progressively lower peak transmission due to irsgdaangular loss. Thus, axial
alignment resolution must improve to <t in order to surpass the equivalent ofrl

axial misalignment with no tip deflection. Tablel Sshows the maximum transmission
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and axial resolution required to achieve couplirguiealent to a 1m pure axial
misalignment. We see that for a 5mm cantilever amarget fiber a¥,=40 m, the axial
resolution must improve from in to 0.40 m to achieve power transmission equivalent

to 1 m pure axial misalignment.
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Figure 5.9: Transmitted power as a function of tipdisplacement for different target locations.

Table 5.1: Max transmission and required equivalentresolution for different fiber tip locations
(assuming L=5mm and longitudinal separation of 30m).

Target Location | Max Tra:jnsmission 1 geigﬁ%ilﬁm
('m) (dB) ()
0 -0.31 1.00
10 -0.32 0.96
20 -0.34 0.87
30 -0.38 0.72
40 -0.44 0.40

While a 1 m axial loss for cleaved fiber-fiber coupling haseb used here for
comparison purposes, the tolerances involved wellheavily device and application
dependent (e.g. coupling to laser diodes with lénvse cleaved fibers has much different

tolerances [162]). Most importantly, the precedogpling analysis serves as a guideline
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to estimate limitations of the proposed device. @msst use similar analysis to determine
what advantage the gray-scale fiber aligner camigean a specific application.

In this research, to avoid significant angular Joasd for mechanical reasons
discussed in the following section, fiber cantilesvavith L 10mmwere used. For the
lengths and deflections considered here, the radfirvature for bent fibers is >1m,

making bending losses inside the optical fiber igggk.

5.4. Design
The principle of operation of an out-of-plane atbndased on opposing sloped

alignment wedges was shown previously in Figure Branslating the alignment wedges
alters the location of a cylindrical optical fibersting within a dynamic v-groove. Since
initial embodiments in packaging applications wilquire only a single use, it is not
required that the actuator be either low-voltag&worpower, allowing a large amount of
flexibility in actuator design. Planar electrostatflEMS comb-drives will initially serve
as the actuation mechanism for translating theesl@ignment wedges. This enables the
use of the same process flow to fabricate both edrivies and sloped alignment wedges
simultaneously. Future devices could integratealde-height comb-drives for improved
displacement resolution, but such improvementbéiyond the initial goals of this thesis.
For feasibility in packaging applications, the gsoale fiber aligner should be capable of
compensating for accumulated packaging and assesnfalgs to the order of 1@n initial
misalignment [152]. The following sections discussmore detail the design of the

actuation mechanism and the design of the oppasopgd alignment wedges.

5.4.1. In-Plane Actuators (Comb-drives)
Design of the in-plane electrostatic MEMS actuatail largely focus on

achieving the desired fiber deflection magnitudes shown previously in Figure 5.3, the
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anchor point for the optical fiber provides approate passive alignment of the optical
fiber, similar to a passive v-groove, such thatfther’'s free end rests between the sloped
alignment wedges. The location of this anchor pdéetermines the length, and therefore

spring constant, of the cylindrical optical fibemtilever, according to [163]:

_ 3Erf

fioer =~ 43 (72)
whereE is Young’s Modulus of the fiber OGP, r is the radius of the fiber (typically
r=62.5 m), andl is the length of the fiber cantilever. As an ep&na 10mm cantilever
results inkspe= 2.5 N/m To first order, this spring constant can be nedi@s part of
the spring constant of the in-plane MEMS actuatispsnsion.

To achieve a desired range of motion, the actuatiecthanism and fiber
cantilever length must be considered jointly. Hiestatic comb-drive actuators have
well-characterized force behavior, simplifying botlesign and control. The force

generated by a comb-drive was presented earli€Chapter 3 (Equation 29), and is

repeated here:
F=N=-Vv? (73)

whereN is the number of comb-fingers, is the permittivity of free spach,is the comb-
finger height,d is the gap between fingers, aNds the applied voltage. Making some
basic assumptiongNEL100, h=100m, d=10 m, V=100V, we can estimate a generated
force of 89 N. If this force were applied directly to the fibeantilever discussed above,
the deflection would be >3%n (F=kx). However, one must also consider two additional
factors for this device: first, the sloped wedgeslpthe fiber at an angle, causing the

fiber deflection magnitude to be slightly smalldian the comb-drive deflection
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(assuming 45° wedges). Second, part of the genecarab-drive force is used to bend
the comb-drive suspension, reducing the force ded to the fiber. However, it is still
reasonable to expect fiber actuation on the orti@Ds of micrometers using comb-drive
voltages of 100-150V on fiber cantilevers in thaga of 10-12mm long. The use of
comb-drive actuators also provides interesting ipdgges for integrating the gray-scale

comb-fingers discussed in Chapter 3 for improvesitmming resolution of the fiber.
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Figure 5.10: L-edit layout of a comb-drive actuatorfor actuating an optical fiber (gray-scale fingers
would sit at the edge of the suspension frame whetie arrow indicates the direction of motion).

One complication of using comb-drives is that tihecteostatic force is always

attractive, yet the device requires that the wedgesh’ on the fiber. Figure 5.10 shows
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the novel approach taken in this research to cieatepulsive electrostatic comb-drive”.
Starting from a single electrode, the static comigdrs were arranged on arms that
reached around and point back towards the alumifAlincontact pad. The suspended
comb-fingers meanwhile are attached to a stiff snsjpn frame that extends between the
static electrode arms. Upon applying a voltageht Al contact pad, the suspended
structures get pulled to the right by the wrappemsad comb-fingers. Thus, a pushing
motion has been created from the perspective oflbetrode. One drawback of this
design is its size. Wrapping the suspension frartherently takes extra space, and a
device with 100 comb-fingers per side requires iicant real-estate on the wafer. The
area required for one side of the actuator showfigare 5.10 is ~1.1mfMm Given the
size of the suspensions (Imm long each) and leoigthe cantilever (~10-12mm), an
entire device is in the range of ~7rhm

For devices investigating the design, fabricatioperation, and control of this
new type of actuator, the relatively large ovefabitprint is acceptable. However, for
packaging applications, it is imperative that theggtems be reduced in size, particularly
for packaging of fiber arrays with a small pitc/b@2500 m). Two primary approaches
for developing such systems will be discussed iap@dér 7 as extensions of this work:
(1) the use of reduced cladding fiber (r=A¢) for shorter/more flexible cantilevers, and
(2) integration of higher force actuators that hpegentially smaller footprints (such as
thermal [45]).

The rest position of a fiber tip between slopedgratient wedges can be
calculated using geometry (see Appendix D). W¢ alWays assume that the restoring

force of the bent fiber cantilever causes it td e¢ghe bottom of the dynamic v-groove.
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For the case of 45° alignment wedges and comb-drieators, we can plot the rest
position of the fiber as a function of applied @agie. Figure 5.11(a) shows the possible
v-groove alignment area, where each point represeictise of discrete applied voltages
to comb-drives A and B from Figure 5.3. Taking guwent (0,0) as the initial fiber resting

place before actuation, the center of an opticarfcan be moved to any point within the
boundaries of this imaginary diamond-shaped aligiinsgea. Note that the uneven
spacing of points in Figure 5.11(a) derives frome tjuadratic displacement of planar
comb-drive actuators, resulting in alignment regofuthat varies with position. Future

devices could incorporate the variable-height gregle comb-drives discussed in
Chapter 3 which could improve alignment resolutbarge displacements, as shown in

Figure 5.11(b).
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Figure 5.11: Possible alignment area covered (in ¢hX-Y plane of Figure 9) for (a) a planar comb-
drive actuator (k=5 N/m, gap=10 m, N=200, V/,»,=90V), where the displacement resolution varies
depending on position, and (b) a gray-scale tailoteforce actuator exhibiting improved resolution at
large deflections (k=5 N/m, gap=10m, N=200, \/,5,=120V).

5.4.2. Alignment Wedges
The most critical components of this fiber actuatwe the opposing sloped

alignment wedges, since they contact the fiberctliyeand enable the out-of-plane
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actuation. Once again, gray-scale technology bellused to integrate the required 3-D
silicon wedges with in-plane electrostatic MEMS d¢ndrives. The primary difficulty
when designing the alignment wedges is balanciegnédge angle, ARDE effects (see
Section 2.5.2.1), and number of gray levels (i.etphology).

The exact angle of the wedges is not critical, éxtessively shallow or steep
angles could cause slippage or jamming of the fil#etarget angle of approximately 45°
was chosen as the initial goal for the wedge destgally resulting in similar horizontal
and vertical resolution. The alignment wedgeslacated within the open fiber trench,
which is almost an order of magnitude wider thaa¢bmb-drive finger spacing (20@
vs. 30 m). This large size difference will lead to sigeeint ARDE between the two
structures. To anticipate the over etching requite fully define the comb-drive
fingers/spaces, the alignment wedges were desigmdiave a ~30m vertical shift
(created by introducing a constant offset in theRDA process discussed in Chapter 2).

The selection of the gray-scale mask pitch andl gieefor defining the alignment
wedges is extremely important. Ideally, after faation, the sloped wedges should be
smooth compared to the size of the optical filsgarfheter=125m) to enable continuous
motion. Yet, considering the mask design limitatiadiscussed in Chapter 2, tall and
smooth slopes are a challenge when using a singlkesgale exposure. Compounding
this difficulty is the fact that the CARDE offsetnders a large number of lower gray
levels unusable. Thus, the importance of pitclect&n can be seen in the following
simulations, based on the Gaussian approximatidnpatel limitations discussed earlier
in Chapter 2. Two different gray-scale alignmermdge profiles were simulated, both

assuming an etch selectivity of 60:1 and ar80over-etch (due to ARDE). The first
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profile, shown in Figure 5.12(a), uses a mask paicB.8 m with only ~25 useable gray
levels, resulting in a prominent stair stepped ifgofin contrast, Figure 5.12(b) shows a
simulated profile using a pitch of 3.&, which enables ~50 gray levels within the
desired range (pixel sets are given in Appendix B)ven these simulated profiles, the
3.2 m pitch is expected to produce smoother fiber nmptibut still has room for
improvement. These alignment wedges could be agrllext candidate for the double-
exposure lithography technique introduced in Chaje however it would require

significantly more characterization.
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Figure 5.12: Simulated gray-scale alignment wedge@files using (a) 2.8 m pitch with ~25 levels, or
(b) 3.2 m pitch with ~50 gray levels.
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5.5. Fabrication
The fabrication of the gray-scale fiber alignerldals the same gray-scale SOI

comb-drive process flow presented previously infgE&a3 (hence both fiber aligners and
comb-drives can be fabricated simultaneously). ufegs.13 shows optical and SEM
micrographs of fabricated gray-scale alignment vesdg photoresist. In Figure 5.13(a),
the opposing wedges appear with rainbow colors #natindicative of the changing
photoresist thickness. The small holes evidemhénwedge in Figure 5.13(b) are caused
by partial re-construction of the pixels on theicgdtmask since the chosen pitch (319

is slightly above the projection lithography systeesolution (a tolerable effect in our

current application).

(a) (b)
Figure 5.13: (a) Optical and (b) close-up SEM micrgraphs of photoresist gray-scale alignment
wedges using a 3.2m pitch.

