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INTRODUCTION
b\ﬂ

Welcome to the 2006 M'TL. Annual Report. This report
contains research abstracts from faculty and senior
research staff whom are associated with the M'TL. The
work spans a broad range of topics from Circuits and
"\ Integrated Systems to Molecular and Nanotechnology.

Martin A. Schmidt . . .
Director, MTL These mvestigators come from more than 30 different

departments, labs, and centers across the Institute.

Last year we introduced a new format to the Annual Report, and we continue that format this year. As with last year, the
entire content of the Annual Report is available from the MTL web site at http://mtlweb.mit.edu. This site also includes
links to more detailed content.

The MTL Mission states that we are an Interdepartmental Laboratory that encompasses research and education with
an intellectual core of 1) Semiconductor Process and Device Technology, and ii) Integrated Circuits and Systems Design.
MTTL fosters new initiatives in Microsystems at the Institute. M'TL provides Microsystems infrastructure to the Institute.

Organizationally, MTL supports this mission by focusing on two major goals; maintaining and supporting a core research
community which is aligned with our research mission, and managing a set of shared experimental facilities which support
of the core research community as well as the broader campus community. In addition, MTL maintains a strong relationship
to industry through a portfolio of relationship options.

The core research community is comprised of approximately 20 faculty and senior research staff’ that do research in areas
of integrated circuits and systems, nanoelectronics, photonics, MEMS, and molecular and nanotechnology. These faculty
are closely aligned to the industries which commercialize this research. The community is maintained through a collection
of activities including seminars, committees and an annual research conference attended by approximately 150 persons.

The shared experimental facilities are comprised of three different clean-rooms which support micro and nano fabrication
technologies from advanced silicon processing, to a diverse range of materials. These three facilities are centrally managed
by a professional staff of 16 engineers and technicians. In addition to the fabrication facilities, the MTL also maintains
computer infrastructure for CAD as well as testing equipment. More details on the facilities are provided later in this report
as well as on the MTL web site.

MTL has a portfolio of industrial engagements from major alliances to individual research grants. The flagship relationship
is the Microsystems Industrial Group (MIG) which is a consortium relationship which provides members with priority access
to the students and research output of the lab. In addition, four industrial research centers with more focused interests are
associated with the MTL; Center for Integrated Circuits and Systems (CICS), Intelligent Transportation Research Center
(ITRC), MEMS@MIT, and the Center for Integrated Photonic Systems (CIPS).
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We are grateful to the following organizations for their generosity and participation in the Microsystems
Industrial Group (MIG). Their membership makes possible the continuing operations of the
Microsystems Technology Laboratories:

« AMD ¢ Intel Corporation

* Analog Devices * National Semiconductor

» Applied Materials * Novellus Systems, Incorporated
* Hewlett-Packard * Samsung

» IBM Corporation * Texas Instruments, Inc.

We would also like to acknowledge past support of the Microsystems Technology Laboratories by the

following organizations:

Agere Systems Hybrid Systems Corporation (Sipex)
Compaq Computer Corporation Hughes Research Laboratories
Delco Electronics Corporation Keithley Instruments, Inc.

Eaton Ion Beam Systems Division Motorola, Inc.

The Charles Stark Draper Laboratories NCR Microelectronics

Ford Motor Company Polaroid Corporation

GCA Corporation Rockwell

General Electric Company Raytheon Corporation

General Motors Corporation Sanders Associates, Inc.

GenRad Incorporated Teradyne Incorporated
Hewlett-Packard United Technologies Corporation

We also wish to acknowledge the support of those organizations who have generously contributed

equipment for use at the Microsystems Technology Laboratories:

Agere Systems Intel Corporation

Analog Devices Keithley Instruments, Inc.
Applied Materials Lucent Technologies
Compaq Computer Corporation MIT Lincoln Laboratory
Digital Equipment Corporation Mass-Vac, Inc.

Electronic Visions Millipore

FEI Company Motorola

GCA Corporation NESLAB Instruments, Inc.
GenRad Incorporated Novellus

GTE Semitest

Hewlett-Packard Company WYKO Corporation

IBM Corporation



Finally, we wish to thank our research sponsors:

U.S. Government

Private Industry

MIT

Other

Department of Defense

 Air Force Office of Scientific
Research
Air Force Research Laboratory
Advanced Research and
Development Activity
* Army Research Laboratory
Army Research Laboratory
Collaborative Technology
Alliance
Army Research Office
Army Research Office Multi-
Disciplinary University Research
Initiative
* DARPA
DARPA Optocenter
DARPA Power Aware
Computing/ Communication
Program

3M Corporation
ABB Corporate Research
AMD
Analog Devices
Applied Materials
Applied Materials Graduate
Fellowship
Baden-Dacttwil of Switzerland
Bell Labs CRFP Fellowship
Carnegie Corporation of New York
Catalyst Foundation
CreatV Micro Tech
Hewlett-Packard
IBM Corporation
* IBM Faculty Award
* IBM Fellowship
» IBM Ph.D. Fellowship

Biotechnology Process Engineering
Center

Buschbaum Fund

Cambridge-MIT Institute

Center for Bits and Atoms

Center for Integrated Circuits and
Systems

Ceenter for Materials Science and
Engineering

CELab, Digital Life, and Things That
Think Research Consortia

CSBi/Merck Fellowship

David and Lucille Packard Foundation

Dutch Foundation for Applied
Sciences (MTK)

Fannie and John Hertz Foundation

Howard Hughes Medical Institute

Institute of Microelectronics,
Singapore

Intelligent Microsystems Center
(Pohang University of Science and
Technology)

¢ Defense University Research
Initiative on Nanotechnology
¢ Institute for Soldier
Nanotechnologies
* Missile Defense Agency
¢ National Defense Science and
Engineering Graduate Fellowship
¢ Ofhice of Naval Research
¢ United States Air Force
Jet Propulsion Laboratory
National Institutes of Health
¢ National Center for Research
Resources
¢ National Institute of Diabetes and
Digestive and Kidney Diseases
¢ National Institute of Biomedical
Imaging and BioEngineering
National Aeronautics and Space
Administration

