





Greetings from the General Chairman

It is my pleasure to welcome you to the 2002 Solid-State Sensor, Actuator and Microsystems Workshop, or as we
often call it, The Hilton Head Workshop. This is the tenth in a biannual series of regional workshops, held since
1984 on Hilton-Head Island, and dedicated to a scientific exchange of ideas in the areas of micro and nanofabricated
devices and systems. This workshop is scheduled to be on alternate years from the International Conference on
Solid-State Sensors, Actuators, and Microsystems (Transducers Conference). While the biannual Transducers
Conference is a large, international, multi-session meeting, the Hilton Head Workshop is designed to be highly
interactive and smaller. Consequently, this regional workshop restricts attendance to residents of the Americas in
order to keep the size manageable. The overall organization of the workshop is modeled somewhat after the Gordon
Conference, leaving plenty of time for extensive Q&A, free time in the afternoons for interaction amongst the
participants, and a significant number of evening events. This structure has helped to promote a highly collegial and
collaborative group of researchers in this region. In addition, the meeting has often served as an important venue for
new researchers (graduate students, young professionals) to immerse themselves in the field.

The technical program was planned beginning in the Fall of 2001 with the selection of our four invited speakers.
Following this, the Technical Program Committee met in early January to select the contributed oral and poster
presentations. As in the past, this was a highly competitive process, with well less than 50% of the submissions
ultimately being selected for the program.

Perhaps the most significant change for this year has been an increased attention to late news submissions. The
program has 4 oral presentation slots for late news, and these submissions, as well as the late news posters are being
included in the technical digest of the meeting for the first time this year. We hope these changes will give
researchers the chance to feature their latest work in a quality format.

I would like to thank all the individuals and organizations that have contributed to this workshop. The Technical
Program Chair, Bob Sulouff, did an outstanding job of organizing the program committee, steering the committee
in the selection of papers, and organizing the technical program. The Technical Program Committee members
generously donated both their time and their organization’s travel funds to participate in the paper selection meeting
and review the more than 200 abstracts. Chip Spangler helped organize the corporate sponsorship and student travel
support. The Transducers Research Foundation (TRF) and DARPA are both contributing to the student travel
support. The rest of the organizing committee included Tom Kenny (Technical Program), Mark Allen (Local
Arrangements), and Joe Giachino (Finances). Finally, professional management of the conference was provided by
Katharine Cline and the team at Preferred Meeting Management, Inc (PMMI).

I"d like to say thanks to all the authors and participants for making the Hilton Head Workshop such a special event.

Martin A. Schmidt
General Chairman

iii



Organizing Committee

General Chairman

Technical Program Chairman

Technical Program Vice-Chairman

Treasurer

Local Arrangements

Publications

Student Travel Grants

Martin A. Schmidt
Massachusetts Institute of Technology

Robert Sulouff
Analog Devices

Thomas W. Kenny
Stanford University

Joseph M. Giachino
University of Michigan

Mark G. Allen
Georgia Institute of Technology

David S. Eddy
Delphi

Leland “Chip” Spangler
Aspen Technologies



Technical Program Committee

David Arch
Honeywell Laboratories

Susanne C. Arney
AT&T Bell Laboratories

David Beebe
University of Wisconsin at Madison

James Bustillo
Georgia Institute of Technology

Philip Congdon
Consultant

Harold Craighead
Cornell University

Gary Fedder
Carnegie Mellon University

Leslie Field
MEMSInsight, Inc.

John R. Gilbert
Coventor, Inc.

Jay Jakubczak
Sandia National Laboratories

Jack Judy
University of California at Los Angeles

Thomas W. Kenny
Stanford University

Wen Ko
Case Western Reserve University

Peter Krulevitch

Lawrence Livermore National Laboratory

Dorian Liepmann
University of California at Berkeley

Carlos Mastrangelo
Corning Intellisense

Clark T.-C. Nguyen
University of Michigan

M. Allen Northrup
MicroFluidic Systems, Inc.

Martin A. Schmidt
Massachusetts Institute of Technology

Robert Sulouff
Analog Devices, Inc.

James Walker
Tellium, Inc.

Jacob White
Massachusetts Institute of Technology



Acknowledgements

Special acknowledgements to the Transducers Research Foundation, Inc. and the Defense
Advanced Research Projects Agency (DARPA) MTO/MEMS and Bio Flips Programs for their
educational grant support of this conference.

The Transducers Research Foundation, Inc. would also like to thank the following companies for
their financial support, encouragement, and involvement in the 2002 Solid State Sensor,
Actuator, and Microsystems Workshop.