After DRIE pattern transfer, the difference in mwofpgy between the 2.&n
pitch (25 gray levels) and the 312 pitch (50 gray levels) is significant. Releaséiton
electrostatic actuators with integrated 3D wedgesshown in Figure 5.14 and Figure
5.15, for the 2.8m and 3.2m pitch designs, respectively. Figure 5.14(b) tyeshows
the wedge has distinct steps on the gray-scaleeskimilar to the simulated profile of

Figure 5.12(a). In contrast, the close-up SEMigufe 5.15(b) shows a much improved
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slope, as expected from Figure 5.12(b), where mitgwel roughness has been achieved
over the majority of the slope. Note that the bhale photoresist shown previously in
Figure 5.13(b) are not evident in the silicon afbRIE pattern transfer. Due to the size
and location of the wedges, profilometer tips caudd reliably trace the alignment finger
profiles, and white light interferometry did notptare sufficient reflected light from the
angled surface. Thus, quantitative roughness measunts were impractical without
destructive testing that makes it impossible tateestoughness to device performance.
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Figure 5.14: (a) Far-field and (b) close-up SEM’s faalignment wedges fabricated with 25 gray levels
using a 2.8 m pitch.
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Figure 5.15: (a) Far-field and (b) close-up SEM’s faalignment wedges fabricated with 50 gray levels
using a 3.2 m pitch. Notice that the small holes in photoresisare not evident on the slope.

143



5.6. Assembly
To prepare the sample for testing, a length oflsingode optical fiber (Corning

SMF-28e) was manually stripped and cleaved. Thavele free end of the fiber is placed
between the alignment wedges (attached to the aymabs), while the bulk of the fiber
passes through the static trench. In order tolenatupling to other devices (either
optical fibers or indium-phosphide (InP) waveguidethe cleaved facet of the fiber
cantilever hangs slightly off the edge of the S@ipd<1mm).

The bulk fiber is secured in the static trench witki-curing epoxy (Norland
Products, Inc.) to create a flexible cantilevemal drops of epoxy are applied using a
piece of optical fiber dipped in un-cured epoxyueDo the lack of control over drop
volume, the UV lamp must shine on the sample imatety after the drop is applied to
avoid excessive spreading of the epoxy. The etitspreading epoxy is most noticeable
when it wicks along the bottom of the fiber beyotie static trench, effectively
shortening the fiber cantilever length. Since ékeents of epoxy flow are easily viewed
under a microscope, an adjusted fiber cantilevegtie can be estimated to account for
this effect. A device after fiber attachment iswh in Figure 5.16.

Since the fiber attachment process is entirely ragnuis difficult to ensure that
the fiber touches both wedges in its rest stateliaBle operation can be achieved with
small gaps between the wedge and fiber, but regjaireoltage offset to move both sets
of wedges into contact before the fiber begins twen The inconsistencies with manual
fiber attachment and epoxy dispensing should beded by moving towards automated
pick and place machines with controlled liquid @isping capabilities [164]. Alternative

methods for fiber attachment, such as laser spllingecould also be investigated [165].
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Figure 5.16: SEM'’s of (a) fiber secured in the stét trench with UV-curing epoxy and (b) the free end
resting between the 3-D alignment wedges.

5.7. Actuation Concept Demonstration
The proposed new fiber actuation mechanism wasdiraluated using a white-

light optical profiler (Veeco WYKO NT1100) to trackoth horizontal and vertical
movement of the fiber caused by actuating the slopedges. In static mode, this
profiler uses reflected light from horizontal swéa to create a full-field 3-D height map
in only a few seconds. Since an optical fiberyisndrical, appreciable reflected light is
only collected from a thin strip (1-2n wide) representing the top of the fiber. The
silicon actuators in the background serve as acatneference point, enabling changes
in both the horizontal and vertical location of fiteer to be determined. Due to limited
magnification available in the system and changiigipt conditions as a fiber is
deflected, the accuracy of measurement is estimatednly <2m. While this
measurement method is clearly not intended to ew@lalignment to another fiber, it is
adequate for demonstrating the principle of openatif the gray-scale fiber aligner.
Figure 5.17 shows the measured location of thecalpfiber for different sets of

applied voltages (up to 120V). Three primary atituma trajectories are shown.
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Actuating each set of wedges independently (wloldihg the opposite set at 0V) results
in points along two trajectories that are tiltedhwiespect to the X-Y axis (labeled #1 and
#3 in the figure). Purely vertical motion of tfileer is achieved by applying an identical
voltage to each actuator (#2 in the figure). Imiediate voltage combinations should
result in fiber positions within the diamond-likeunds of these measurements. This
test successfully demonstrates the basic operafi@ur gray-scale fiber aligner, where
an optical fiber cantilever is deflected in botle tiorizontal and vertical directions using

coupled in-plane motion of sloped silicon wedges.
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Figure 5.17: Fiber locations measured using an opal profiler for different actuation voltage
combinations. Each colored path represents a traggory caused by actuating either wedge by itself
(angled trajectories #1 and #3) or both wedges totieer (straight up #2).

5.8. Conclusion
This chapter has introduced a new on-chip methoddtuating an optical fiber in

2-axes. Opposing electrostatic comb-drives witgrated 3-D wedges create a dynamic

v-groove capable of altering the horizontal andtigal alignment of an optical fiber
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cantilever. All structural components of this neevice can be fabricated in silicon
using gray-scale technology, making it conducivebébch fabrication. This device is
attractive for on-chip active alignment of fibertiog to edge-coupled optoelectronic
devices.

Analysis of the primary sources of optical couplilugs between two fibers
showed that 2-axis alignment is sufficient to ehate the dominant source of loss (axial
misalignment). However, the amount of angular figaanent introduced by bending the
fiber cantilever must also be considered. Thegiesind fabrication of the gray-scale
alignment wedges showed that ~50 gray levels wele ta produce a relatively smooth
slope, which should result in nearly continuousefilactuation (experimental results
discussed in the following chapter). Simple actuaand measurement results clearly
demonstrated the fundamental operation of the 2-geay-scale fiber aligner.

The following chapter will focus on evaluating tpberformance of gray-scale
fiber aligners in an optical coupling setup. Ofrtalar interest will be the fiber
actuation range and resolution, as well as hystebehavior between the sloped wedges
and optical fiber due to friction. Automated algent algorithms will be developed as

part of this evaluation process to demonstratdléxeoility of this device.

147



CHAPTER 6: GRAY-SCALE FIBER ALIGNER II: Optical
Testing and Characterization

6.1. Introduction
The previous chapter has introduced the design,efimayd and fabrication of a

novel 2-axis optical fiber alignment platform, theay-scale fiber alignerfor systems
requiring in-package active fiber alignment. Thevelopment of this device is directly
aimed towards addressing some of the primary aingdie identified by ITRS in the area
of optoelectronic packaging [77]. While the basiechanical operation of this device
was briefly demonstrated, the overriding purposehig device is to optimize optical
coupling between an optical fiber and a correspandiarget (another fiber, waveguide,
laser, etc). Therefore, this chapter is dedictietie static and dynamic characterization
of the gray-scale fiber aligner through multipld¢iogal coupling configurations.

The development of an experimental setup for tgdbioth fiber-fiber and fiber-
waveguide coupling will first be discussed in Sewt6.2. Static testing results will then
be reviewed in Section 6.3, with particular empsam evaluating actuation range and
controlling movement of the fiber tip. Section &l discuss auto-alignment algorithms
for both coarse and fine alignment, with testingutes focused on speed and resolution
presented in Section 6.5. Discussion of testirgylte will be given in Section 6.6.

Concluding remarks are provided in the final settio

6.2. Experimental Setup
All infrastructure and experimental testing disadssin this chapter was

developed in the MEMS Sensors and Actuators LabAMSt UMD. The following
sub-sections will describe both the hardware askmintor optical testing and some

characterization of the system limitations.
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6.2.1. Hardware
The optical setup developed to test the gray-sddder aligner is shown

schematically in Figure 6.1. A 1550nm laser ditgleised as the optical source. The
target fiber is fixed on a calibrated electrosivietXYZ stage controlled via LabVIEW.
In some cases, the target fiber is aligned to atium-phosphide (InP) chip with
suspended waveguides [166, 167]. The gray-sdade &lligner holds the output fiber and
is fixed on a second electrostrictive XYZ staga.géneral, the location of the gray-scale
fiber aligner chip is not altered during alignmersting to avoid repositioning the
electrical probes. The output fiber is connectiedatly to an optical power meter, which
is sampled by LabVIEW. Actuation voltages for tiray-scale fiber aligner are provided
through two analog-out channels on a data acquisibAQ) card and a high-voltage
(HV) MEMS amplifier. The limited current output ¢fie DAQ card (5 mA), coupled
with the low input impedance of the HV amplifiel0(5), made it necessary to add an op-
amp buffer circuit to increase current output imlesrto achieve high voltages (up to

200V). The primary components and associated nmagtebers are listed in Table 6.1.

High Voltage| Buffer |e—, PAQ card
Amplifier Circuit Analog Out
y N
> Z Target Fiber Optional Output Fiber
ImTTTmm T | v
1550nm ‘!g EE’ i I1I-V Chip/ |1 Grav-scale @ Power LabVIEW
Laser Diode 'y ' | Waveguidg 20X Meter »  Control
! 1| Fiber Aligner
| | 1 \
XYZ stage| i = .
| Electrostrictive Drive
i . XYZ stage | e— -
X ! XYZ stage ! g Actuators [ Controller
L - |

Electrostrictive |
Actuators -

Figure 6.1: Optical test setup for auto-alignment ® MEMS-actuated fiber to cleaved fibers or InP
waveguides.
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Table 6.1: Primary hardware components used in theptical testing setup.

Manufacturer Product Model #
Newport Optical Power Meter 1830-C
Newport IR Detector 818-IR
Newport Laser diode LD-1550-21B
Newport Laser diode driver 501
Newport Drive Controller ESA-C
Newport Electrostrictive Actuator AD-100
Newport Mechanical Positioning Stages 561D

National Instruments Data Acquisition Card 6221
Pragmatic High Voltage MEMS Amplifier 100X

ST Microelectronics Operational Amplifier LM324N
Corning Single mode fiber (9/1261) SMF-28e
Corning OptiFocus Lensed Fiber 38 MFD

6.2.2. Instrumentation Characterization and Limitat  ions
Prior to testing devices, it was necessary to ctariae the limitations of the

experimental setup. Since optical coupling is t@si sensitive, mechanical drift
between input and output was a particular concéiwo fibers were manually aligned
with the XYZ stages to peak coupling and the pomenitored over the course of a few
hours. As shown in Table 6.2, slight drift betwetages caused <2% change in coupled
power over a 3 hour period. Since peak couplinglccde restored using X-Y
positioners, we concluded that negligible drift @ced along the Z-axis. This fact is
important because the gray-scale fiber aligneradlyeadjusts for X-Y position, but
changes in separation would alter the peak powdchwmust remain stable during
alignment tests. Therefore, the stability of thealp power is limited by optical noise
(source and detector variations) and mechanicaatidns in the system; estimated to be

<1% for short coupling experiments.
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Table 6.2: Mechanical drift of stage causes sliglthange in coupled power between aligned fibers.