Infineon Technologies
Intel Corporation
* Intel Foundation Ph.D. Fellowship
Lucent Technologies
MagnaChip
Merck
Microsoft
Mitsubishi Electric
Molecular Imprints, Inc.
NEC research fund
Pacific Scientific
Pfizer
Pirelli S.p.A
Plymouth Grating Laboratory
Q-Peak Inc.
Rohm and Haas

Deshpande Center for Technological
Innovation

Draper Laboratories

DuPont-MIT Alliance

iCampus (MIT-Microsoft Alliance)

Intelligent Transportation Research
Ceenter

Karl Chang Innovation Fund at MIT

Lincoln Laboratory

Media Lab

Interuniversity MicroElectronics
Center

Korea Institute of Science and
Technology Intelligent Microsystem
Center

Korean Institute of Machinery and
Materials

Korean Institute of Metallurgy and
Manufacturing

La Caixa Foundation

MARCO €252

MARCO GSRC

MARCO IFC

National Science Foundation
* NSF CAREER Award
» NSF Center for Material Science
and Engineering
* NSF Graduate Research
Fellowship
* NSF Materials Research Science
and Engineering Center at MIT
» NSF Nanoscale Interdisciplinary
Research Team
+ NSF SGER
* NSF/SRC Engineering Research
Center for Environmentally
Benign Semiconductor
Manufacturing
Presidential Early Career Award for
Scientists and Engineers (PECASE)
Quantum Computing Graduate
Research Fellowship

Samsung Lee Kun Hee Scholarship
Foundation
Semiconductor Research Corporation
* SRC Engineering Research
Center for Benign Semiconductor
Manufacturing
Siltronic AG
Texas Instruments, Inc.
The Carnegie Corporation of New
York

Lincoln Laboratory Advanced
Concepts Committee

Microchemical Systems Technology
Center

NSF MRSEC

NOAA: MIT Sea Grant College
Program

Sea Grant Program

Singapore-MIT Alliance

Microchemical Systems Technology
Center

MicroPhotonics Consortium

Nanolab SBIR

Outgoing Marie Curie Fellowship

Swartz Foundation

University of Illinois at Urbana-
Champaign

Whitaker Foundation
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RESEARCH THEMES
w

The research in M'TL spans an extraordinarily broad set of activities.
It one were to 1dentify a unitying theme associated with these projects,
it would be the system-level interest in micro and nano technology.
The MTL represents a community which brings experimentalist
skilled 1n materials and technology at the micro and nano-levels
together with circuits/systems researchers to realize visions for new

systems which are enabled by the integration of these disciplines.

In the past year, the circuits and systems group engaged in research in the areas of RI design, including receivers,
modulators and power devices. Wireless systems remained a major focus area in both the high performance
and ultra-low power domains. The high performance wireless research was primarily directed towards gigabit
LAN;, whereas the low power systems were in support of wireless sensor networks primarily. This coupled to an
extensive range of research on low-power design in general. Analog to digital conversion and mixed signal circuit
design continue to be a major focus area. A new ‘comparator-based’ circuit architecture was introduced this
year. Intelligent transportation systems, and vision systems in support of these were studied. As part of a larger
overall effort on interconnect issues, there was considerable work on circuit/systems issues in interconnect and
the investigation of 3D systems. Analysis tools for design of circuits and test devices to understand manufacturing
issues provided core underpinning research for the entire circuits and systems area.

A wide range of electronic devices were explored and are reported in detail in our Annual Report. ‘Substrate
engineering,’ or the development of optimized silicon-based hetero-structures, was a substantial activity, as was the
exploration of novel means to achieve device isolation in integrated systems. Compound semiconductor systems
such as InP/GaAs were explored for high performance RF devices. Field emission structures were studied for a
variety of applications in devices and displays to name a few. In the areas of advanced fabrication technologies
and materials, we saw exciting work on magnetics, metal interconnect materials, and environmentally-benign
processes. Lastly, we saw substantial and growing focus on new non-silicon devices in organic and inorganic
materials systems.

Photonic devices were studied for a wide range of applications. Quantum dots, photonic crystals and display
materials and devices were explored, as well as J-aggregates. Lasers in compound semiconductor materials and
heterogeneous integration methods for merging such devices with silicon platforms were pursued. Integrated
silicon photonics and silicon-compatible optical interconnect methods were developed. MEMS structures were
merged with optics to achieve new functionality in optical systems.



In the area of MEMS, the primary focus areas are; bio/chemical devices and systems, power devices, and a
variety of enabling technologies. A large number of microfluidic devices are being developed for manipulation
of cells, DNA, proteins, and other molecules. Microreactors are being designed which enable the synthesis
of chemicals at a small scale, as well as microbioreactors which can be used in areas such as fermentation
studies. Microchemical analysis systems such as portable gas analyzers are also studied. In the area of portable
power generation, we are exploring both fuel-burning and energy harvesting approaches. The primary focus
of the energy harvesting approaches is to utilize piezoelectric materials for vibration harvesting. In the area
of fuel-burning systems, we are exploring microturbines as well as fuel cells and thermophotovoltaics. Beyond
these systems focused projects, there are a wide ranging set of projects looking into the applications of MEMS
technologies for mechanical devices such as switches, tweezers, and nano-assembly. Lastly, there are some
core technology development efforts to understand better, model, and characterize MEMS materials and
structures.

Molecular and nanoscale devices are a new and emerging area of work in the lab. Nanoscale assembly methods
inspired by origami are studied, as well as nanoscale field ionizers. Nano-dimensioned fluidic channels enable
manipulation of chemicals and molecules that are nanoscale. Organic and quantum dot structures are explored
for many electronic and photonic purposes. Carbon nanotubes have emerged as potentially exciting structures
to explore for many different applications. The work in this area includes not only studying the material, but
developing means for fabrication and manipulation of the nanotubes. Magnetic nanoparticles hold great
promise in advanced devices and are extensively explored. Self-assembly methods appear as promising methods
for creating ordered nanostructures and these methods are being studied in detail. Quantum-effect devices are
explored for a variety of applications including quantum computing.