Applied MEMS
Ardesta LLC
MEMS Industry Group
MEMSCAP
Sensors Magazine

Vi



Solid-State Sensor, Actuator and Microsystems Workshop

Sunday, June 2

6:00 to 9:00 pm

Monday, June 3
7:15 to 7:45 am

7:45t0 8:15 am

8:15 am

9:00 am

9:25 am

9:50 am

10:15 to 10:40 am

10:40 am

June 2 - 6, 2002
Crowne Plaza Resort
Hilton Head Island, South Carolina

Program and Table of Contents

Registration and Welcome Reception

Breakfast
Welcome and Introduction — Martin A. Schmidt, Chairman

Session 1
Session Chair - James Walker

Invited Speaker

Optical MEMS Design for Telecommunications Applications
V.A. Aksyukl, M.E. Simon', F. Pardo’, S. Arneyl, D. Lopezz, and
A. Villanueva’

'Lucent Technologies, *Agere Systems, and

*Massachusetts Institute of Technology

A Mechanically-Balanced, DRIE Rotary Actuator for a High-Power
Tunable Laser

H. Jerman and J.D. Grade

10lon, Inc.

Low Voltage MEMS Analog Micromirror Arrays with Hidden Vertical
Comb-Drive Actuators

D. Hah', S. Huang', H. Nguyen', H. Chang', J.-C. Tsai', M.C. Wu',
and H. Toshiyoshi’

'University of California at Los Angeles and

*University of Tokyo, JAPAN

Micromirror Array Phase Modulator for Ultrashort Optical Pulse
Shaping

K. Li', U. Krishnamoorthy', J.P. Heritage', and O. Solgaard®
'University of California at Davis and *Stanford University

Break

Session 2
Session Chair - Peter Krulevitch

An Electrostatic, On/Off MEMS Valve for Gas Fuel Delivery of a
Microengine

X. Yang, A. Holke, and M.A. Schmidt

Massachusetts Institute of Technology

vii

11

15

19



11:05 am

11:30 am

11:55 am to 1:30 pm

1:30 - 5:00 pm

Tuesday, June 4

7:30to 8:15 am

8:15 am

9:00 am

9:25 am

9:50 am

10:15 to 10:40 am

Design, Fabrication and Testing of the P* Micro Heat Engine
J. Skinner, M. Thomson, S. Whalen, R.F. Richards, D.F. Bahr,
and C.D. Richards

Washington State University

High-Temperature Microcombustion-Based Ammonia Microchemical

Hydrogen Generator Reactors for PEM Fuel Cells

M.A. Shannon, G.V. Moore, J. Ganley, C. Miesse, C. Rice, E.G. Seebauer,

and R.J. Masel
University of Illinois at Urbana-Champaign

Lunch

Contributed Posters (see listing of contributed posters)
Session Chair - Jacob White

Breakfast

Session 3
Session Chair - Clark T.-C. Nguyen

Invited Speaker

MEMS and Si Micromachining for High Frequency Applications
L.P.B. Katehi

Purdue University

Poly-SiGe: A High-Q Structural Material for Integrated RF MEMS
S.A. Bhave, B.L. Bircumshaw, W.Z. Low, Y .-S. Kim, A.P. Pisano,
T.-J. King, and R.T. Howe

University of California at Berkeley

A Low Temperature Bi-CMOS Compatible Process for MEMS RF
Resonators and Filters

J.L. Lund, C.V. Jahnes, H. Deligianni, L.P. Buchwalter, J.M. Cotte,
P. Andricacos, D.E. Seeger, and J.H. Magerlein

IBM T.J. Watson Research Center

Micromachined Magnetically Reconfigurable Frequency-Selectable
Surfaces

J. Zendejas, J. Gianvittorio, B.Yo0o, Y. Rahmat-Samii, K. Nobe,

and J.W. Judy

University of California at Los Angeles

Break

viii

23

27

31

34

38

42



10:40 am

11:05 am

11:30 am

11:55 am

12:10 pm

12:25-1:30 pm

7:00 - 9:00 pm

Wednesday, June 5

7:30to 8:15 am

8:15 am

9:00 am

Session 4
Session Chair - Jack Judy

Micromachined Jet Arrays for Liquid Impingement Cooling of
VLSI Chlps

E.N. Wang', L Zhang', L. Jlang J.-M. Koo' KE Goodson',
J.G. Maveety , E.A. Sanchez and T.W. Kenny

'Stanford University and Intel Corporation

Hydraullc Ampllflcatlon Devices for Microscale Actuatlon

J.L. Steyn H.Q. Li' DC Roberts', K.T. Turner', O. Yaghoglu

Y.-H. Su', M.A. Schmldt S.M. Spearmg N.W. Hagood

and R. Mlcak2

'Massachusetts Institute of Technology and *Boston MicroSystems, Inc.