Time Power Drift
(W) (%)

12:25pm 496.0 --
12:42pm 497.2 0.2
1:35pm 502.6 1.3
2:16pm 504.0 1.6
3:02pm 504.5 1.7
3:31pm 507.4 1.9

One essential function this setup must perforno itate the position and value
of the maximum coupled power. The facet of thautrffber can be scanned in the X-Y
plane using a custom LabVIEW module (developed I8AU member Jonathan McGee)
to control the electrostrictive XYZ stage while nitonng the coupled power. This facet
scan creates a 2-D map of coupled power vs. pogitigquantify the relative locations of
the target and output fiber before and after edignment experiment. An example 2-D
coupled power map is shown in Figure 6.2. The togyprofile is approximated using a

3-parameter Gaussian fit to quantify the shapadepeak:

1 x-xo2
=axexp - = . 74
y Y > (74)

This Gaussian fit is imperative for measuring tharpness of the peak, as shown
in Figure 6.3, which provides a numerical corr@atbetween the coupled power and
axial misalignment between input/output. As a waesse scenario estimate, the “true”
peak power is inferred using the Gaussian widtraipater by assuming the highest
recorded power during the facet scan was.Bnisaligned (Y2 way between two points
on the 1m scan grid). If a higher power is observed durthg alignment tests,

potentially due to nearly “perfect” alignment or aimnoise fluctuations, the higher
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power is taken as the “true” peak power insteaidceSthe peak in Figure 6.3 is relatively
wide, achieving alignment resolutions of ~In®b will require final coupling thresholds

close to 95% of the peak power.
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Figure 6.2: Example coupled power contours using BabVIEW module to scan the facet of the fiber.
Measures location and sharpness of coupling profile
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Figure 6.3: Cross-section of fiber-fiber coupled paer profile after 3-parameter Gaussian fit.
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The final important characteristic of our experinansetup pertaining to the
gray-scale fiber aligner is the delay between fibbmvements required by the control
program to properly asses the new coupled powhkeréelare two possible contributors to
this delay: first, a finite time is required foretHiber to physically move and switch
positions. Second, the LabVIEW control program asslociated components need time
to be updated and/or queried. Thus, the contrognpam must periodically pause after
initiating a voltage change to allow the fiber #ach its new position and sample the
optical power meter, all before actuating the fiagain.

First, transient fiber-fiber coupling experimentere conducted to evaluate the
switching speed of the gray-scale fiber alignehe Bptical power meter was temporarily
replaced with a high-speed photoreceiver (New Fd@id IR-DC 125MHz Low Noise
Photoreceiver). Note that this photoreceiver issypw@ompared to the optical power
meter and has a small dynamic range, making guiled to alignment experiments but
acceptable for assessing transients. The gray-$ibee aligner was initially partially
aligned with an output fiber such that a small antoaf coupled power was received.
The fiber was then actuated to a position of d&ifercoupling while recording the
actuation voltage and photoreceiver output volsigeiltaneously via the DAQ card.

Measurements of fiber aligner switching were taldiming both “Up” and
“Down” actuation trajectories (starting and endwijtage combinations), as shown in
Figure 6.4. During the “Up” trajectory, the fibaras sometimes observed to slightly
over-shoot the final position, possibly due to mataen carrying it off the surface of the
alignment wedges. It is expected that the swiglsipeed will depend slightly on the size

and direction of the fiber trajectory, yet typisabitching speeds of <1ms were observed.
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Figure 6.4: Actuation speed of the gray-scale fibealigner during (a) “Up” and (b) “Down” actuation
trajectories. In some “Up” experiments, the fiberover-shoots the final position, as in (a).

We now turn our attention to assessing how quieklg reliably we can change
actuation voltages and sample the optical poweemefhus, asettling time(pause)
parameter was introduced in LabVIEW as a delay betwsending the actuation signal
and measuring the power at a new position. The $dr@efiber coupling setup as above
was used with the optical power meter, and theivedepower was recorded after

different settling times. Fiber settling experirteenvere conducted for different fiber
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trajectories, the results of which are depictedphieally in Figure 6.5, where the
transition from one fiber position to the otheplsvious.

Since the fiber actuation occurs in ~1 millisecotitgse tests confirm that the
required settling time is limited by the LabVIEW ntool program and power meter.
Although the optimum settling time for each fibegjéctory may be different, our results
indicate that a universal settling time of at 1e880ms should be used between fiber
movements. While changes to the experimental setupd potentially increase this
actuation speed, later fiber alignment tests vindvg that such speeds have still produced

fast and reliable fiber alignment.
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Figure 6.5: Measured power as a function of settlg time for different fiber trajectories, showing the
delay between sending the actuation signal and tHéer completing it's motion. Settling times of
300ms were deemed sufficient for complete fiber stehing.

6.3. Static Testing
The next step in characterizing the gray-scaler fddgner motion is to measure

static movements intended to create motion alosdyepredictable patterns. The tests

described below seek to characterize the rangejbifligy, and hysteresis of fiber
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actuation. Such static movements will serve asfoldation for the auto-alignment
algorithms discussed in later sections. Unlesgratise mentioned, tests described in

this and the following sections utilize deviceshnat fiber cantilever length of L=12mm.

6.3.1. “Diamond” Extents
The actuation mechanism of the gray-scale fibegnali inherently defines a

diamond-shaped area over which a fiber tip canligmexd, as described in Chapter 5.
Thus, to establish the overall range of operatmrthis device, we must measure the size
of this diamond-shaped area corresponding to threre movements of each alignment
wedge. The voltage on either actuator was limite@-.40V to avoid breakdown of the
2 m buried oxide (based on experience), restrictiegaverall travel range.

Four discrete voltage combinations were appliethéotwo actuators to move the
fiber to the four corners of the diamond-shapednatient area. The location of the
cleaved fiber tip was measured for each case utiegfacet scanning capability
described earlier (with Gaussian fits). The vadt@agmbinations, as well as absolute and
relative fiber locations for this device, are givenTable 6.3. These four points, shown
graphically in Figure 6.6, create a relatively syatnt diamond. Fiber positions within
the diamond-shaped bounds of these measurements (&il, 48 m wide) should be
achievable with the appropriate set of appliedagss.

Table 6.3: Measured fiber locations for discrete aaation voltages. These 4 points form the corners
of a diamond shaped alignment area.

ChA ChB X Position Y Position X Y
M M (m) (m) (m | (m)
0 0 -5.5 -3.0 0 0
0 140 -29.5 17.6 -24.0 20.6
140 0 18.8 16.7 24.3 19.7]
140 140 5.4 34.0 0.1 37.0
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Figure 6.6: Measured fiber location for extreme aatation voltages, which form a diamond-shaped
alignment area.

The fiber tip displacements measured in Figure &8¢ slightly larger than the
fiber displacement at the alignment wedges bec#useiber tip extends beyond the
wedges for ease of testing, causing a small additiop displacement. More discussion
on this subtle point is given in Appendix C.

6.3.2. Power Mapping

The diamond extents test was simply a demonstratidarge single movements.
Yet, we would also like to show that the gray-sd#ber aligner provides some of the
same functionality as the electrostrictive XYZ &89 Using LabVIEW, we implemented
a raster actuation routine to map the fiber-fibeupled power as a function of applied
voltages to channels A and B of the gray-scaler fddigner. This scan is analogous to
the 2-D facet scan performed by the electrostiecstages.

Shown in Figure 6.7 are coupled power contours #rat plotted vs. voltage
squared (since comb-drive force scales with VThe concentric circular power contours
clearly demonstrate that movements of each alighmexige behave predictably and

rather symmetrically. The single dominant couplpepk is a result of the fiber-fiber

157



setup being used in this test; however optimiziogpting to devices with secondary

peaks is always a concern during fiber alignmedtwaiti be discussed in later sections.
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Figure 6.7: Coupled power contours created using thgray-scale fiber aligner for a fixed target fiber
location as voltage combinations are applied to thdevice.

6.3.3. Cartesian Control
As evident from the diamond test, when one wedgke stationary and the

other moved, the fiber tip will trace out an angtesjectory parallel to one side of the
diamond-shaped alignment area shown in FigureTh& essentially leads to a rotated
coordinate system (indspace) where moving one actuator creates fibeement along

a tilted axis. Yet, in some cases it may be adgadus to move the fiber along

Cartesian coordinates; for example, to map opsicalces with complicated modes.

Figure 6.8: Relation between Cartesian and wedge imnary axes.
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Referring to Figure 6.8, we see that the Carteai@s are simply summations of

the angled fiber trajectories caused by individuatige movements:

x=(A- B)/2 (75)
§=(A+B)/v2 (76)

Thus, a coordinate transform from wedge to Canmesiees can be made by assuming
symmetrical 45° wedges and an initial point in &gé spaceMa, Vs). We can then

define an arbitrary desired Cartesian trajectbhyt6 be:
U=axx+bxy (77)
where and are coefficients in units afolts because the comb-drive force scales with

voltage squared. The set of new voltagésntw Vs-new required to create this trajectory

can then be calculated as:

VA— new = \JVA2 ta+ b (78)
Vo ew=AVe -a+b. (79)

Using these transforms, the fiber tip can be de@dh any Cartesian direction
from any starting point within the diamond alignrha@nea. To show this capability, the
fiber was actuated along trajectories every 459d¢+2000V and |U|=4000V, starting
from the middle of the actuator range (99V, 99Vlhe measured fiber locations after
actuation are shown in Table 6.4 and Figure 6.0r tie angled trajectories, one wedge
remains stationary while the other wedge slidesfitner up/down the slope. For the
vertical and horizontal trajectories, the wedgesstmmove in tandem to produce the

desired fiber movement.
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Table 6.4: Cartesian control results for the 45° pmary axes starting from center of diamond shaped
alignment area (99V, 99V).

Desired| Desired Measured | Measured ,
Angle | X Y U] Angle Resol_utlon ’
©) % (m) | ( m) ('m) © ( m/|U|=1000V)
0 2000 8.7 -0.1 8.7 -0.5 4.3
0 4000 15.7 1.0 15.7 3.8 3.9
45 2000 5.0 4.9 7.0 44.5 3.5
45 4000 10.5 9.8 14.3 42.8 3.6
90 2000 -1.1 6.3 6.4 99.5 3.2
90 4000 -1.2 12.9 13.0 95.3 3.2
135 2000 -6.5 5.0 8.2 142.4 4.1
135 4000 -12.6 10.0 16.1 141.4 4.0
180 2000 -8.6 0.6 8.6 175.9 4.3
180 4000 -15.7 1.0 15.7 176.3 3.9
-135 2000 -4.7 -4.7 6.7 -135.0 3.3
-135 4000 -9.4 -9.4 13.4 -135.0 3.3
-90 2000 1.2 -7.8 7.9 -81.1 4.0
-90 4000 2.1 -13.8 14.0 -81.4 3.5
-45 2000 5.8 5.1 7.7 -41.7 3.9
-45 4000 12.1 -10.6 16.1 -41.0 4.0

For most cases of Table 6.4 and Figure 6.9, thesumed and desired trajectory
angles are within a few degrees. The resolutioamater calculated in the last column
indicates that a movement of 3 can be expected from a |U|=106®ze trajectory;
this information will become important during fimesolution fiber alignment tests later
in this chapter. The slight non-linearity and wahility over these 16 tests (and their
~30 m travel range) is attributed to small asymmetiesvedge morphology and fiber

rest position.
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Figure 6.9: Primary axes of movements show traject@s along ~45°, demonstrating that Cartesian
control of fiber is possible.

As a brief demonstration that the Cartesian conprahdciple produces similar
results starting from an arbitrary point (not thenter), a module was created in
LabVIEW to automatically create successive fibervements at the behest of an
operator. The LabVIEW module (shown in Figure §.h40ows the user to define a
starting location and then press buttons to detegrthie direction and magnitude of the
next fiber movement. While buttons only exist farery 45° in the figure, arbitrary
angles can also be manually entered with slighbgeato the program. To demonstrate
this operability, the letter “M” was traced out tvithe fiber tip using sequential
movements and facet scans to measure fiber locggemFigure 6.11). Both vertical and
angled trajectories across the diamond alignmee& avere necessary to create the
desired shape. Once again slight non-linear matias observed.