Silicon wafers await the next processing step
in the Technology Research Laboratory at
MTL. (Photo by Tony Rinaldo Photography)
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Faculty Name Research Areas & Special Interests Office Phone E-mazil

A.l. Akinwande Display devices: flexible large area electronics, 39-553b 617-258-7974  akinwand@mtl.mit.edu
organic and inorganic thin film transistors, field
emission displays; high aspect ratio gated
microstructure arrays: field emission devices,
electrospray thrusters and gas analyzers.

D.A. Antoniadis Fabrication, measurements and modeling of silicon- 39-427b 617-253-4693  daa@mtl.mit.edu
and germanium-based devices for high-speed and
low-power integrated circuits.

M.A. Baldo Molecular electronics, integration of biological 13-3053 617-452-5132 baldo@mit.edu
materials and conventional electronics, electrical
and exciton transport in organic materials, energy
transfer, metal-organic contacts, nanomechanical
organic transistors.

G. Barbastathis 3D optical systems, spatial 3D and spectral 346lc 617-253-1960 gbarb@mit.edu
imaging with a single camera and without scanning,
MEMS for integrated optics, Nanostructured
Origami™ 3D fabrication and assembly process for
nanomanufacturing.

K.K. Berggren Superconductive nanodevice physics and 36-219 617-324-0272 berggren@mit.edu
applications; nanofabrication methods, processes,
and tool-development for application to
superconductive quantum computing, single-photon
detection, and reconfigurable devices.

S.N. Bhatia Micro- and nano-technologies for tissue E19-502d  617-324-0221 sbhatia@mit.edu
repair and regeneration. Applications in liver
tissue engineering, cell-based BioMEMS, and
nanobiotechnology.

D.S. Boning Characterization and modeling of variation in 38-435 617-253-0931  boning@mtl.mit.edu
semiconductor and MEMS manufacturing with
emphasis on chemical mechanical polishing
(CMP), plasma etch, and advanced interconnect
processes. Understanding the impact of process
and device variation on circuit performance, and
design for manufacturability.

V.M. Bove, Jr. Sensing, display, and computation for consumer E15-368B  617-253-0334 vmb@media.mit.edu
electronics applications, particularly self-
organizing ecosystems of devices. Advanced data
representations for multimedia.



Faculty Name

V. Bulovi¢

A.P. Chandrakasan

G. Chen

M.J. Cima

M.L. Culpepper

L. Daniel

J.L. Dawson

J.A. del Alamo

Research Areas & Special Interests Office Phone

Physical properties of organic and organic/ 133138 617-253-7012
inorganic nanocrystal composite thin films and

structures; development of nanostructured

electronic and optoelectronic devices.

Design of digital integrated circuits and systems, 38-107 617-258-7619
emphasis on the energy efficient implementation

of microsensor networks and ultra-wideband

systems, circuits techniques for deep sub-micron

technologies and 3-D integration.

Heat transfer and energy conversion at micro-and  3-260 617-253-0006
nanometer scales, including microelectronics,

photonics, thermoelectrics, thermionics, and

thermophotovoltaics; solid-state micro- energy

conversion devices and materials, radiation

transport and electromagnetic metamaterials;

micro and nanofabrication.

Forming methods for complex macro and 12011 617-253-6877
micro devices, using three dimensional printing.

Development of chemically-derived epitaxial oxide

films for HTSC coated conductors. Implantable

MEMS devices for drug delivery and biomedical

applications. Devices and processes for high

throughput combinatorial screening of complex

materials formulations.

Macro-, micro- and nano-scale machines for 35-209 617-452-2395
precision positioning, assembly and manipulation.

Basic and applied research on physical principles,

modeling approaches, synthesis/simulation tools,

design methods and manufacturing practices.

Design and manufacture of multi-scale, multi-

physics mechanical systems. Hands-on education

applied to the mechanical design of micro and

nano-scale devices.

Parameterized model order reduction of linear and  36-849 617-253-2631
nonlinear dynamical systems; mixed-signal, RF and

mm-wave circuit design and robust optimization;

power electronics, MEMs design and fabrication;

parasitic extraction and accelerated integral

equation solvers.

Analog system theory and its applications. RF 39-527a 617-324-5281
transceivers, power amplifier linearization, high-

speed data conversion, problems in nonlinear

control.

Microelectronics device technologies for gigahertz  39-415a 617-253-4764
and gigabit-per-second communication systems:

physics, modeling, technology and design.

Technology and pedagogy of online laboratories for

engineering education.

E-mail

bulovic@mit.edu

anantha@mtl.mit.edu

gchen2@mit.edu

mjcima@mit.edu

culpepper@mit.edu

luca@mit.edu

jldawson@mtl.mit.edu

alamo@mit.edu
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Faculty Name
E.A. Fitzgerald

C.G. Fonstad, Jr.

J. Han

J.L. Hoyt

Q. Hu

K.F. Jensen

R.D. Kamm

S.G. Kim

L.A. Kolodziejski

Research Areas & Special Interests Office Phone

Electronic materials, novel semiconductor 135153 617-258-7461
heterostructures and devices, heterostructure

energy devices (thermoelectrics and thin film

batteries), heteromaterial integration, and

commercializing fundamental technology.

Compound semiconductor heterostructure devices 13-3050 617-253-4634
and physics. Optoelectronics: laser diodes,

photodiodes, quantum effect devices, and OEICs.

Monolithic heterogeneous integration. Microscale

thermophotovoltaics.

Nanofluidic / Microfluidic technologies for 36-841 617-253-2290
advanced biomolecule analysis and sample

preparation: novel nanofluidic phenomena,

nanofluidic biomolecule separation and pre-

concentration, Molecular transport in nano-confined

space.

Novel processes, materials, and device concepts ~ 39-427A 617-452-2873
for silicon technology. Device physics and

epitaxial growth of silicon-based heterostructures

and nanostructures. Strained Si MOSFETs,

heterojunction bipolar transistors, CMOS front-end

processing, and silicon-germanium photodetectors.

Physics and applications of millimeter-wave, 36-465 617-253-1573
terahertz, and infrared devices.