Robot Leg Motion |n a Planarized- SOI 2 Poly Process
S Hollar', A. Flynn®, S. Bergbreiter', and K S.J. Pister'
Umversny of California at Berkeley and *Micropropulsion Corporation

Late News Papers Oral
Session Chair - James Bustillo

A Miniaturized Microbial Fuel Cell
M. Chiao, K.B. Lam, Y.-C. Su, and L. Lin
University of California at Berkeley

High-Q Micromechanical Resonators in CH4-Reactant-Optimized High
Acoustlc Velocity CVD Pondlamond

J Wang', J.E. Butler’, D.S.Y. Hsu?, and C.T.-C. Nguyen'

'University of Mlchlgan and Naval Research Laboratory

Lunch

Banquet

Breakfast

Session 5
Session Chair — M. Allen Northrup

Invited Speaker

Micromechanical Force Sensing with Applications to Biology
T.W. Kenny, Y. Liang, S.-W. Ueng, M. Bartsch, and R. Rudnitsky
Stanford University

A Water-Powered Micro Drug Delivery System
Y.-C. Su, L. Lin, and A.P. Pisano
University of California at Berkeley

46

50

54

59

61

63

69



9:25 am Dermal Thermo-Poration with a PDMS-Based Patch for Transdermal 73
Biomolecular Detection
M. Paran[]’apel, J. Garra', S. Brida', T. Schneider?, R. White?, and
J. Currie
'Georgetown University and “Science Applications International Corporation

9:50 am Design, Fabrication and Testing of a MEMS Syringe 77
B. Stoeber and D. Liepmann
University of California at Berkeley

10:15 - 10:40 am Break

Session 6
Session Chair - Susanne Arney

10:40 am A Wafer-Level Vacuum Packaging Process by RTP Aluminum-to-Nitride 81
Bonding
M. Chiao and L. Lin
University of California at Berkeley

11:05 am A Robust Gold-Silicon Eutectic Wafer Bonding Technology for 86
Vacuum Packaging
Y. Mei, G. Roientan Laniji, and K. Najafi
University of Michigan

11:30 am A Barometric Pressure Sensor with Integrated Reference Pressure 90
Control using Localized CVD
P.P.L. Chang-Chien, and K.D. Wise
University of Michigan

11:55am - 1:15 pm Lunch

Session 7
Session Chair - Jay Jakubczak

1:15 pm Optical Fiber Tip Fabricated by Surface Tension Controlled Etching 94
P.K. Wong, T.-H. Wang, and C.-M. Ho
University of California at Los Angeles

1:40 pm Low-Voltage High-Speed Ultrasonic Chromatography for 98
Microfluidic Assays
C.-H. Lee and A. Lal
University of Wisconsin

2:05 pm Thermoelastically Actuated Acoustic Proximity Sensor with Integrated 102
Through-Wafer Interconnects
V. Chandrasekaran', E.M. Chow?, T.W. Kennyz, T. Nishida',
L.N. Cattafesta', B.V. Sankar', and M. Sheplak'
'University of Florida and *Stanford University



2:30 pm

2:45 pm

6:00 to 8:00 pm

8:00 to 10:00 pm

Thursday, June 6

7:30to 8:15 am

8:15 am

9:00 am

9:25 am

9:50 am

10:15 to 10:40 am

Late News Papers Oral
Session Chair - Gary Fedder

GaAs-Based Waveguide MOEMS 108
O.B. Spahnl, T. Bakke', C.P. Tiggesl, J. Johnson', G. Grossetete',

F.R. Gass', E.M. Ochoa?, J.L. Reno', J.F. Klem', G.M. Peake',

and C.T. Sullivan'

'Sandia National Laboratories and *Air Force Institute of Technology

MEMS-Based Flow Controller for Flow Cytometry 110
E. Cabuz, J. Schwichtenberg, B. DeMers, E. Satren, A. Padmanabhan,

and C. Cabuz

Honeywell International

Open Poster
Session Chair - John Gilbert

Rump Session

Breakfast

Session 8
Session Chair - Harold Craighead

Invited Speaker

Capillary Array Electrophoresis Bioprocessors 112
R.A. Mathies', E.T. Lagally', T. Kamei', W.H. Grover', C.N. Liu',

J.R. Scherer', and R.A. Street’

'University of California at Berkeley and *Palo Alto Research Center

Electrochemical Microsensors for DNA Mutation Detection 118
X. Yang', C. Shi', R.E. Holmlin', S.0. Kelley', M.G. Hill', D.M. Crothers’,

and J.K. Barton®

'GeneOhm Sciences, Inc., *Yale University,

and “California Institute of Technology

Improvement of DNA Microarray Biochips using Microfluidic 122
Mixing Technique

R.H. Liu, R. Lenigk, D. Ganser, J. Bonanno, P. Grodzinski,

B. Sanchez, P. Singhal, and S. Dai

Motorola Inc.