The 45° trajectories and “M” tests have clearly destrated that Cartesian

control of the fiber tip location can be achievesing simplified geometrical transforms
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to control the coupled motion of two alignment weslg Improvements in wedge

morphology and angle are expected to improve thevsstry of fiber movement.

Figure 6.10: LabVIEW module for creating arbitrary fiber movements.
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Figure 6.11: Cartesian control was used to trace athe letter “M”.
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6.3.4. Hysteresis Evaluation
Another important quasi-static characteristic twestigate is hysteresis of the

fiber motion, primarily caused by the morphologytbé gray-scale wedges. The main
forces on the fiber during an “Up” cycle are showmrFigure 6.12, where both wedges
move towards each other to create purely vertiaglon. In the absence of friction, each
wedge transmits the electrostatic force of the cainive into a net angled force on the
fiber (Fret n@ndFnet §. These forces combine to produce a net forceémeant “Up,”

which is balanced by a restoring spring forces(r that points back toward the original
fiber location (“Down” in this case). However, the fiber slides “Up” each wedge, there
is a frictional force on each wedge faée andF:.g) that will oppose the fiber's upward

motion.

motior

Fresto re

Figure 6.12: Force diagram during the “up” portion of a hysteresis test, where the frictional forces
oppose the net force acting on the fiber from eacalignment wedge.

These frictional forces between the wedges andaldiber will oppose the fiber
motion on any actuation path, causing hysteresis.test the magnitude of this effect, a
fiber was fixed with a vertical offset comparedtie gray-scale fiber aligner. During a
sequence of increasing then decreasing voltagesgridy-scale fiber aligner tip passes
through the point of peak coupling both on its whlp” and on its way back “Down.”

The coupled power between fibers was then measgdde gray-scale fiber aligner was
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actuated “Up” and “Down” over multiple cycles. Afiown in Figure 6.13, there is
definite hysteresis between the two actuation pafighile a single cycle is shown here,
the hysteresis is quite repeatable). Essenti@ibttion from the wedge surfaces increase
the force (i.e.V?) required to move the fiber “Up,” and then deldlgs fiber's return
“‘Down” to a lower state. Using facet scans takdthwhe calibrated electrostrictive
stages, this ‘lag’ is estimated to be equivalentatshift of ~4m between the two

coupling peaks.
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Figure 6.13: Actuating both sloped wedges identiclgl creates a vertical up/down motion that exhibits
definite hysteresis [168].

It should be possible to reduce this hysteresiscefby improving the wedge
morphology through a combination of design and#dritation, although the observed
roughness is already small (1) compared to the 125 fiber. Since the fundamental
principle of operation of this device relies upevotsliding surfaces, it is not expected
that hysteresis could be totally eliminated in prac As will be shown in later sections,
fiber alignment using closed-loop control has provebust with the current structures

despite these small hysteresis effects.
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6.4. Auto-alignment Algorithms
The motivation for developing the gray-scale figgner is rooted in automating

the optical fiber alignment and packaging proces$hus, it is only prudent to
demonstrate the capabilities of said actuator fao-alignment of a fiber to various
targets. Alignment algorithms can be considerdeld unto itself and the development
of entirely new algorithms is not the primary foanfsthis work. Rather, the following
sub-sections will provide a brief overview of gealealignment schemes, and focus
instead on the adaptation of popular alignment meseto the gray-scale fiber aligner.
Of primary interest will be the impact and/or liatibns imposed by the developed novel
fiber actuation mechanism on the achievable aligiirime and resolution.

6.4.1. Overview and Background

The majority of alignment algorithms developed hie titerature utilize external
stages or fiber positioners capable of manipulathey fiber position in multiple axes
[169-176]. Nearly all alignment sequences makeafsaultiple algorithms in order to
minimize cycle time and improve reliability. Mdsegin with a coarse alignment step to
achieve “first light” and meet some intermediateesihold power. This coarse threshold
power is often designed high enough to avoid nais# secondary peaks. Once coarse
alignment has been reached, a fine alignment gigmiaes the alignment via a different
algorithm.

The majority of alignment algorithm implementationse a “step-and-read”
approach, where the fiber is moved incrementallg #me coupled optical power is
measured at the new fiber location. “If-then-el$gdes of logic are popular [174],
however more complicated Hamiltonian [170] or fuzmgic [171] approaches have

potential advantages for simultaneously aligninghynéibers with multiple degrees of
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freedom. Some algorithms also take advantage pfiori knowledge regarding the
expected coupling profile shape (such as beantieityy to reduce the overall alignment
time [176].

The coarse and fine algorithms implemented in thask are adaptations of
standard algorithms in order to characterize thdopmance of the gray-scale fiber
aligner. To this end, our testing uses targetd wytmmetric coupling profiles, allowing
us to infer alignment accuracy regardless of theection of misalignment. After
characterizing the performance of the gray-scaberfialigner and demonstrating its
flexibility, it would be possible to implement mocemplex alignment algorithms, but is
considered beyond the scope of this work.

The coarse and fine alignment experiments discusséde rest of this chapter
will follow the same general sequence: (1) the ibanal separation between the target
and gray-scale fiber aligner is set manually uradericroscope. (2) Electrostrictive XYZ
stages are controlled via LabVIEW to create a facah of the target in order to correlate
the coupled power to positional misalignment. T8¢ target is intentionally misaligned
with regards to the gray-scale fiber aligner. (4L &bVIEW program, utilizing coarse
and/or fine algorithms, optimizes alignment by nigidg voltages supplied to gray-scale
fiber aligner while monitoring the coupled optigalwer. (5) Upon satisfying all relevant
thresholds, or giving up due to some failure, pert data is logged electronically. (6)
Finally, the facet is re-scanned via the electicste XYZ stages to verify that

negligible drift occurred during the test(s).

166



6.4.2. Coarse Algorithms
We have implemented two separate coarse alignnoamissusing the gray-scale

fiber aligner to show its versatility and evaluatsievable speed and accuracy. It will be
shown that the fundamental choice and settingaoi @lgorithm has a significant effect
on the speed with which the threshold is reach&wr these coarse algorithm tests,
cleaved fiber-cleaved fiber coupling was used forpéicity and ease of re-configuration.
Coarse threshold powers of 50-75% peak power wegpgcdlly used to simulate
avoidance of side modes, but the observed couplinfle remains a single Gaussian-
shaped peak as shown earlier.

The simplest coarse alignment routine is that cfséer scan. The voltage on the
1% actuator is held fixed, while the voltage on th& & tuator is swept through its range.
The voltage on the®1actuator is then incremented, and the sweep repeat the %'
actuator. The primary variable to control duringeaster algorithm is the step size
between successive fiber locationsV¢ because we are using comb-drives). Using a
raster scan coarse algorithm, Figure 6.14 showdithe required to achieve a coarse
alignment threshold of 75% peak coupling for défer positions of the target fiber. The
slope of the alignment wedges cause the time cofitaes to be tilted with respect to the
X-Y axes, a result of the sequential angled fibejettories caused by sweeping theé 2
actuator from one extreme to the other, as indicate¢he figure. Note that times >36sec
in Figure 6.14 indicate failure to achieve threshdbosely illustrating the diamond-

shaped possible alignment area of this device.
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Figure 6.14: Coarse alignment contours for differenhtarget fiber locations using raster algorithm
[168].

As mentioned above, the raster coarse algorithrfoymeance can be tailored by
adjusting the step size {?) between successive points (mesh density). Famgle,
Table 6.5 shows the time required to achieve a ¢b%bse threshold power to a fixed
target location for different step sizes. As thepssize increases, the time required to
achieve coarse threshold scales by approximatelgdfare of the step size ratio/oyq
I V?ew? essentially an area term. However, reducingcth@rse alignment time by

using larger steps has the inherent risk of misgimgprtant peaks altogether.

Table 6.5: Coarse alignment time to achieve 75% pkacoupling as a function of step increment
within raster algorithm for a single target location.

Step Size Coarse Threshold
X 2 Alignment Time
(V)
(sec)
2000 30.1
3000 15.9
4000 9.7
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The primary drawback of a raster scan for packagpgications is that it begins
searching for the peak in a presumably unlikelyitpws (the very edge of the travel
range at the bottom of the diamond alignment arddgally, an optoelectronic module
design would have the target in the center of tlygmment area such that shifts/errors in
any direction could be corrected. However, everplrfect fabrication and assembly, a
raster scan would still require 12-18 seconds tueae coarse alignment to a centrally
located target; meaning precise fabrication anéraby/ could require longer alignment
times than in cases of poor assembly.

To address the paradox of perfect assembly reguianger alignment times, a
spiral search algorithm was also developed and amphted for the gray-scale fiber
aligner to compare with the raster scan. Ratheam theginning at the edge of fiber travel
range, the spiral algorithm begins in the centemdafievable motion, and spirals outward
to progressively less-likely positions until theacge alignment threshold is reached.
Furthermore, a spiral scan is significantly morefiesting from a device characterization
standpoint since it requires coupled motion of balifgnment wedges to create a spiral
fiber trajectory (whereas the raster scan movesaliggment wedge at a time). The
spiral trajectory used here was made of conceairotes of increasing radius. Both the
radius of each ring and the angular spacing betveeecessive fiber positions can be
adjusted to tailor the speed and resolution ofityer trajectory.

Figure 6.15 shows the measured coarse alignmerg fon the same target
positions as in the case of a raster scan. The ¢omtours appear in concentric circles,
as expected from the desired fiber trajectory. IBoations near the center, we observed

coarse alignment times <6 seconds, confirming tthatspiral algorithm is more efficient
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when the target is near the center, as likelypaekaging application. It should be noted
that the total time required to scan the entirgratient area was kept approximately the
same (>30sec) for both raster and spiral algorithon€mulate a similar scan point

density in the X-Y plane.
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Figure 6.15: Coarse alignment time contours for dferent target fiber locations using a spiral
algorithm [168].

While only two basic coarse algorithms have beeplemented so far, the spiral
results clearly reinforce the previous claim thaary arbitrary 2-axis motion of a fiber
tip can be achieved through the coupled motionagesi gray-scale wedges. Thus, any
other 2-D coarse algorithm of interest could belenmented using the gray-scale fiber

aligner.

6.4.3. Fine Algorithm
The ability to move a fiber tip in arbitrary pattermeans that virtually any 2-D

search algorithm could be used for the fine aligminstep. As mentioned previously,
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Hamiltonian [170] and fuzzy logic [171] approach&nd to be most useful when
aligning multiple fibers with many degrees of fread while the spot size method [176]
requires 3 degrees of freedom and an opticallyptedal target. The most popular
algorithm for fine alignment is a “gradient searatr” “hill-climbing algorithm” [174,
175] due to its simplicity of implementation.

A basic hill-climbing algorithm is shown in Figuré.16. Coupled power
measurements are taken at two successive fibetidosa If the coupled power
increased, then the search continues in the saraetidn, “up” the hill. If the power
change is negative, the algorithm assumes it isggédown” a hill, away from the
optimum location. The search then turns aroundraddces it's step size (assuming it
somehow jumped “past” the optimum peak becausestie was too large). Since this
process is 1-dimensional, the hill-climb loop farning around is executed for each axis
independently, usually switching between axes aftery few changes in direction. This
sequence continues until the ultimate threshotdashed (or the program gives up).

The primary drawback of the hill-climbing techniquig the susceptibility to
trapping in false peaks. This limitation can samets be addressed using a quasi-
momentum term within a hill-climbing algorithm [1]71 Alternative fine alignment
algorithms have been developed that work betteéhénpresence of side modes, such as
the simplex method discussed in [175]. Howevers¢halgorithms can be quite complex,
making it difficult to distinguish between algomth complications and actuator
performance. Since the targets used in this resegperate with a single fundamental
mode, and the coarse threshold is intended to asrdeimodes, a hill-climbing algorithm

is sufficient for this device characterization.
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Figure 6.16: Simplified hill-climbing algorithm block diagram.