Design, fabrication, testing, and integration 66-566 617-253-4589
of microsystems for chemical and biological

discovery, synthesis and processing.

Microsystems for energy applications, including

micro-combustors,-reformers, thermophotovoltaic,

and solid oxide fuel cells. Chemical kinetics and

transport phenomena related to processing of

materials for biomedical, electronic and optical

applications.

Fluid mechanics, biomedical fluid mechanics, NE47-321  617-253-5330
molecular, cell and tissue biomechanics,
respiratory physiology, transport phenomena

Nanomanufacturing, tunable optical MEMS devices 1-310 617-452-2472
and packaging, self-cleaning RF MEMS switch,

piezoelectric energy harvesting for autonomous

sensors, carbon nanotube transplanting and

assembly.

Research in integrated photonic devices and 36-287 617-253-6868
optoelectronic components. Design and fabrication

of photonic crystals and lllV semiconductor

devices. Electronic materials growth and

characterization.

E-mail

eafitz@mit.edu

fonstad@mit.edu

jyhan@mit.edu

jlhoyt@mtl.mit.edu

ghu@mit.edu

kfiensen@mit.edu

rdkamm@mit.edu

sangkim@mit.edu

leskolo@mit.edu



Faculty Name Research Areas & Special Interests Office Phone E-mazil

J. Kong Synthesis and characterization of carbon 13-3065 617-324-4068 jingkong@mit.edu
nanotubes, applications of nanotube electrical
devices

J.H. Lang Analysis, design and control of electromechanical  10-176 617-253-4687 lang@mit.edu

systems. Application to traditional electromagnetic
actuators, micron scale actuators and sensors,
and flexible structures

H.-S. Lee Analog and mixed-signal integrated circuits, with a  39-553 617-253-5174  hslee@mtl.mit.edu
particular emphasis in data conversion circuits in
scaled CMOS.

C. Livermore Microelectromechanical systems (MEMS). Design ~ 3-449C 617-253-6761  livermor@mit.edu

and fabrication of high power microsystems,
including electrical generators and MEMS
components for lasers. Self-assembly techniques
for nano- and micro-scale manufacturing.

S.R. Manalis Microdevices for biomolecular detection and their ~ E15-422 617-253-5039 scottm@media.mit.edu
application to systems biology and medicine.

|. Masaki VLS| architecture. Emphasis on interrelationship 38-107 617-253-8532 imasaki@aol.com
among applications, systems, algorithms, and
chip architectures. Major application fields include
intelligent transportation systems, video, and
multimedia.

T.P. Orlando Our focus is on the implementation of the major 13-3006 617-253-5888  orlando@mit.edu
components of a quantum computer using
superconducting circuits. This includes the
study of single and coupled qubit behavior, qubit
measurement, algorithm implementation, and
scalability.

M.H. Perrott Circuit and architecture design for high speed 38-344b 617-452-2889 perrott@mit.edu
mixed-signal circuits such as phaselocked
loops and A/D converters: circuit topologies,
architectural approaches, design methodologies,
modeling, simulation techniques. Communication
system simulation software and tutorials for
engineering education.

R.J. Ram Novel optical and electronic devices for 36-491 617-253-4182  rajeev@mit.edu
applications ranging from communication
networks, efficient energy production, to
biosensing and bioprocess development.

C.A. Ross Fabrication, properties and applications of 13-4005 617-258-0223 caross@mit.edu
magnetic films and nanostructures; self assembly.

R. Sarpeshkar Bioelectronics: bio-inspired and biomedical 38-294 617-258-6599 rahuls@mit.edu
electronics.
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Faculty Name
M.L. Schattenburg

M.A. Schmidt

A.H. Slocum

H.I. Smith

C.G. Sodini

V. Stojanovi¢

C.V Thompson

Research Areas & Special Interests Office Phone

Advanced lithography, including x-ray, electron- 37-487 617-253-3180
beam, ion-beam, and optical. Nanotechnology
and nanofabrication. Precision engineering and
nano-accuracy dimensional metrology. Advanced
interference lithography technology for high-
accuracy patterning of general grating and grid
patterns. Micro and nanometer fabrication
technology applied to advanced astronomical and
laboratory instrumentation. Silicon micromachined
structures applied to high-precision optical
assembly. X-ray optics and instrumentation.

Microelectromechanical systems (MEMS). 39521 617-253-7817
Microfabrication technologies for integrated
circuits, sensors, and actuators; design of
micromechanical sensor and actuator systems;
mechanical properties of microelectronic materials,
with emphasis on silicon wafer bonding technology;
integrated microsensors, and microfluidic devices.
Novel applications of MEMS and nanotechnologies
to a variety of fields, including miniature gas
turbines, miniature chemical reactors, miniature
gas analyzers, microswitches, biological
applications, and sensors monolithically integrated
with electronics.

Precision machines and mechanisms from macro  3-445 617-253-0012
to nanoscale.

Director, NanoStructures Lab. Development of 36-225 617-253-6865
nanofabrication tools and techniques aimed at

reaching molecular dimensions and sub-1nm

positional accuracy; nanophotonics; templated self

assembly.

Design of technology intensive microsystems 39-527b 617-253-4938
emphasizing integrated circuit design at the device

level, including organic integrated circuits, high

data rate wireless LANs, and low data rate wireless

sensor systems.

Modeling of noise and dynamics in circuits and 38-260 617-324-4913
systems. Application of convex optimization to

digital communications, and analog and VLSI

circuits. Communications and signal processing

architectures. High-speed electrical and optical

links, on-chip signaling, and clock generation and

distribution. High-speed digital and mixed-signal

IC design.

Processing and properties of thin films and 135077 617-253-7652
nanomaterials for applications in electronic,

microelectronic, and photonic micro- and nano-

systems.

E-mail

marks@space.mit.edu

schmidt@mtl.mit.edu

slocum@mit.edu

hismith@mit.edu

sodini@mit.edu

vlada@mit.edu

cthomp@mit.edu



Faculty Name
T.A. Thorsen

J. Voldman

B.L. Wardle

Research Areas & Special Interests

Microfluidics; microfluid rheology and device
development for chemical engineering and
biomedical applications

Microtechnology for basic and applied cell biology.
Electrostatics at the microscale, especially
dielectrophoresis.