An Immunoassay Platform based on CMOS Hall Sensors 126
T. Aytur', P.R. Beatty', M. Anwar’, B. Boser', and T. Ishikawa’

'University of California at Berkeley,
*Massachusetts Institute of Technology, and *Sharp Corporation, JAPAN

Break

xi



10:40 am

11:05 am

11:30 am

11:55 am

Session 9
Session Chair - David Arch

A Micromachined Hydrogel-Gated Smart Flow Controller
Y. Gu, A. Baldi, B. Ziaie, and R.A. Siegel
University of Minnesota

EWOD Driving of Droplet on NxM Grid using Single-Layer Electrode
Patterns

S.-K. Fan, P.-P. de Guzman, and C.-J. Kim

University of California at Los Angeles

A Microbubble-Powered Bioparticle Actuator
R.A. Braff', A.L. Gerhardt', M.A. Schmidt', M.L. Gray', and M. Toner’
'Massachusetts Institute of Technology and *Massachusetts General Hospital

Closing Remarks

xii

130

134

138



Contributed Posters

Wafer Level Anti-Stiction Coatings with Superior Thermal Stability
W.R. Ashurst', C. Carraro', R. Maboudian', and W. Frey2
'University of California at Berkeley and *Robert Bosch Corporation

JPL's MEMS Gyroscope Fabrication, 8-Electrode Tuning, and Performance Results
S.Y. Bae, K.J. Hayworth, K.V. Shcheglov, K.Y. Yee, and D.V. Wiberg
California Institute of Technology

Liquid Phase Construction of Microstructures
J.M. Bauer'?, T.A. Saif', and D.J. Beebe®
'University of Illinois at Urbana-Champaign and *University of Wisconsin

Selective and Localized Bonding using Induction Heating
A. Cao, M. Chiao, and L. Lin
University of California at Berkeley

Electrical Through Wafer Interconnects with 0.05 Pico Farads Parasitic Capacitance on
400um Thick Silicon Substrate

C.H. Cheng, A.S. Ergun, and B.T. Khuri-Yakub

Stanford University

Nanoscale Gap Fabrication and Integration of Carbon Nanotubes by Micromachining
J. Chung, J. Lee, R.S. Ruoff, and W.K. Liu
Northwestern University

A Passive-Telemetry-Based Pressure Sensing System
A. DeHennis and K.D. Wise
University of Michigan

Development of Artificial Lateral-Line Flow Sensors
Z. Fan, J. Chen, J. Zou, J. Li, C. Liu, and F. Delcomyn
University of Illinois at Urbana-Champaign

Theory, Experimental Realization, and Properties of Miniature Bragg Fibers
J.G. Fleming, S.-Y. Lin, and R. Hadley
Sandia National Laboratories

Measurement of Changes in Tissue Metabolism using a Clark-Type Oxygen Sensor
B. Franc, N. Peixoto, L. Giovangrandi, G. McLaughlin, and G.T.A. Kovacs
Stanford University

A 0.8um CMOS Integrated Surface Micromachined Capacitive Pressure Sensor with EEPROM
Trimming and Digital Output for a Tire Pressure Monitoring System

B.P. Gogoi, S. Jo, R. August, A. McNeil, M. Fuhrmann, J. Torres, T.F. Miller, A. Reodique,
M. Shaw, K. Neumann, D. Hughes, Jr., and D.J. Monk

Motorola Inc.

Infrared Diagnostics for Measuring Fluid and Solid Motion Inside MEMS

G. Han, J.C. Bird, K. Johan, A. Westin, and K.S. Breuer
Brown University

Xiii

142

146

150

153

157

161

165

169

173

177

181

185



Microscale Electrolytic Probes with Integrated Temperature Sensors for Nano- to
Micro-Liter Fluid Volumes

D. He' and M.A. Shannon®

'Intel Corp. and *University of Illinois at Urbana-Champaign

Active SOI-Based Neural Probes

M.D. Hills', D.T. Kewleyz, J.M. Bower™, and G.T.A. Kovacs'
'Stanford University, “California Institute of Technology, and
*University of Texas at San Antonio

Flow-Through Micro-Electroporation Chip for Genetic Engineering of Individual Cells
Y. Huang' and B. Rubinsky”
'Bioelectronic Microsystems and *University of California at Berkeley

An Integrated Surface Micromachined Capacitive Lateral Accelerometer with 2uG/UOHz Resolution
X. Jiangl, F. Wangl, M. Kraft’, and B.E. Boser'
'University of California at Berkeley and *Southampton University, UNITED KINGDOM

New Plastic Microinjection Molding Technique for Extremely Tall Plastic Microstructures using
Remote Infrared Radiation Heating Method

S. Kim', R. Trichur', G. Beaucage', C.H. Ahn', and B.H. Kin’,

'University of Cincinnati and *University of Massachusetts

Microcantilevers for Thermal Nanoimaging and Thermomechanical Surface Modification
W.P. Kingl, T.W. Kenny', K.E. Goodson', M. Despontz, U. Duerigz, M. Lantz’,