The most important parameters to be used durindpithelimbing algorithm are
the step sizes and the ultimate fine threshold powée initial step size determines how
coarse a mesh the first 1-D search will be, aner afaich reversal of direction the step
size is reduced (typically by %2). Large step swédkclimb the hill fast, but may over-
shoot the optimum position and require many stege seductions to achieve the
resolution required for final alignment. Smalls®zes will take longer to climb a single
hill, but should finalize alignment quickly onceetle. Use of small steps does make one
more vulnerable to local false peaks caused byeelecondary modes or artifacts of

actuator motion (like sticking or hysteresis). dly a compromise must be found
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between speed and reliability. A time-out functiwas also included to avoid infinite

attempts to climb a hill that peaks outside offbesible area.

6.5. Automated Fiber Alignment Results
The experimental results presented in this seatiere performed entirely using

the developed test setup described in Section 6These tests were intended to
specifically investigate the performance and litndtas of the gray-scale fiber aligner
using the implemented auto-alignment algorithmsudised in the previous section. Of
specific interest are both the speed and resolatidhe alignment process, each of which
is focused on independently in the following twetgens. Note that these tests make use
of either lensed fibers or InP waveguides with agpnately circular modes. While
elliptical targets (like LEDs) may provide more @iing sensitivity along 1l-axis, each
power could correspond to multiple misalignmentipmss, significantly complicating

evaluation of our device.

6.5.1. Cleaved Fiber — InP Waveguide (Speed)
The first auto-alignment tests using the gray-sddder aligner investigate the

effect of algorithm parameters on speed of alignmeithin the constraints of the
developed actuator and test setup. All experimientisis section utilized InP suspended
waveguides (courtesy of fellow MSAL graduate studémnathan McGee) [167] in an
attempt to simulate in-package alignment to IlI-Noponic devices. It must be noted that
due to the sensitive coupling between both facéia® waveguides, alignment tests to
InP waveguide were performed for a limited numidervaveguide positions.

Initially, InP ribbed waveguides (2 by &1 core with 400nm rib height) [167]

were used as the alignment target, vertically ngsald by ~20m with respect to the
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gray-scale fiber aligner. The waveguide locatiaswwomewhere towards the middle of
the aligner’'s range, but the precise location waf$ Unknown to simulate ‘blind’
alignment. The final alignment threshold used fbis first test was 92% peak,
corresponding to ~3.5n misalignment due to the wide central mode emgrfiom the
ribbed waveguide. While this resolution is farnfrahe micron-level goal of this
research, these tests serve to ensure that afinaigt algorithms were implemented
correctly.

The total alignment time for different coarse timad powers and settling times,
all using a raster coarse algorithm, are showniguré 6.17. The total alignment time
scales linearly with settling time from 1000ms doten300ms. However, experiments
using settling times <300ms consistently failed tmensufficient time for the fiber to
reach its new position. For a single settling times observed that lower coarse
threshold powers (50% vs 75%) produced faster dvalmnment results, but this
improvement comes with higher risk of getting tregpin side peaks during fine
alignment. Since the ribbed InP waveguide hadgmBcant side modes, this trapping
was not a problem. Overall, the total alignmemigtifor a single waveguide location was
reduced from 34.2 seconds to 8.5 seconds by déugetie settling time (from 1000ms
to 300ms) and coarse threshold level (from 75%0% Jeak). While the position and
sharpness of the target will influence the exaignahent times, these trends should be

universal.
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Figure 6.17: Alignment times to an InP waveguide fodifferent settling times and coarse threshold
power (% peak).

It is obvious that for all cases in Figure 6.17¢ ttotal alignment time is
dominated by achieving a coarse threshold powerhusT some changes to the
experimental conditions were implemented. First, wanted to compare results when
the raster coarse algorithm was replaced with piwlscoarse algorithm. And second, a
2 m square InP waveguide (tighter optical confinentkean ribbed waveguide) was used
in conjunction with a final threshold of 95% peajupled power to decrease the required
alignment resolution to 1.6n (rather than the unimpressive 31). Once again, the InP
waveguide was fixed in a single location approxghat-20 m vertically shifted from
the gray-scale fiber aligner. The time requirecdtbieve final alignment (<1.6n) was
then recorded as it relates to coarse algorithecteh (raster vs spiral) and incremental
actuator step size Yoltag€ applied to comb-drives). The results are showfigure
6.18. Note that alignment results to a singledhaigcation were extremely repeatable

( t<0.1sec).
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As expected for a quasi-centrally located targbg toarse alignment time
dominates the total alignment time when a rasgordghm is used, especially for smaller
V? (a finer scan mesh). Using the spiral algorithrantatically decreased the coarse
alignment time, but largeV? increments caused the fiber to temporarily ovesstioe
target location. The fastest alignment times {ra&ly <10 seconds) were achieved using

the spiral algorithm in conjunction with the smalla/?.

30

- W Fine

O Coarse

N
o1

N
o
!

=
o

Total Alignment Time (sec)
» &

0 T w x
Raster, Raster, Spiral, Spiral,
2000V 3000V 3000V 2000V
Algorithm, V?

Figure 6.18: Time to align within 95% peak power (4.6 m) to a fixed InP waveguide, as a function
of coarse search algorithm and Voltage?® setting [168].

6.5.2. Cleaved Fiber — Lensed Fiber (Resolution)

The previous experiments have established that fregblution alignment can be
obtained quickly to a few particular points in tlyeay-scale fiber aligner range.
However, the achieved resolution (<1n6) in the InP waveguide experiments could have
been an artifact of the particular waveguide lanatitested. To fascilitate testing of
many target locations, the InP waveguide was replawith a lensed fiber on the

electrostrictive XYZ stage as the new target. Batip enables quick reconfiguration of
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the target location (i.e. lensed fiber) to detemniinhigh resolution can be achieved over
the majority of the alignment area.

The custom LabVIEW module developed for executing alignment tests at
multiple target locations is shown in Figure 6.19niversal hardware setup parameters
are controlled in the bottom left section. The rap&r then selects either “raster” or
“spiral” coarse search algorithm via a toggle shitwith the associated power threshold
levels and V2 increments. The position of the XYZ stage withsed fiber is controlled
using the “Electrostrictive Position Settings” dretright side. For each position of the
XYZ stage and target fiber, the chosen alignmegordhm is executed and alignment

results for both the coarse and fine steps ardajieg and logged for analysis.

Figure 6.19: LabVIEW module for auto-alignment testng of multiple target fiber locations.
A 20 by 20m grid was selected within the diamond shaped aigmt area

(shown in the inset of Figure 6.21), with 2 spacing between target locations. For
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each position of the input fiber, the gray-scabefialigner attempted to align within 97%
peak coupling (1.25m accuracy when calibrated with electrostrictivagsss). Initial

results indicated success rates of only 73%, megathi@ gray-scale fiber aligner failed to
achieve the required alignment for 27% of the thrdgeations (failed points were
randomly scattered). A histogram of the best alignt accuracy achieved for each

location using standard actuation is shown in Fegug0.
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Figure 6.20: Estimated alignment accuracy histogranfior 20 by 20 m area using standard actuation.

Upon further inspection, the problem with failedgaments was identified to be
between our actuator and the hill-climbing algarthTypically, hill-climbing algorithms
step towards a peak and after passing a peakataumd and scan again with a reduced
step size. (For intuition on the step sizes rexglfor this level of alignment, refer back
to Section 6.2.3 where |U|=1000 created 8i4f movement). However, small step sizes

did not always cause any appreciable movementffaot @ave attribute to static friction
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between the wedges and fiber. Thus, dependingaogett location, hysteresis, and
friction conditions, decisions within the algorithmere often based simply on noise,
causing the alignment to eventually fail.

We then altered the fiber actuation scheme to dela 100ms pulse of (0V, 0V)
prior to the intended actuation voltage to “unidstiand reset the fiber. While this
method slows alignment slightly, it enables smalf steps to create real changes in the
fiber location. Alignment tests were then perfochoeer the same 20 by 2@ area, but
now using this ‘pulse’ method of actuation in th@efalignment step. As shown in the
histogram of the estimated resolution in Figurel6tke 1.25m required threshold was

achieved with 100% success across the entire allegl(measured points).
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Figure 6.21: Estimated alignment accuracy histogranfor a 20 by 20 m area (with 2.5 m grid),
where alignment better than 1.25m (setup limited) was achieved with 100% success.
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6.6. Testing Summary and Discussion
While the exact time required to align to particudavice depends on its location,

our tests show that an accuracy of <inécould be routinely achieved on the order of 10
seconds to InP waveguides initially misaligned [0 -m. Direct comparison of such
alignment times to previous research is difficuichuse externally actuated systems
typically optimize degrees of freedom beyond thax® optimization performed by our
gray-scale fiber aligner. Although previous sintiaias showed that our gray-scale fiber
aligner is optimizing alignment along the two masfportant axes. Nonetheless, the
alignment speed of the gray-scale fiber aligner~Hd seconds for 2-axes) compares
favorably to active alignment times reported usxternal actuators (~30 seconds for 3-
axes) [174]. Many algorithm parameters could alscabjusted to tailor the alignment
speed and/or resolution for particular applications
The alignment resolution achieved with the grayles@ider aligner (<1.25m) is

competitive with the best reported passive alignnechniques [84], with the advantage
that extreme control over all fabrication and adslgntolerances is not required. Pulse
testing results imply that continuous small displaents by the gray-scale fiber aligner
are limited by friction between the wedges andrfib€hus, improving the sloped wedge
surface morphology should lead to more continuows/ement and finer alignment
accuracy. Re-design of the gray-scale slope usiogengray levels could minimize
wedge roughness in photoresist at the expense akadsing optical mask cost.
Alternatively, techniques such as short isotroplican etching or hydrogen annealing
[129] are candidates for post-process smoothinpeturface, but would require careful

process control to avoid effecting other geometaesthe device. However, as shown
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with the pulse actuation method, fibers can alrdaglpositioned with accuracy below the
minimum continuous movement threshold.

Use of a 9m core cleaved fiber makes evaluating the desingdatnsicron
resolution nearly impossible with the current ogpltisetup. As stated previously, the
FHWM is currently ~10m, so <1 m misalignment corresponds to <0.1dB of loss, which
is too near the noise threshold of our system (<104004dB) to be reliable. It would be
preferable to work with a setup similar k@ang et al[155] where they reported a 3dB
loss for only 1-1.2m misalignment of a lensed fiber to an InP chipwdver, manually
assembly of lensed fibers in the gray-scale fidgnar would be exceedingly difficult
and expensive given the equipment available. (Abbeyield would be extremely low
since lensed fiber tips are delicate and manuairiims/epoxying of the fiber often does

not result in good contact between the fiber arth bbignment wedges.)

6.7. Conclusion
The static and auto-alignment testing presentdtisnchapter was able to clearly

demonstrate three key abilities of the gray-scidlerfaligner. First, controlled actuation
of the optical fiber in both the horizontal and tieal directions was achieved over a
range >35m in each axis with switching speeds of ~1ms. 8dc@uto-alignment

results illustrated that standard search algoritomdd be implemented using the gray-
scale fiber aligner with predictable and intuitivehavior; optimizing alignment to fiber
and waveguide targets on the order of 10 secofdstdly, alignment using the pulse
actuation method was able to confirm that an aligmimresolution <1.25m was

achievable over a 20 by 2 area. Gray-scale fiber aligners have also progbost, in
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some instances actuating 31mes in numerous testing configurations withony a
observed change in performance.