Nano-engineered composites, MEMS Power
devices and energy harvesting, advanced
composite materials and systems, structural
health monitoring (SHM), fracture, fatigue and
damage mechanics, durability modeling/testing,
finite-element modeling,; structural response and
testing, buckling mechanics, project design and
management, business strategy and growth, cost
modeling

Office
3-248

36-824

33-314

Phone
617-253-9379

617-253-2094

617-252-1539

E-mail

thorsen@mit.edu

voldman@mit.edu

wardle@mit.edu
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CIRCUITS & SYSTEMS
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A Transceiver architecture (D.C. Daly, A.P. Chandrakasan, p. 8).
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Error-correcting Codes that Minimize Receiver Turn-on Time
A Robust Digital Baseband for UVB Communications ................

CAD for Tile-based 3-D Field Programmable Gate ArTAYS......c.ueeiueeiiiee it it it cte et etee st e et e et e e sta e e saaeesbeesabaeeaaeeesabeesbeeebaeearaeeanreesnreas
A Power-efficient Multi-local PLL CIOCK DISTHBULION ....cvviiieiie ittt s et eae e e st e e st e e e te e e snsaesnaeesaaeeennneeanneeanes
Carbon Nanotube - CMOS Chemical SENSOr INTEGIAtION ......couei ittt ettt b e sb e e bt et et et e se e s s e beesbeenbeeaas
An Energy Efficient Transceiver for Wireless Micro-SEnSor APPICALIONS .......vvecuieieiie sttt reesaeereeaeeeesrneaaee e 8
Prediction of Variation in Advanced Process TEChNOIOZY NOUES.........ccuviiiiie ittt e e et et eat e e te e e te e e eteeeetaeesrreesraeenseeens 9
Deep Sub-micron CMOS Analog-to-Digital Conversion for Ultra-wideband Radi..........c..coiiiiiiiiiiiii e 10
Fine-grain Power Control for Field Programmable Gate Arrays
A Micropower DSP Architecture for Self-powered MicroSensor APPICATIONS . .......vviiiuiieiiee ettt e et e e sraeeebaeeaeeans
CMOS Circuit Techniques for Data-rate Enhancement in VCSEL-based Chip-to-chip Optical LINKS .......c.ccovviiiiieiiie e
A Sub-threshold Cell Library and MEthOGOIOZY .....coveeiueeiiieiie ettt st s et et e s e s te e s be e beeste et e e sseenbeeseeaneesseesteesaeesreenseesneeneas
Design of a High-speed, High-resolution DAC in 2-D @Nd 3-D PrOCESSES. ...ccuuiiiuiieitieiitee e et e ettt e et et eeette et e et e et e e eaaeeeteeeeteeeestaeenbeeanbeeennes
An Energy-efficient Ultra-wideband RAiO RECEIVET ..........ciiiiiiie ittt et et e et e st e et e e sbe e e sabeeeteeeetseesasaesnbeesnseeans
3-D SRAM ArChItECTUIE @NA CIFCUIES .vvvvevieieetiesieeie sttt st ste et e sttt st et ae e sbe e bt e be e bt e s b e e st e e st e b e eh e e e be e bt e ke e bt e s teenbean b e areeaneenreeanee e
An Energy-optimal Power Supply for Digital CirCUItS .........cocviiiriiiiieiieiieiece e
An Energy-efficient Digital Baseband Processor for Pulsed UWB Using Extreme Parallellization ....
An Ultra Low-power ADC for Wireless Micro Sensor Applications ........c.ccveveevveviveieeiieseeseenean
An All-digital, Pulsed-UWB Transmitter in Q0-NM CIMOS ... .oi ittt ettt et et e et e e et e e et e e s be e et e e ebeeesrseeenseeseseeesssaesnteesnseeans
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Error-correcting Codes that Minimize Receiver Turn-on Time

M. Bhardwaj, A.P. Chandrakasan
Sponsorship: NSF, IBM Fellowship

The profusion of wireless client devices and sensor networks
has led to a need for communications links that consume
the lowest energy per information bit under a specified
range and reliability constraint. To achieve an aggressive
metric like 1 nJ/bit over tens of meters with a 10 BER, we
need to carefully pick physical layer (PHY) parameters like
modulation, coding, signaling rate etc. Communications
theory arguments that optimize transmit power or spectral
efficiency typically drive such PHY choices. However, in
systems like low-range, low data-rate, pulse-based ultra-
wideband (UWB) operating in the unlicensed bands, these
are irrelevant metrics. The FCC Tx power limit for such
systems 1s about 40 uW/500 MHz and spectral efficiencies
are on the order of 1/1000. For such systems, total energy
is determined by the complexity of the receiver, a quantity
that classical information theory disregards. Furthermore,
since receive energy is proportional to receiver turn-on

time, Rx rate (the number of information bits per every bit
the Rx looks at) is a more relevant metric than the classical
definition of rate (the number of information bits per every
bit the transmitter sends). Hence, the objective of our work
is to redefine classical communication theoretic problems in
terms of receive rates rather than transmit rates. We believe
that doing so will lead to fundamental lower bounds on the
energy cfficiency of a class of receivers.

Thus far our work has revealed that simple repetition
codes allow Rx rates to be dropped by 2-3x with only an
insignificant increase in Tx rates. We are now working
to completely characterize the class of linear block codes
that would minimize receive rates. Subsequently, we
hope to characterize both systematic and non-systematic
convolutional codes.
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A Robust Digital Baseband for UNB Communications

R. Blazquez, A.P. Chandrakasan
Sponsorship: NSF

The FCC approved the use of ultra-wideband signals for
communication purposes in February 2002 in the band
from 3.1 GHz to 10.6 GHz, effectively opening 7.5 GHz of
free unlicensed bandwidth. The purpose of this baseband
is to achieve 100 Mbps at 10 m in a robust pulsed UWB
receiver using 500 MHz of this bandwidth while providing
the programmability to expose useful functionality knobs.