H. Rothuizen®, G. Binnig’, and P. Vettiger®

'Stanford University and *Zurich Research Laboratory, SWITZERLAND

MEMS Micro-Mechanical Logic Gates for Mechanical Computing in Machine Only Environments
P.E. Kladitis
Air Force Institute of Technology

A 5V Closed-Loop Second-Order Sigma-Delta Micro-g Microaccelerometer
H. Kulah, A. Salian, N. Yazdi, and K. Najafi
University of Michigan

Fine ZnO Patterning with Controlled Sidewall-Etch-Front Slope
J.W. Kwon and E.S. Kim
University of Southern California

Vertical Microlens Scanner for 3D Imaging
S. Kwon', V. Milanovic?, and L.P. Lee'
'University of California at Berkeley and *Adriatic Research Institute

High-Frequency Actuation with Silicon Electroosmotic Micropumps
D.J. Laser, K.E. Goodson, J.G. Santiago, and T.W. Kenny
Stanford University

Chemical and Biological Diagnostics using Fully Insulated Ultracompliant Thermal Probes
M.-H. Li', J.-H. Lee', F. Cerrina', A.K. Menon', and Y. Gianchandani'*
'University of Wisconsin and *University of Michigan

A High Tuning-Ratio Silicon-Micromachined Variable Capacitor with Low Driving Voltage
Z.Liand N.C. Tien

Xiv

189

193

198

202

206

210

215

219

223

227

231

235

239



University of California at Davis

A Novel Micromachined Glow Plug for Ultrahigh Temperature Ignition Applications
L.-A. Liew, V.M. Bright, and R. Raj

University of Colorado

Large- Area Electrostatic-Valved Skins for Adaptlve Flow Control on Ornithopter Wings
M Liger', N. Pornsin-Sirirak', Y.-C. Tal ,S. Ho?, and C.-M. Ho’
'California Institute of Technology and Umver51ty of California at Los Angeles

A High-Power MEMS Electric Induction Motor
C. Livermore, A. Forte, T. Lyszczarz, S.D. Umans, and J.H. Lang
Massachusetts Institute of Technology

Closed-Loop Control of a Parallel-Plate Microactuator Beyond the Pull-In Limit
M.S.-C. Lu and G.K. Fedder
Carnegie Mellon University

A Microfabricated Electrochemical Oxygen Generator for High-Density Cell Culture Arrays
M.M. Maharbiz, W.J. Holtz, S. Sharifzadeh, J.D. Keasling, and R.T. Howe
University of California at Berkeley

PreC|5|on Fabrlcatlon of ngh Speed Mlcro Rotors using Deep Reactive lon Etching (DRIE)
N. Miki', C.J. Teo', L. Ho', and X. Zhang®
lMassachusetts Instltute of Technology and *Boston University

Optlcal Actuation of MICI‘OﬂUIdICS based on Opto Electrowettlng
P.-Y. Chiou, M.C. Wu', H. Moon', C.-J. Klrn , and H. Toshiyoshi’
'University of Cahforma at Los Angeles and Unlversny of Tokyo, JAPAN

Multielectrode Microprobes for Deep-Brain Stimulation Fabricated using a Novel
3-D Shaping Electroplating Process

P.S. Motta and J.W. Judy

University of California at Los Angeles

A Novel MEMS Tunable Capacitor based on Angular Vertlcal Comb Dr|ve Actuators
H Nguyen', D. Hah', P.R. Patterson', W. Plyawattanametha M.C. Wu', and R. Chao®
'University of Cahforma at Los Angeles and *National Cheng Kung Umver51ty, TAIWAN

Single-Crystal Silicon HARPSS Capacitive Resonators with Submicron Gap-Spacing
S.Y. No, A. Hashimura, S. Pourkamali, and F. Ayazi
Georgia Institute of Technology

Angular Rate Gyroscope with Dual Anchor Support
GJ O'Brien'?, D.J. Monk® andK Najafi'
'University of M1ch1gan and *Motorola Inc.

Integrated Microsystems for Microfluidics/BioMEMS: Cellular Sample Handling and Analysis
M. Okandan, P. Galambos, S.S. Mani, D. Salas, G. Benavides, H. Stewart, D. Sandison,

and J. Jakubczak

Sandia National Laboratories

A Disposable Capillary Micropump using Frozen Water as Sacrificial Layer

L.-W. Pan, Y.-C. Sy, and L. Lin
University of California at Berkeley

pal

243

247

251

255

259

265

269

273

277

281

285

289

293



Measurement System for Low Force and Small Displacement Contacts
B.L. Pruitt, W.-T. Park, and T.W. Kenny
Stanford University

A New Approach for Dispersion Control in Nanofluidic Channels
R. Qiao and N.R. Alura
University of Illinois at Urbana-Champaign