The developed gray-scale fiber aligner system sgaificant step towards in-
package alignment of optoelectronic components. e Thost realistic packaging
configuration would likely include flip-chip bondnof 1lI-V or SOI photonic circuits
onto a silicon substrate containing one or morerfilignment devices (and possibly
relevant control electronics). The gray-scale rfikdigners would then provide
individually optimized alignment to minimize opticlnsses. While only basic device
configurations and control algorithms were presgntere, there remain numerous
avenues for optimizing active alignment time ancuaacy for particular applications. In
addition, testing has shown that nearly arbitrasgtmol methods and search algorithms

could be adapted to work with this device.
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CHAPTER 7: CONCLUSION

7.1. Summary of Accomplishments
This PhD dissertation has investigated electrastaWMlEMS actuators

incorporating 3-D features fabricated with graylscéechnology. While traditional
MEMS actuators have been limited to planar desigth fabrication, the integration of
3-D components has enabled improved performance inockased (or otherwise
impossible) functionality. This research is thestfito demonstrate such a beneficial
marriage between MEMS actuators and a batch 3-Kction technique. Developed
devices include static 3-D comb-drives, tunable MEkesonators, and a novel 2-axis
fiber alignment device.
The specific accomplishments of this PhD dissentaéire as follows:

1. Gray-scale Technology Development:Complex 3-D photoresist and silicon
profiles were controlled through a developed eropirimodel of the gray-scale
lithography process and extensive DRIE pattern sfeancharacterization. A
double-exposure technique was demonstrated ashd&t exponentially increase
the vertical resolution of 3-D structures, while tBARDE process was introduced
as an effective technique for anticipating aspetiorlimitations during DRIE.
Static applications of gray-scale technology weemdnstrated through three
technology collaborations: (a) Development of aialde span microcompressor
(U.S. Army Research Laboratory and Massachusegistute of Technology)b)
Design and fabrication of 3-D substrates for a MBFBHKelay package(Toshiba
Corporation); (c) Design, fabrication, and testing of x-ray ph&3sesnel lenses

(NASA-Goddard Space Flight Center).
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2. Compact Tailored Electrostatic MEMS Comb-drives: Variable height gray-
scale structures were integrated with electroststi€MS actuators for the first
time. Analytical and FEA methods were developedniodel comb-drives with
variable height comb-fingers, enabling tailoredpthsement characteristics without
increasing device area. Local reduction of actuatespension height enabled
dramatic (70%) reductions in spring constant, legdio lower driving voltages.
The design and fabrication techniques developedtégrate gray-scale technology
within an electrostatic MEMS actuator process fleerves as a platform for
developing more complex 3-D shaped actuators.

3. Vertically-Shaped Tunable MEMS Resonators Research on vertically shaped
comb-drive actuators was extended to create newpaocmtunable MEMS
resonators. Voltage-controlled electrostatic gygimvere designed, modeled, and
fabricated; capable of bi-directional resonant Gi&ry tuning of in-plane comb
resonators. Simulations showed that multi-step kefinger profiles or variable-
engagement comb-finger designs can be used to mmimon-linear stiffness
coefficients during large amplitude resonator dattdns. MEMS resonators in the
low kHz range demonstrated electrostatic springstasg as 1.19 N/m (@70V)
and enabled tuning of the resonant frequency b ufy.1%.

4. Gray-scale Fiber Aligner. A novel 2-axis optical fiber alignment systemngsB-D
wedges (fabricated with gray-scale technology) wesated for the first time.
Without the integration of these 3-D components tlew class of actuators would
be otherwise impossible or impractical. Devicesendesigned, fabricated and

tested based on experience with comb-drive actsiand gray-scale integration.
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Auto-alignment algorithms were developed and im@etad to demonstrate the
ability of final devices to align an optical fib&y a specific target, with particular
emphasis on comparing overall alignment time arndeaable resolution. Methods
for Cartesian control and evaluating hysteresistluddse actuators were also
developed. Device switching speeds were measuorbd tonsistently <lms, while
alignment times of <10sec to a fixed @ square indium phosphide (InP)
waveguide with <1.6m resolution were commonly achieved. Ultimatelyayg
scale fiber aligners were able to achieve alignmanges as large as 410 (at fiber
tip) in both the in-plane and out-of-plane diren8p with alignment resolution of
<1.25m. These results represent a significant step risvaost effective in-

package fiber alignment in optoelectronic packaging

7.2. Future Work
The following sections will briefly comment on asefor future work based on

this PhD dissertation.

7.2.1. Gray-scale Technology: Resolution and Unifor  mity
The discussion on the gray-scale technology propessented in this research

was primarily concerned with design and processtrobrfor individual devices.
However, the wide acceptance of this technique kiiige upon developments in two
primary areas of future work: resolution and uniidy.

As discussed briefly in Chapter 2, the horizontakotution of gray-scale
photoresist structures is limited by the pixilatedhnique being used during the mask
design process (recall that horizontal resolutisninversely proportional to vertical

resolution due to mask vendor limitations). Adufitally, a finite number of pixels is
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required to create a distinct gray level in phad@e The double-exposure technique
introduced in Section 2.3.3 could exponentiallyre@ase the number of gray levels
available without sacrificing horizontal resolutjobut will require significantly more
modeling and process optimization in order to igoroduce complex 3-D profiles.
Another interesting possibility is to use th& Bxposure to “sharpen” the edges of an
initially defined gray-scale feature to remove edffects from the pixilated mask design,
thereby reducing the minimum gray-scale feature.siz

The manufacturability of MEMS devices utilizing gracale technology will
ultimately be limited by the uniformity and repdatiy of both the lithography and
etching steps. During the current research, thedraphy was largely manual, allowing
limited control over the uniformity. However, oaeea observed to have a potentially
large effect on uniformity was the baking stepsa#ft baking photoresist on an uneven
hot-plate caused dramatic differences in strudhgights across the wafer. Changing to
an oven soft bake could lead to more uniform plestist solvent content and therefore
developing properties, but will require significagttaracterization and process control.
Automation of the development step should also onprwafer to wafer repeatability,
although puddle techniques have been problematidalthe finite time required to cover
the wafer. It is recommended that spray developrteshniques be investigated as an
alternative.

Etching uniformity during DRIE is already a largeld of interest [34, 100, 101,
105, 177-179]. In general, low silicon loadingpieferred for uniformity [178] where
transport is ion limited, compared to high loadthgt is neutral limited [100]. Groups

have reported techniques for modeling uniformitieets from pattern layouts [179], or
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even introducing dummy structures to minimize pattdependent processing [180].
Other research has focused on tuning the plasmlavi@r pressure and high coil power
to improve uniformity [101]. However, each chargehe layout and/or plasma process
for uniformity purposes will also effect the etakectivity of the 3-D photoresist transfer
into silicon. Thus, it is suggested that a datalyatating etch uniformity and selectivity
for high and low loading conditions be developed arder to anticipate realistic
manufacturing tolerances and tuning ability whewedigping a device.

These interesting and exciting areas of future work the core gray-scale
technique are currently being pursued by anothedwgate student, Mr. Lance Mosher, as
part of his Masters Thesis research (at MSAL at UMDhe author can envision
developments in this fabrication technique openipgapplications in micro-molding,

micro-fluidics, or on-chip inductors and intercootse

7.2.2. Vibrational Energy Harvesting
The voltage-tunable MEMS resonators discussed ap@h 4 have relatively low

resonant frequencies (~2 kHz) and would likely rsggignificant modifications for RF
applications. However, the dimensions and frequendiscussed are close to those of
interest in vibrational energy harvesting (100’sHH), an active topic of research in
MEMS and distributed wireless sensor networks [144} .

The development and deployment of wireless senstwarks could be felt in a
variety of applications, such as embedded sensorbuildings and bridges [141].
However, such systems will rely on small low powedes that must be autonomous and
maintenance free. While approaches such as matteries are being investigated [181],

stored power sources for applications requiringtiplel years of operation are currently
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extremely challenging. Thus, energy scavengingaggmes, such as photovoltaics and
vibration harvesting, have received increasingnéitte. While the power available from
these sources is small (typically 100’'s &f//cm® [144]), wireless RF transmitters with
10m range and <1mW power consumption have been m&nated that rely entirely on
solar and vibrationally scavenged energy [143].

For vibrational energy harvesting)Viliams and Yates[141] developed a
simplified model to calculate the maximum availaptever @) from a vibrational source

with an angular frequency of (independent of power conversion technique):
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wherem is the vibrating masg; is the amplitude of vibration,is a damping coefficient,
and ris the resonant frequency of the vibrating mass.

As evident from Equation 80, the power scales wiss, so most designs seek to
include the largest proof mass possible within dizgtations. The power also scales
with the cube of resonant frequency, and the sgo&ramplitude, making fast high
amplitude vibrations preferable for high power autgwith some designs requiring

stable operation for >30n amplitudes [141]). Near resonance, the amplitofle
vibration is inversely proportional to the dampiogefficient (Y %), meaning low
damping will lead to high power, at the expensenaking the resonator more frequency
selective. Other terms in Equation 80 also shaat the frequency of input vibrations

must match the resonant frequency of the resomatorder to maximize power. Since

the frequency and acceleration of the source vidiratare inherent properties of each
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environment, the capability for a single node destg adapt (tune) it's resonant
frequency is quite attractive.

Looking at the vibration spectrums measuredRoundy et al[144], common
ambient environments have acceleration peaks in 10@-300 Hz range. Such
frequencies could be obtained using a 100Gilicon cube held by 3 N/m springs, giving
an approximate resonant frequency of 182 Hz. énctise of large damping coefficients,
this single device could cover a wide range of destpies at the cost of dramatically
reducing the power available from any particulagfrency. Conversely, designs using a
minimal damping coefficient could increase powerdatically, but the optimal range of
frequencies for generation would be small. Thtusyauld be necessary to design and
fabricate many devices to be able to cover thereldsange. An alternative could be to
include vertically-shaped electrostatic springemable resonant frequency tuning (either
up or down) of a single optimized design in orademaximize power output at any given
frequency in the range of interest.

The paradox in such a proposal is that energy kange typically uses low
voltages to minimize power consumption, while tHec&ostatic springs discussed
previously in this chapter require >50V to creagmsicant tuning. However, there are
multiple potential solutions. First, reservoir aaftors could be precisely pre-charged on
tuning “islands” that are isolated from the remagiisystem. Since the tuning
mechanism is capacitive, virtually no energy shdutdconsumed during operation and
the capacitor voltage should remain stable. No#¢ the reservoir capacitor should be
much larger than the capacitance of the comb-fsigemselves. A second option could

be the inclusion of electret’s (permanent elecatasicharges), which have been shown to
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hold up to 100 Volts for >3 years [182]. Electretsuld require corona charging as a
post-processing step after resonator fabricatiosgibly using shadow masks) to serve as
the permanent tuning mechanism.

A potential tunable resonator configuration utiigi“tuning islands” and extra
comb-fingers for an electrostatic generator (like generator in [142]) is proposed in
Figure 7.1. Both stiffening and weakening eledats fingers could be included on
separate “islands” to enable tuning of the resoffi@guency either up or down. This
approach would enable a single optimized desidrettabricated and subsequently tuned
to a final desired frequency as a post-procesdielg sUsing the gray-scale electrostatic
springs demonstrated in Chapter 4, the 182 Hz sysliscussed earlier could be tuned
from 154 Hz (-0.85 N/m) to 227 Hz (1.66 N/m). Altey basic design parameters, such

as the number of fingers and/or their spacing,cteakily extend this range significantly.