Due to the bandwidth of UWB signals, the multipath
becomes very relevant as the data rate is increased into
the range of the hundreds of megabits per second. The
current multipath model, used for the development of
IEEE standard 802.15.3a is a modified Saleh-Valenzuela
model that has a root mean square duration of the impulse
response from 5 to 25 ns [1]. This constraint implies that the
receiver must be designed to cope with this multipath in the
form of an important inter symbol interference (ISI) that
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A Figure 1: Block diagram of the UWB baseband.
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requires, for a pulsed signal, an MMSE demodulator [2]. A
digital back-end for UWB applications has been designed
that estimates the channel impulse response and uses this
information to compensate for it with a RAKE receiver
and an MMSE demodulator. Its block diagram is shown in
Figure 1. Itis also fully programmable, allowing reduction of
its complexity and power dissipation whenever the channel
quality is high or to provide a robust demodulation if the
channel quality is low. Figure 2 shows the trade-off between
the complexity of the RAKE receiver and the SNR loss.

The signal processing algorithms for this digital back-end
have been tested in a discrete prototype designed also in
the Microsystems Technology Laboratory. We acknowledge
National Semiconductor for providing the IC fabrication
services.
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A Figure 2: Losses in the modified RAKE receiver
as a function of the normalized threshold and the
channel model.

[11 J. Foerster, “Channel modeling sub-committee report final,” IEEE P802.15 Working Group for Wireless Personal Area Networks (WPANSs). Feb.,
2002.

[21 G.D. Forney, “Maximum-likelihood sequence estimation of digital sequences in the presence of intersymbol interference,” IEEE Trans. on

Information Theory, vol. 18, pp. 363-378, May 1972.



CAD for Tile-based 3-D Field Programmable Gate Arrays

V. Chandrasekhar, A.P. Chandrakasan, D. Troxel
Sponsorship: DARPA

The performance of integrated circuits 1s limited mainly
by the growing interconnect delay as a result of increasing
circuit complexity. Three-dimensional integration helps in
reducing the interconnect delay by bringing the circuit blocks
physically closer to each other. By using the appropriate
routing architecture, the relatively small distance between
two adjacent vertical layers can be exploited to significantly
reduce the interconnect delay of the circuit (see Figure 1)
[1]. This work analyzes the benefits of 3-D integration
in terms of performance and power consumption in
field programmable gate arrays. Instead of partitioning
a circuit into layers, the entire circuit is mapped onto the
asymmetric 3-D grid of the FPGA. The VPR CAD tool [2]
for 2-D FPGAs is modified to route circuits on a 3-D FPGA
architecture. The circuit blocks are placed using a simulated
annealing algorithm and the pathfinder algorithm is used
for routing the nets in the placed circuit.

ez

A Figure 1: Block diagram of a 3-D FPGA with switches
and CLBs [1].

= éﬂg
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We are also exploring the use of asymmetric switch matrix
architectures (Figure 2) for the 3-D FPGA instead of
extending the standard 2-D switch architectures such as
the disjoint switch or the Woolton switch matrix. Since the
vertical interconnect channel is much shorter, the router
tends to route more nets through the vertical channels.
However, such a routing increases the capacitance seen by
the drivers of the vertical channels inside the switch matrix,
which increases the interconnect delay. Since the simulated
annealing algorithm places the circuit blocks close together,
congestion is more common in the central parts of the FPGA
layers. By allowing more routing flexibility in these parts of
the FPGA and using sparse routing resources elsewhere, we
can significantly reduce the critical path delay of the circuit
without losing routability. Moreover, the power consumption
can be significantly reduced by using a lower supply voltage
to achieve the same operating frequency as a 2-D FPGA.
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A Figure 2: A 3-D disjoint switch matrix [3].

[11 Y.S. Kwon, P. Lajevardi, A.P. Chandrakasan, F. Honoré, and D.E. Troxel, “A 3-D FPGA wire resource-prediction model validated using a 3-D
placement and routing tool,” Proc. of the 2005 Int’l. Workshop on System level Interconnect Prediction, Apr. 2005, pp. 65-72.

[2]1 V.Betz and J. Rose, “VPR: A new packing, placement and routing tool for FPGA research,” In'lt. Workshop on Field-Programmable Logic

and Applications, pp. 213-222, Aug. 1997.

[3] P.Lajevardi, “Design of a 3-dimension FPGA,” Master's thesis, Massachusetts Institute of Technology, Cambridge, 2005.
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A Power-efficient Multi-local PLL Clock Distribution

F. Chen, V. Stojanovi¢, A.P. Chandrakasan
Sponsorship: MARCO IFC

In recent generations of high-performance microprocessors,
the use of phase-locked loops (PLL) for clock distribution
has become more common. As microprocessor operating
frequencies increase, the relative impact of clock jitter on
the performance of the clock distribution network also
increases. Because PLLs have the property of attenuating
some of the jitter presented at their input, there have been
several investigations [1, 2] into the use of multiple PLLs
to distribute the clock. However, the conclusions of these
investigations have indicated that the marginal cost of power
and complexity for additional PLLs has been too great to
warrant more than a single PLL.

PLL

fc%...

A Figure 1: The diagram shows the effective change
for a given branch of the clock network for the proposed
distribution method.
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In this work, we propose a scalable methodology that
utilizes multiple PLLs to reduce the picoseconds of jitter
per milliwatt of power in the clocking network. A block
diagram of the distribution methodology for a single branch
is shown in Figure 1. Distributing the global clock at a lower
frequency and locally multiplying up the delivered clock can
reduce the cost associated with power, shown in Figure 2,
while regulating the buffers local to the PLL can offset jitter
accumulation in the PLL. By inserting the PLL deeper into
the clock distribution network, fewer unregulated repeaters
are needed following the PLL resulting in a net reduction
in clock jitter.

X 10-3 Incremental cost of inserting PLLs

Change in total clock power
per PLL inserted (1)
A

_4 ! 1 1 1 1 1
0 10 20 30 40 50 60 70
Number of PLLs inserted

A Figure 2: Plot of the incremental change in power for

each PLL inserted versus the number of PLLs inserted into the
network.