High-Resolution Electrometer with Micromechanical Variable Capacitor
P.S. Riehl, K.L. Scott, R.S. Muller, and R.T. Howe
University of California at Berkeley

Integration of "On-Chip" Electrochemical Detection in a Microfabricated Capillary
Electrophoresis Device

T.J. Roussel, Jr., R.S. Keynton, M.M. Crain, V. Bathlagundu, D.J. Jackson, J.A. Conklin,
R. Pai, J.F. Naber, K.M. Walsh J. Gullapalli, and R.P. Baldwin

University of Louisville

Parallel-Plate Driven Oscillations and Resonant Pull-In
J.I. Seeger and B.E. Boser
University of California at Berkeley

Batch Fabricated Inline Microfluidic Valve
P. Selvaganapathy, E.T. Carlen, and C.H. Mastrangelo
University of Michigan

A Separator-Analyzer Flowmeter for Complex Liquids in Microfluidic Systems
S. Sengupta, B. Ziaie, and V. Barocas
University of Minnesota

Polymer-based Actuator for Nozzle-Diffuser Pumps in Plastic Microfluidic Systems
P. Sethu and C.H. Mastrangelo
University of Michigan

Interface Thermal Conductance for Microactuated Devices
W.-B. Song and J.J. Talghader
University of Minnesota

Micro-Power Wireless Transmitter with Printed Battery for MEMS Sensing and
Communication Applications

M. Suster, D.J. Young, and W.H. Ko

Case Western Reserve University

Quality Factor Enhancement of in situ Annealing Cantilevers
A. Tewary', K.Y. Yasumura', T.D. Stowe', T.W. Kenny', and D. Rugar’
'Stanford University and IBM Almaden Research Center

Analog Tunable Gratings with Nanometer Resolution
C.W. Wong, W.-C. Shih, Y.B. Jeon, S. Desai, D. Freeman, S.-G. Kim, and G. Barbastathis
Massachusetts Institute of Technology

Micromachined Variable Capacitor with Wide Tuning Range

Z. Xiao', W. Pengl, R.E. Wolffenbuttel?, and K.R. Farmer'
'New Jersey Institute of Technology and *Delft University of Technology (The Netherlands)

xvi

297

301

305

309

313

317

321

325

329

333

337

342

346



A Low-Voltage Tiltable Microplatform using Bent-Beam Actuation
Y. Xie and C.T.-C. Nguyen
University of Michigan

IC-Integrated Flexible Shear-Stress Sensor Skin
Y. Xu', Y.-C. Tai', A. Huangz, and C.-M. Ho?
'California Institute of Technology and *University of California at Los Angeles

Fluid Damping of an Electrostatic Actuator for Optical Switching Applications
K.Y. Yasumura, J.D. Grade, and H. Jerman
10lon, Inc.

Large Area Microfluidic Mixer Integrated with Linear Fluidic Transporters and Reservoirs
H. Yuand E.S. Kim
University of Southern California

Late News Posters

Two-Dimensional Chip-Based Protein Analysis using Coupled Isoelectric Focusing and
Capillary Electrophoresis

A.E. Herr, J.C. Mikkelsen, J.G. Santiago, and T.W. Kenny

Stanford University

Nanoelectromechanical Silicon Carbide Resonators for Ultra High Frequency Applications
X.M.H. Huangl, K.L. Ekinci', Y.T. Yang', C.A. Zorman®, M. Mehreganyz, and M.L. Roukes'
'California Institute of Technology and “Case Western Reserve University

High Voltage Limits for Electrostatic Transducers: On the Role of Ambient Pressure and Device
Dimension in MicroDischarges

C.G. Wilson', A.E Wendt', and Y.B. Gianchandani'*

'University of Wisconsin and *University of Michigan

Self-Assembled Out-of-Plane High Q Inductors
C.L. Chua, D.K. Fork, K. Van Schuylenbergh, and J.-P. Lu
Palo Alto Research Center

RF MEMS based on Epoxy-Core Conductors
Y.-K. Yoon, J.-W. Park, and M.G. Allen
Georgia Institute of Technology

Fabrication of Supermembranes and other Structures using One-Step Porous Polysilicon Films
G.M. Dougherty, A.P. Pisano, and T. Sands
University of California at Berkeley

1200 Mirror Array Integrated with CMOS for Photonic Switching: Application of Mechanical
Leveraging and Torsional Electrostatic Actuation to Reduce Drive Voltage Requirements and
Increase Angular Tilt

J.H. Smith, S.S. Nasiri, J. Bryzek, M. Novack, J.B. Starr, H. Kwon, A.F. Flannery, D.L. Marx,
Z. Chen, and E. Sigari

Transparent Networks, Inc.