Suspension

Gray-scale
section

Gray-scale
section

Figure 7.1: Schematic of a vibrational energy scavger using stiffening and weakening gray-scale
electrostatic spring islands.

While high voltage capacitive reservoirs and ebdstrare not commonly

integrated with MEMS technology at the present fifngher development of these areas
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could provide numerous opportunities for on-chipitig and actuation of electrostatic
MEMS devices. Thus, vertically-shaped gray-scateble resonators could have direct

applications in vibrational energy harvesting, #meltopic is worthy of further study.

7.2.3. Fiber Aligner Miniaturization
The device footprint of the gray-scale fiber aligme currently large, requiring

cantilever lengths >10mm and multiple actuatorssueag approximately 0.5 by 4mm.

This design was initially chosen to minimize angulass and enable the use of well
understood comb-drive actuators. Yet for accegtame a packaging technique, the
layout should be more compact and compatible fomyapackaging. Both the fiber

cantilever length and MEMS actuator size could educed by making some basic
modifications to the design.

First, the use of a reduced cladding (RC) fibed{(r=m vs 62.5m) would have a
dramatic effect on fiber spring constant becaygsg 1 radiug (see Equation 72). Thus,
an RC fiber cantilever of only 5.5mm would have Hane spring constant as a 10mm
cantilever of normal fiber. RC fiber is already aoercially produced, often as bend-

insensitive fiber (see www.StockerYale.cpmaking it a potentially viable solution.

A second design modification could be the migrationMEMS electrothermal
actuators as the source of in-plane actuation B}3-&uch actuators are capable of much
higher forces compared to electrostatic devicdgriofy up to 0.67mN @ 7mA per beam
[45]. The fabrication process for electrothermalators with 3-D components could be
virtually identical to that used for the gray-scalectrostatic devices discussed in this
research. Multiple electrothermal beam actuatorgdcalso be cascaded to increase the

generated force, with the footprint still being dlerathan most comb-drive designs.
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Smaller footprints could lead towards compact fiaaay packaging schemes, such as

that shown schematically in Figure 7.2.

Single gray-scale
fiber aligner

Electrothermal
v-beam actuator

Fiber
Cantilevers

Figure 7.2: Schematic of compact gray-scale fibedigner array configuration using electrothermal v-
beam actuators with attached alignment wedges.

Electrothermal actuators were not originally usedcause they introduce
additional design, fabrication, and testing vamgsbthat would make evaluation of the
fiber actuation mechanism difficult. Since the mamlsm of fiber actuation has now been
established, electrothermal actuators could prosgumental for reducing the gray-scale
fiber aligner footprint of future. However, while(Rfiber and electrothermal actuators
could make short cantilever devices mechanicallgsitde, optical considerations
discussed in Chapter 5 may become the limitingofactfiber aligner designs.

Methods for improving and evaluating the alignmaoturacy of gray-scale fiber
aligners are also of great interest, but are melaed to the core gray-scale technology
and equipment limitations discussed previouslysTdatuation mechanism could also be

extended for use in other applications, such adNIswitches or micro-robotics.
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7.2.4. Maintaining Fiber Alignment
Once acceptable coupling has been achieved byrthesgale fiber aligner, to

whatever tolerance is required, the device curyerdgtjuires a constant application of
voltage to maintain the alignment. Thus, the greglesfiber aligner would greatly benefit
from the development of a mechanism to fix the rfilbeits final position, a necessary
component of any fiber packaging scheme.

There are two apparent avenues to address thefifiiieg challenge. The first
option is to immobilize the fiber via epoxy or setthg, which is typically a permanent
process. Some research has been pursued to budiignment effects on a fiber within
a package caused by thermal CTE mismatch of adésefl84] and solder ball relaxation
[172]. Options such as laser welding could beaative in certain cases [155], but
significant research on this topic remains.

Alternatively, a mechanical locking mechanism cootdentially be introduced to
immobilize the silicon actuators, and thereforeinectly immobilize the fiber. MEMS
bi-stable actuators [185] could be adapted to twédcomb-drive actuators, and therefore
the fiber, in the final aligned positions. A schaio of such a system is shown in Figure
7.3. The primary advantage of a mechanical clagh@pproach is that the locking
mechanism could be reversible, enabling re-positgmf the fiber if any shifts occur
during or after the clamping process. However,atiditional actuators would increase
the size and complexity of the overall device. n8igant design, simulation and testing
would be required for such a mechanism, with speddcus on it's susceptibility to

shock and/or vibration.
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(a) (b)
Figure 7.3: Schematic of a bi-stable clamping mecimésm (a) before and (b) after fixing a fiber
actuator in an optimal position.

7.3. Conclusion
This PhD dissertation research has definitivelywaihdahat electrostatic MEMS

actuators incorporating gray-scale technology haimificant advantages over their
planar counterparts. In demonstrating that grajests a viable 3-D batch fabrication
technique for developing MEMS sensors and actuatbis my sincere hope that this
technology can be leveraged by the MEMS commubityetvelop innovative solutions to

many of the technical, economic, and social chghsrfacing the world today.
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APPENDIX A: Matlab Script for Virtual Electrostatic
Spring Constants
As discussed in Section 3.3.3, the instability poiha static comb-drive actuator

is defined by the perpendicular virtual electrastapring Ky.vinua) that is created as the
voltage increases and the device deflects. Taulke this instability point, knowledge
of both the actuation characteristidg’(k)) and overlap areaA(x)) as a function of
displacement is required. However, for variablegheprofiles these relations are not
simple analytical functions. Thus, a Matlab scias created to take any comb-finger
height profile [i(x)) and numerically calculatg.,iwa @s a function of displacement.

The script first defines all constants and assuongtiabout the comb actuator
design (such as number of fingers and suspensiomgsponstant). A height profile is
then input from a text file, where it is assumedttkthe height profile accounts for
fringing fields by scaling the physical height inem “effective” height representing
dC/dx. Equation 43 is then evaluated numericatlyobtain A(x), while V*(x) is
calculated numerically using the piecewise constachnique of Equations 36 and 37.
Finally, the virtual spring constak.virual(X) @s a function of displacement is calculated

using Equation 46. The code is shown below witmments in green font.

kkkkkkkkkkkkkkkkkhkkkkkkkkkkhkkkhkkkhkkkkkkkhkkkkkkkkkkk kkkkkkkkkkkkkkkkkkkk

% Matlab code for calculating the perpendiculatual electrostatic spring constant as a
% function of displacement for arbitrary comb-fingeofiles

% Define constants and design assumptions in $8 uni
step = 1;

stepx = 1le-7;

epsilon = 8.85e-12;

gap = 10e-6;

num_fingers = 200;

k =5;

max_finger_height = 100e-6;
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% Input “effective” height profile from text file ean account for fringing fields
string_input =height_profile.txt’

fid = fopen(string_input);

height = fscanf(fid, '%f',[1 inf]);

height = height’;

fclose(fid);

% Calculate overlapping area as a function of gkinbegrating over the height profile
% Corresponds to A(x) in Equation 43
area(1l) = max_finger_height * stepx;
for(ii=2:length(x))
increment = x(ii) - x(ii-1);
area(ii) = area(ii-1) + height(ii) * increment;
end

% Calculate voltadevs. displacement characteristics fd(%J in Equation 45
% Assumes force is proportional to the given “eifex’ height profile
Vtemp2 = zeros(length(x),1);
V = zeros(length(x),1);
V2 = zeros(length(x),1);
for(n = 2:length(x));
increment = x(n) - x(n-1);
Vtemp2(n) = increment * gap * K/ (epsilon *igkt(n)) / num_fingers;
V(n) = sgrt(V(n-1)"2 + Vtemp2(n));
V2(n) = V(n) * V(n);
end

% Use A(x) and ¥(x) in Equation 46 to calculate the virtual elestatic spring as a
% function of displacement, ky(x)
for(i=1:length(area))
ky(i) = num_fingers * epsilon * area(i) * V2(t)2 / gap”3;
end

plot(x,ky)

kkkkkkkkkkkkkkkkkhkkkkkkkkkkhkkkhkkkhkkkkkkkhkkkkkkkkkkk *kkkkkkkkkkkkkkkkkk
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APPENDIX B: Process Flow for Gray-scale SOI process

The process flow for integrating gray-scale techgglwithin an SOI actuator
required significant development. The final pracesas described qualitatively in
Section 3.5 and the details are shown in Table Blie gray-scale lithography and DRIE
steps were described in more detail elsewhereisndilsertation (see Chapter 2). Slight
modifications would be required to adapt this pesc® devices having different layouts
or requiring different etch selectivity.

The wafer saw step is intentionally performed beftire wet oxide etch release
step to maintain structural integrity during thiateely harsh sawing process. The oxide
etch release required significant development assemuence of etching in buffered
oxide etch (BOE) and rinsing in DI water often et the complete etching between
high aspect ratio features. In general, 1-2 rgtees in DI water (5 min each) helped to
ensure complete undercutting of desired structuréle final die rinse process was a
combination of multiple soaks in DI, followed byads in IPA to avoid stiction problems

(due to its low surface tension).

Table B.1: Process details for electrostatic MEMS@uators incorporating gray-scale technology.

S';;ap Step Name | Location Recipe / Description
Startin Wafer = 100mm, p-type (1-10 ohm-cm)
1 Materiagl MSAL | SOI (device layer / buried oxide layer) — 160/ 2 m
Thickness = 600-650n (total)
Karl Suss ACS 200
5 Coat ARL Recipe Name: 5214eS51
Photoresist Spin: 2000rpm, 40 sec
Bake: 110 C, 120 sec
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GCA Waferstep
File: COMBS2, Pass: METAL2

3 Prllzc))(t%?:gist LPS | Mask: 2%Gen_M
4 by 4 array (dropping corners), 19.5mm in X & 18nmY
Exposure = 0.17 sec, Focus =0
Develo AZ312MIF 1:1 DI
4 P LPS 120 seconds, light agitation
Photoresist .
Check under microscope
PlasmaTherm 790
Recipe: dandescu.prc
5 De-Scum LPS Gas = Q 16sccm, Pressure = 200mTorr, Power = 100W,
Time = 45 sec
Evaporate CHA Mark — 40
6 Mgtal LPS Recipe 22: Aluminum, 1000 A
Rate = 4 A/sec, Power = 90%
. PRS — 3000
7 | Mellft | ARl | Temp=sscC
Time = 120 min
8 Inspection ARL | Under microscope — check for line definition / deiaation
Karl Suss ACS 200
9 Coat ARL Recipe Name: 9245551
Photoresist Spin: 2500rpm, 60 seconds
Bake: 110 C, 120 seconds
GCA Autostep
File: COMBS2, Pass: GRAY2
Mask: 2ndGen_S
Gray-scale 4 by 4 array (dropping corners), 19.5mm in X & 18nmY
10 LPS I -
Exposure Exposure = 1.50 sec, Focus = -1
Alignment: Align Fiducial mark to Al mark on wafer
i. Align mark offset = 8mm on x-axig
ii. Uses die’s (3,1) and (3,4)
11 Develop LPS AZ400K 1:5 DI (Fresh solution every wafer)
Photoresist Time = 6 min (Light agitation)
. Aluminum mark must be covered by larger photoresistk
12 Inspection LPS Aluminum pads should be covered by photoresistragua
PlasmaTherm 770 DRIE
13 Chamber ARL S
e Recipe: brianm2
Conditioning

Time = 25 loop conditioning run with recipe below
Use dummy wafer
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PlasmaTherm 770 DRIE
Recipe: brianm2
- Coil Power = 825 W (etch), 825 W (dep)