[11 M. Saint-Laurent et al., “Optimal clock distribution with an array of phase-locked loops for multiprocessor chips,” Circuits and Systems, 2001.

MWSCAS 2001, vol.1, pp.454-457, 2001.

[2]1 V. Gutnik and A.P. Chandrakasan, “Active GHz clock network using distributed PLLs,” IEEE J. Solid-State Circuits, vol. 35, issue 11, pp. 1553-

1560, Nov., 2000.



Carbon Nanotube - CMOS Chemical Sensor Integration

T.S. Cho, A.P. Chandrakasan

Sponsorship: MARCO IFC, Samsung Lee Kun Hee Scholarship Foundation

In this research, we propose an energy-efficient architecture
to interface carbon nanotube (CNT) chemical sensors, and
the development of signal processing algorithm to reliably
infer the chemical concentration in air based on the sensor
read-out results. The CNT changes its conductance when
exposed to certain chemicals [1] (Figure 1), and thus we
can effectively utilize CN'Ts as resistive chemical sensors.
The room-temperature operation of the chemical-sensing
mechanism makes CN'T an appealing candidate for low-
power chemical sensor application.

However, poor control over the CN'T process, the resolution
requirements in conductance measurements, and the
changes in conductance due to specific chemicals in air
require that the front-end circuitry has a dynamic range of
more than 18 bits. While such accuracy is power-consuming
to attain [2], the reduction in power-supply voltage further
aggravates the dynamic-range limitations in analog circuits.
In order to surmount such problems, we are developing a
new architecture suitable for this application.

The stochastic nature of CNT chemical sensors calls for
multiple deployments of CNT sensors in one sensor node.
This constraint, in turn, requires an efficient algorithm to
infer the concentration of the chemical we are interested in.
Thus, this research will also delve into developing an energy-
efficient algorithm that can be operated in real time.

This project is currently carried out in collaboration with
Kyeongjae Lee and Professor Jing Kong from the department
of Electrical Engineering and Computer Science at MIT to
design an integrated gas sensor.
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A Figure 1: Conductance change in response to gas detection. Courtesy: J. Kong et al, Science [1].
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[11 J. Kong, N.R. Franklin, C. Zhou, M.G. Chapline, S. Peng, K. Cho, and H. Dai, “Nanotube molecular wires as chemical sensors,” Science vol.

287, Jan. 2000.

[21 M. Grassi, P. Malcovati, and A. Baschirotto, “A 0.1% Accuracy 100 Ohm-20 Mega Ohm dynamic range integrated gas sensor interface circuit
with 13+4 bit digital output,” Proc. of ESSCIRC, Grenoble, France, 2005.
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An Energy Efficient Transceiver for Wireless Micro-Sensor Applications

D.C. Daly, A.P. Chandrakasan

Sponsorship: DARPA Power Aware Computing/Communication Program

Large-scale wireless sensor networks require a low-power,
energy-efficient transceiver that can operate for years on a
single battery. To meet this demand for microwatt average
power consumption, the transceiver must be scalable,
support duty cycling, and be energy-efficient when “on.”
A key metric for measuring the energy efficiency of the
transceiver is the energy per bit ratio, which is equal to the
power consumption of the transmitter or receiver divided
by the instantaneous data rate. We have fabricated a custom
radio for wireless micro-sensor applications that achieves
energy-per-bit ratios down to 0.5 nJ/bit in receive mode and
3.8 nJ/bit in transmit mode [1]. These low ratios, combined
with a fast recetver startup time of 2.5 ps, allow for energy-
efficient operation.

The transceiver operates at 1 Mbps in a single channel
centered at 916.5 MHz and employs on-off keying (OOK)
modulation. A non-coherent, envelope-detection receiver
architecture removes the need for a local oscillator and
allows for a fast recetver startup time. Figure 1 shows a block

RF Untuned Gain  Envelope Detector

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Baseband

Gain ADC

SAW Filter ~ LNA

Mixer  Oscillator

SAW

TX Data

A Figure 1: Transceiver architecture.
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RX Data

diagram of the transceiver. The RF front end supports several
gain settings, so that the power consumption of the receiver
can be reduced in the presence of large input signals. The
transmitter supports 7 digitally controlled output power
levels to enable power-scaling based on node proximity. The
receiver power consumption scales from 0.5 mW to 2.6 mW,
with an associated sensitivity ranging from -37 dBm to -65
dBm at a bit error rate of 103, The transmitter supports
output power levels from -11.4 dBm to -2.2 dBm.

The chip was fabricated using 0.18 pum CMOS technology;
a chip micrograph is shown in Figure 2. We acknowledge
National Semiconductor for providing the IC fabrication
services and NSERC for funding. Denis Daly is partially
supported by an NSERC fellowship.

A Figure 2: Chip micrograph of the transceiver in
0.18 pm CMOS.

[11 D.C. Daly and A.P. Chandrakasan, “An energy-efficient OOK transceiver for wireless sensor networks,” IEEE Radio Frequency Integrated

Circuits Symposium, June 11-13, 2006.



Prediction of Variation in Advanced Process Technology Nodes

N. Drego, A.P. Chandrakasan, D. Boning
Sponsorship: MARCO C2S2

As Moore’s Law forces the semiconductor industry into
the sub-50-nm regime, process variability is proportionally
becoming larger. Design cycles must simultaneously
accommodate this increase in process variability and are
thus being extended in order to ensure product robustness
in the face of such manufacturing uncertainty. To facilitate
the designer’s need to accurately model and simulate circuits
in the face of variation, we seek to provide predictive
statistical models for advanced technology nodes and/or
novel transistor architectures. Coupled with predictive
technology models (PTM) [1], these statistical models will
allow designers to simulate designs in a robust manner
during, or even prior to, the development phase of a new
process technology.