XVii

350

354

358

362

366

368

370

372

374

376

378



xviii



TECHNICAL PAPERS

Solid-State Sensors,
Actuators, and

Microsystems
Workshop

2002

Hilton Head Island, South Carolina
June2-6



XX

















































































































































































































































































































































































































































































































































































































































































A 5V CLOSED-LOOP SECOND-ORDER SIGMA-DELTA
MICRO-G MICROACCELEROMETER

Haluk Kulah, Arvind Salian’, Navid Yazdi~, and Khalil Najafi
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ABSTRACT

A closed-loop hybrid accelerometer subsystem consisting of
an all-silicon pg capacitive microaccelerometer and a CMOS
interface circuit is presented. Microaccelerometer sensitivities are
1.3pF/g and 6pF/g for 2xImm’ and 4x1mm’ doubly-supported
bridge structures, and 20pF/g for a cantilever-supported structure,
respectively.  The calculated mechanical noise floor for the
2x1mm’ bridge device is 0.39ug/NHz in atmosphere. The circuit
has a 95dB dynamic range, a low offset of 370uV and can resolve
better than 75aF. The complete module operates from a single 5V
supply and has a measured sensitivity of 430mV/g with a noise
floor of ISHg/\/Hz in open-loop. The subsystem is operated in
closed-loop and can resolve better than 100ug/NHz for signal
frequencies up to 15 Hz, and better than 2ug/~Hz for signal
frequencies higher than 15Hz.

INTRODUCTION

Accelerometer systems with micro-g resolution and high
precision are needed in navigation/guidance, microgravity
measurements, tilt control, platform stabilization, and position
sensing [1]. The sensor should have high sensitivity, low
temperature sensitivity, and good long-term stability. In order to
obtain a large dynamic range and reduce sensitivity to variations in

accelerometer mechanical characteristics (mass size, spring
constant), closed-loop operation based on force feedback is
required. In addition, a digital output is desired in many

applications. ~ Our group has previously reported a high-
performance silicon microaccelerometer [2], and its open-loop
operation using a switched-capacitor readout circuit [3]. In this
paper, we report the closed-loop operation of the accelerometer
system as a second-order sigma-delta modulator using only a single
5V supply.

THE ACCELEROMETER SYSTEM

To increase accelerometer sensitivity, a large proof mass,
compliant suspensions, and large capacitance sensitivity are
needed. When operated in open-loop, such an accelerometer will
have a limited dynamic range and bandwidth. To increase the
dynamic range, the accelerometer can be operated in closed-loop
by applying an electrostatically-generated force feedback signal
that maintains the proof mass in null position. Recently, X-A
modulation control loops have been used in microaccelerometers to
achieve force-rebalancing and obtain a direct digital output [3, 4].
A 2"-order X-A modulator, with two integrators, one mechanical
and one electrical, not only provides a digital output, but also
relaxes the accuracy requirements on the analog circuits.

The general form of a X£-A modulator is shown in Figure 1.
The Z-A loop has a low pass transfer function represented by H(s).
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This low pass characteristic moves most of the quantization noise
to higher frequencies out of the input signal band. The high
frequency shaped noise is removed from the converted signal by
the low pass digital filter following the X-A modulator loop. In an
electromechanical Z-A modulator, H(s) is realized by the low pass
transfer function of the sensor. The oversampling ratio in
electromechanical modulators is typically very large. Hence
sufficiently low quantization noise is achievable with a one-bit
digital-to-analog converter (DAC) and quantizer; therefore, the

DAC block and the nonlinearity errors of the quantizer are reduced.
fg

J
Latch
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Figure 1: General oversampling sigma-delta data converter.

The electrostatic force-feedback for the accelerometer is
provided by the high frequency pulse-width modulated (PWM)
digital output stream of the electromechanical X-A modulator.
Therefore the closed-loop accelerometer has all the advantages of
an oversampled X-A data converter as well as direct digital output,
very wide dynamic range, extended linearity, less stringent
precision requirements of the circuit blocks, and larger bandwidth.
All these advantages are achieved in an oversampled X-A
modulator by trading-off resolution in the time domain with
resolution of the various circuits. The relatively small bandwidth
(1kHz), high precision (ug’s) and wide dynamic range (18-19b)
requirements of our application, make this trade-off very
rewarding.

The accelerometer system consists of the sensor and the
interface chip. The sensor structure utilizes the whole wafer
thickness to attain a large proof mass with integrated polysilicon
electrodes above/below it [2]. These electrodes are stiffened by
embedding vertical stiffeners in them to allow force rebalancing of
the proof mass. Damping holes are formed in the electrodes to
obtain a desired damping coefficient for stable operation. Figure 2
shows the device SEM with a 2x1mm’ proof mass.

In force-rebalanced accelerometers with a large proof mass, a
further challenge is maintaining low-voltage operation since the
required feedback force has to be large enough to bring the proof
mass to null position. In the system reported here, this is
accomplished by using a single 5V supply, and by limiting the
movement of the proof mass using bushings formed between the
electrodes and proof mass as illustrated in Figure 3.