14 DRIE Silicon ARL Chiller Temperature =20 C
Etch Pressure = 15mTorr (etch), 15mTorr (dep)
Electrode Power = 13 W (etch), 1W (dep)
Cycle Time = 9sec (etch), 8 sec (dep)
Number of Loops = 230+
15 Inspection ARL Be sure area be_tween comp-fmge_rs is clear obsilic
darkness indicates remaining silicon!!
- Wafer saw at ARL — channel 1 = 18mm, channel 2 =
16 | Wafer Dicing ARL 19.5mm (assuming wafer flat is towards the opeyator
Buffered oxide etch (BOE) 6:1 ~1000 A/min @RT
. Time: 50min BOE DI5min  50min BOE
Oxide Etch ; . X
17 ARL 10 min DI soak 5 min DI soak 10 min IPA soak 30
Release :
min IPA soak
Release bars at least 30 wide should be cleared
Photoresist PlasmaTherm 790 RIE
18 LPS Recipe: 02sample.prc

Strip

Time: 10 min

Figure B.1: Resulting die layout on a 4-inch wafer.
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APPENDIX C: Fiber Deflection Geometry

For purposes of both optical and mechanical charaettion of the gray-scale
fiber aligner, the angles and displacements offither cantilever tip during actuation
must be calculated. As a slight approximation,wi assume that the deflected fiber
cantilever of lengthL() follows a circular arc of radius)(due to a tip displacementy(),

creating an angle ) as shown in Figure C.1. We can then write thgtleof the circular

arc as:
L=rgqg (C.1)
And the displacement in terms of the angle as:
Dy=r-rcosg. (C.2)

Figure C.1: Angle created by deflecting fiber cantever tip.
SincelL and y are known, we can substitute Equation C.1 intot€ &iminater,

resulting in a single equation with one unknowh (

L
Dy = 5(1 cosq). (C.3)
Equation C.3 can be solved foby converting to sin terms (instead of cog and using
the approximation of sin . Re-arranging and squaring both sides, we obtain:
2
1- %Dy =1- ¢°. (C.4)

Solving for results in Equation 65 as stated in Section 5.3:
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g=—-"——. (C.5)

For most casels >> vy, and Equation C.5 can be reduced to:

q= 2%. (C.6)

Knowledge of this angle is quite useful for deterimg the angular loss components of a
deflected fiber cantilever tip, as discussed inpZ&a5.

For most implementations of the gray-scale fibegrar, the fiber will actually
extend beyond the point of contact with the aligntneedges along a straight line
tangent to the curve, see Figure C.2. Thus, antiadal tip displacement () is
generated that depends on the fiber angle andetigtH it extends past the alignment
wedges():

Dy(=LGtang. (C.7)

Straight section

Bent section % y

A

Figure C.2: Additional tip displacement due to fibe tip extending beyond the point of actuation.
Using Equations C.5 and C.6, we can now analyzefitex displacements in
Figure 6.6 more accurately. For the case of (1280V) in Figure 6.6, the total
measured displacementy(+ y) was 37 m for a device with.=12mmandL =2mm
This means that the 3ih tip displacement was actually comprised of apipnexely
y=28 m at the alignment wedges andy=9 m due to the overhanging fiber.

Although the extraL =2mm of fiber was necessitated by our testing setup, fiher
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displacement at the alignment wedges is still gasithe 10’s of micrometer range that
is realistically required for in-package alignmg§tk?2].

It is also possible to use this additional anguli@placement to one’s advantage
when designing a fiber alignment system. Showhahle C.1 are 3 possible designs for
achieving 40m tip displacement with a total fiber cantilevemdéh of 6mm. Moving the
alignment wedges from L=6mm to L=4mm reduces thHeerfidisplacement at the
alignment wedges {) by a factor of two, causing a corresponding réduacin the
angular losses during optical coupling. One caveatis approach is that while the
required fiber motion is smaller, the fiber springnstant will increase dramatically

(recallkipe~1/L> from Equation 72) and higher force actuators maysgjuired.

Table C.1: Example designs using displacement amfiiation to achieve 40 m total tip movement.

L L y y Max Transmission
(mm) | (mm) [ ( m) (' m) (rad) (dB)

6 0 40 0 0.0133 -0.085

5 1 28.6 11.4 0.0114 -0.063

4 2 20 20 0.0100 -0.048

202



APPENDIX D: Geometry for Fiber Position in V-groove

In order to design a gray-scale fiber aligner fquaaticular application, one must
calculate the rest position of the cylindrical fideetween two overlapping wedges, as
shown in Figure D.1. For this general case, wé agsume that the fiber is perfectly
cylindrical (with radius®R), and that each wedge makes an identical anglevi(h the
horizontal axis. The coordinates of interest Wil those that define the center of the

fiber as it rests between the wed{€sy).

(X,Y)

Chord between
points of contact

.ty
g
h{
—
Wy

v

< W

Figure D.1: Geometry for deriving the rest positionof a cylindrical fiber within a v-groove.
The horizontal positionX) of the fiber center in relation to the edge of an
individual wedge can be readily calculated using width of that wedgeW), and it's
overlap with the opposing wedgék():

(
X =W, - W7 (D.1)

However, calculating the vertical positiol)( of the fiber center is more complicated

because it is determined by a combination of therfradius ), the gap ¢) between the

203



fiber edge and the bottom of the v-groove, andadffieet () created by the overlapping
wedges:
Y=R+g+h. (D.2)

Calculating the vertical offset caused by the aygping wedges is straight forward:
(
= % tan@@) . (D.3)

The gap g) between the fiber and bottom of the v-groove bandetermined by first
defining a chord between the two points of contaetween fiber and wedges. The
vertical distance between the center of the chontithe fiber edge ¢ in the figure),

can then be calculated to be:

y=R1-—1 (D.4)

Jtan@)® +1

Using some trigonometry, the gap can then be détedrnn terms of and :

g=tan@R* - (R- y)* - y. (D.5)
Equations D.1-D.5 explicitly define the center atinates of a cylindrical fiber resting in
a v-groove of arbitrary angle. As intuition wouldttate, as the wedge angle approaches
zero, the gap vanisheg (0 andy 0) and theY coordinate approaches the fiber radius
Y R.
For the case of =45° as desired in this research, the calculation hef ¥

coordinate can be greatly simplified to:

W

Y =RJ/2+ > (D.6)
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APPENDIX E: Pixel Sets for Alignment Wedges

As mentioned in Chapter 5, two different pixel setye used during the design
of the gray-scale fiber aligner wedges. The desitijizing a 2.8 m mask pitch has a
total of 27 available pixels, while the designiatil)g a 3.2 m mask pitch has a total of
52 available pixels. The tables below give thelame dimensions of each rectangular
pixel, with its calculated transmissiomr] and expected height in photoresist using the

Gaussian approximation. The final height in sitias then estimated by assuming an

etch selectivity of 60:1, with a 3@ over etch to account for ARDE.

Table E.1: Set of pixels for 2.8m mask pitch used to create gray-scale alignment wges.

Estimated Height | Estimated Height
Level # ( )r(n) ( )r/n) Calc_IL_JrIated in Photoresist in Silicon
(m) (m)
1 2.2 2.1 0.411 2.42 115.3
2 2.1 2.1 0.438 2.10 95.8
3 2.2 2.0 0.439 2.08 94.9
4 2.3 1.9 0.443 2.04 92.3
5 2.1 2.0 0.464 1.81 78.5
6 2.2 1.9 0.467 1.78 76.9
7 2.0 2.0 0.490 1.56 63.8
8 2.1 1.9 0.491 1.55 63.1
9 2.2 1.8 0.495 1.52 61.0
10 2.0 1.9 0.515 1.34 50.6
11 2.1 1.8 0.518 1.32 49.4
12 1.9 1.9 0.540 1.16 39.4
13 2.0 1.8 0.541 1.15 38.9
14 2.1 1.7 0.545 1.12 37.2
15 1.9 1.8 0.564 0.99 29.4
16 2.0 1.7 0.566 0.97 28.4
17 1.8 1.8 0.587 0.85 20.8
18 1.9 1.7 0.588 0.84 20.3
19 2.0 1.6 0.592 0.82 19.0
20 1.8 1.7 0.610 0.72 13.0
21 1.9 1.6 0.612 0.70 12.2
22 1.7 1.7 0.631 0.61 6.4
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23 1.8 1.6 0.633 0.60 6.0
24 1.9 1.5 0.636 0.58 4.9
25 1.7 1.6 0.653 0.51 0.3
26 1.8 1.5 0.656 0.49 -0.3
27 1.6 1.6 0.673 0.42 -4.8

Table E.2: Set of pixels for 3.2m mask pitch used to create gray-scale alignment wges.

Estimated Height

Estimated Height

Level # ( );n) ( )r/n) Calcyrlated in Photoresist in Silicon
(m) (m)
1 2.4 2.4 0.438 2.39 113.5
2 2.5 2.3 0.438 2.38 112.8
3 2.6 2.2 0.441 2.34 110.7
4 2.4 2.3 0.461 2.12 97.2
5 2.5 2.2 0.463 2.10 95.9
6 2.6 2.1 0.467 2.06 93.4
7 2.3 2.3 0.483 1.88 83.1
8 2.4 2.2 0.484 1.88 82.5
9 2.5 2.1 0.487 1.85 80.8
10 2.6 2.0 0.492 1.80 77.9
11 2.3 2.2 0.506 1.67 70.3
12 2.4 2.1 0.508 1.65 69.2
13 2.5 2.0 0.512 1.62 67.2
14 2.6 1.9 0.518 1.57 64.1
15 2.2 2.2 0.527 1.49 59.2
16 2.3 2.1 0.528 1.48 58.7
17 2.4 2.0 0.531 1.45 57.3
18 2.5 1.9 0.536 1.42 54.9
19 2.6 1.8 0.543 1.36 51.8
20 2.2 2.1 0.549 1.32 49.1
21 2.3 2.0 0.551 1.30 48.2
22 2.4 1.9 0.555 1.28 46.5
23 2.5 1.8 0.561 1.23 44.0
24 2.1 2.1 0.569 1.17 40.3
25 2.2 2.0 0.570 1.17 39.9
26 2.3 1.9 0.573 1.15 38.7
27 2.4 1.8 0.578 1.11 36.8
28 2.5 1.7 0.585 1.07 34.1
29 2.1 2.0 0.590 1.04 32.3
30 2.2 1.9 0.592 1.03 31.5
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31 2.3 1.8 0.596 1.00 30.1
32 2.4 1.7 0.602 0.97 28.0
33 2.0 2.0 0.609 0.92 25.3
34 2.1 1.9 0.610 0.92 24.9
35 2.2 1.8 0.613 0.90 23.9
36 2.3 1.7 0.618 0.87 22.3
37 2.0 1.9 0.629 0.81 18.8
38 2.1 1.8 0.631 0.80 18.2
39 2.2 1.7 0.635 0.78 17.0
40 2.3 1.6 0.641 0.75 15.2
41 1.9 1.9 0.647 0.72 13.2
42 2.0 1.8 0.648 0.72 12.9
43 2.1 1.7 0.651 0.70 12.1
44 2.2 1.6 0.656 0.68 10.7
45 1.9 1.8 0.666 0.63 8.0
46 2.0 1.7 0.668 0.63 7.5
47 2.1 1.6 0.672 0.61 6.5
48 1.8 1.8 0.684 0.56 3.5
49 1.9 1.7 0.685 0.55 3.3
50 2.0 1.6 0.688 0.54 2.6
51 2.1 1.5 0.692 0.52 1.4
52 1.8 1.7 0.701 0.49 -0.7
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