The electrostatic feedback force is a linear function of the
output voltage and is linearized by applying differential force on
top and bottom electrodes. Assuming that the proof mass
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displacement is negligible in closed-loop operation, if the circuit
applies V +V/2 on the top and V-V/2 on the bottom electrodes, the
differential electrostatic force can be expressed as:
A
F,_uw =F, = Ve /A%
where A is the electrode area and d is the gap distance between the
electrode and the proof mass. It can be shown that the full-scale
feedback acceleration is:

T
! xlefx[i;fvov)

—top L e—bottom Eq 1

ag 08 m Eq.2

where T, /T is the ratio of feedback duration over the full readout
cycle, and m is the proof mass. For m=2.2mg,T/T=3/8, A=1.4mm’
(effective electrode area after taking the damping holes into
account), d=1.5um and V=2V =5volts, the maximum feedback
acceleration is 1.2g. In other words, this system can force-

rebalance such a large proof mass by a single 5V supply.

Poly
- Electrode

Figure 2. SEM of a device with 2mm x Imm proof mass.

Top Electrode —
Bushings ! E I d=1.5pum
Proof mass t=475um
2.2mg
(whole wafer thickness)
Y o " ';';';';:::::fo@im
Bottom Electrode/

Figure 3: Cross sectional view of the accelerometer showing the
electrodes, proof mass and bushings.

The microaccelerometer is interfaced with capacitive readout
circuitry to detect the capacitance change and to operate the sensor
in open-loop or force-rebalance the proof mass in closed-loop.
Figure 4 shows the block diagram of the interface circuit [5]. Two
fixed reference capacitors are used to form a balanced full-bridge
with the sensor capacitive half-bridge, and the sensor top and
bottom electrodes are used as the input nodes to the chip front-end.
A switched-capacitor readout circuit is utilized to sense the
capacitance change. This is because of the large parasitic
capacitance associated with the hybrid packaging approach, and
because of the large zero-acceleration sense capacitance associated
with the accelerometer.

In addition to the switched-capacitor readout circuit, the
interface chip incorporates two other important circuits. First, the
start-up circuit pulls the proof mass to null position halfway
between the two electrodes. At start-up, the proof mass is touching

220

the bushings on the bottom electrodes, and hence the gap distance
is approximately 2.4um. Because of the larger gap and in order to
ensure that sufficient electrostatic force is available to bring the
mass into null position, a start-up circuit is designed and used.
This circuit stops the readout clock and applies a constant feedback
voltage of 5 volts on the suitable electrode. The 5V electrostatic
signal can overcome the gravitational force of about 1.5g from the
proof mass. The design of the start-up circuit has to be such that
the proof mass does not oscillate.

Safe
Start-up

Latched
Comparator

Cirt
Noise Enhanced, Fully Differenfial
Front-End Charge integrafor

Digital
Compensation

Figure 4: Block diagram of the interface sigma-delta chip.

Second, a digital feedback loop and digital compensation
block are incorporated to provide a PWM signal to the proof mass
and electrodes for force feedback operation.  The digital
compensation block implements a lead compensator to ensure the
loop stability of the system, which degrades as the Q of the
accelerometer increases. Electromechanical simulations have been
performed to verify the stability of the system with an
accelerometer Q of up to eight. Since the Q of the accelerometer
implemented in our system is less than 1, the lead compensation
circuit is usually not needed in normal operation. This lead
compensator is realized by pulse-width modulating the feedback
bit, which works quite effectively with the continuous time
mechanical low pass transfer function. This approach provides
better linearity without any need to implement the digital
compensator in the forward signal path.

TEST SETUP & RESULTS

Figure 5 shows the z-axis hybrid subsystem with the sensor
and the circuit assembled onto a PC board and mounted inside a
standard DIP package. The sensor and the interface circuit are
packaged close to each other to minimize parasitics. The hybrid
system can operate in both open-loop and closed-loop.

Interface Electronics
measuring 2.6x 2.4mm?

Reference
Capacitors

Silicon Accelerometer
with 2x1mm? proof mass

Figure 5: Hybrid packaged accelerometer and the interface chip
in a standard 24-pin IC package.
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Power MEMS 23,251,265
Power Source 59
Pressure 165
Pressure Sensor 90, 181
Probed-Based Data Storage 255
Pull-In 313
Pull-In Instability 255
Pulsed Laser Deposition 81
Pulse-Free Liquid Flow 110

Quality Factor 34, 146, 281, 337, 358
Rate 285
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Residual Stress 1
Resonant Pull-In 313
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Resonator Frequency Tuning 81
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RF MEMS 31, 34, 38, 61, 239,
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Sensing 333
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Surface Micromachined Pressure
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Surface Tension 94, 150
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Thermal Processing 210
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Through-Wafer Interconnects 102, 157
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Valve
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