Asabasis for providing such models, we are developing simple
digital circuits that ease the measurement and extraction of
parameters. An example of such a circuitappearsin Figure 1.
This circuit employs a delay-based measurement to measure
the current drive of each of the transistors highlighted in red.
If the transistor is biased in the sub-threshold regime and
the DIBL coefficient of the process is small enough, we can
use the delay measurement as a proxy for threshold-voltage
(V) variation (i.e., variations in time to charge the capacitor
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A Figure 1: Circuit to measure sub-threshold variability
performance.
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and disable the counter are dominated by V.. variation as
Figure 2 shows). However, if the DIBL coeflicient is large
enough, AV, is no longer as dominant a source of current
variation due to the increasing effect of channel-length
variation (AL). As a result, the circuit no longer functions as
a proxy for V. variation. Nevertheless, the same circuit can
be used to determine I, /Ipp and the sub-threshold slope
of a given transistor. In advanced process technologies, a
primary factor in determining the viability of the process
will be the performance of the process with regard to short-
channel effects (SCE), among which the I\ /Iy ratio and
subthreshold slope are extremely significant. Furthermore,
the SCE performance of novel transistor architectures such
as the FInFET depends heavily on new critical dimensions
such as body (fin) thickness [2]. The ability to efficiently
measure variability due to such critical dimensions will
enable quick determination of process feasibility. Future
work includes fabrication of the aforementioned circuit on
both mature as well as novel processes such as a FinFET
process. Additionally, we would like to identify other circuits
capable of such variation measurement to enable us to build
complete statistical models.

Vt+ Channsl Lengh Sensitiviy
(Natlonal 0.18um cmass, 100pF C:
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Delta (%)

Vo (v)

A Figure 2: Circuit sensitivities to variation in V; and L
vs. Vpp

[11 Y. Cao, T. Sato, D. Sylvester, M. Orshansky, and C. Hu, “New paradigm of predictive MOSFET and interconnect modeling for early circuit

design,” in Proc. of CICC, pp. 201-204, 2000.

[2]1 S. Xiong and J. Bokor, “Sensitivity of double-gate and FinFET devices to process variations,” IEEE Tran. on Electron Devices, pp. 2255-2261,

Nov. 2003.
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Deep Sub-micron CMOS Analog-to-Digital Conversion

for Ultra-wideband Radio

B.P. Ginsburg, A.P. Chandrakasan
Sponsorship: NDSEG Fellowship, DARPA

Ultra-wideband radio can be used for very high data rate
(=480 Mb/s) communication over short distances. For
proper reception, the receiver requires a 500-MS/s analog-
to-digital converter (ADC) with 4 bits of resolution. While
flash is the typical architecture chosen, time-interleaved
successive approximation register (SAR) ADCs that operate
at these specifications with very low power have recently been
demonstrated [1-3]. As feature sizes in CMOS technology
continue to scale, new challenges arise for the design of
analog and mixed-signal circuits, including reduced voltage
supplies, increased variability, and lower transistor output
impedances. The SAR architecture is well suited to meet
these challenges. It uses only open loop amplification in
a comparator, as opposed to the operational amplifier
for the pipelined architecture. There is significant digital
complexity on the critical path in a SAR converter, but the
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A Figure 1: Block diagram of the split capacitor array.
The MSB capacitor has been split into an identical copy of
the rest of the array, which improves both switching energy
and speed.
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reduced feature sizes directly improve the digital logic’s
performance.

A prototype 500-MS/s, 5-b, 6-way time-interleaved SAR
ADC [4] has been designed and fabricated in Texas
Instruments’ 65-nm CMOS process.  The prototype
includes the first implementation of the split capacitor
array [5], seen in Figure 1. This array conserves charge
between bit-cycles to lower the overall switching energy, and
it settles faster because fewer capacitors switch during each
period. The prototype also includes a variable delay line
to optimize the instant of latch strobing and lengthen the
maximal settling time available for the preamplifiers. The
ADGC achieves Nyquist performance and consumes 6 mW
from a 1.2 V supply. Its die photo is shown in Figure 2.

A Figure 2: Die photograph of 65-nm CMOS ADC. Total die
areais 1.2 x 1.8 mm2,

[11 D. Draxelmayr, “A 6b 600MHz, 10mW ADC array in digital 90nm CMOS,” in Proc. IEEE Int'l. Solid-States Circuits Conf., San Francisco, CA,

Feb. 2004, pp. 264-265.

[21 B.P. Ginsburg and A.P. Chandrakasan, “Dual scalable 500MS/s, 5b time-interleaved SAR ADCs for UWB applications,” in Proc. IEEE Custom

Integrated Circuits Conf., San Jose, CA, Sep. 2005, pp. 403-406.

[3] S.-W.M. Chen and R.W. Brodersen, “A 6b 600MS/s 5.3mW asynchronous ADC in 0.13um CMOS,” in Proc. IEEE Int'.l. Solid-State Circuits

Conf., San Francisco, CA, Feb. 2006, pp. 574-575.

[4] B.P. Ginsburg and A.P. Chandrakasan, “A 500MS/s 5b ADC in 65nm CMOS,” in IEEE Symposium on VLSI Circuits Digest of Tech. Papers, June

2006, pp. 174-175.

[5] B.P. Ginsburg and A.P. Chandrakasan, “An energy-efficient charge recycling approach for a SAR converter with capacitive DAC,” IEEE Int'l.
Symposium on Circuits and Systems,” Kobe, Japan, May 2005, pp. 184-187.



Fine-grain Power Control for Field Programmable Gate Arrays

F. Honoré, A.P. Chandrakasan, D. Troxel
Sponsorship: MARCO IFC

Implementationflexibility through hardware reconfiguration
has become an important factor in the design of digital
systems. Field programmable gate arrays (FPGAs) are
extending their application area from system prototyping
to custom application implementation but they are much
slower and less power-efficient than ASIC systems. We
have developed a power- and performance-scalable multi-
Vip FPGA. The interconnect overhead for FPGAs is a
large fraction of the power and delay, due to the use of
programmable switch elements. Fine-grain voltage domains
allow low-energy operation in non-critical areas of logic and
routing segments.

We modified a public domain FPGA place-and-route tool
to handle the assignment of the voltage domains for non-
critical paths. Thus, by selecting either a low or high voltage
for each domain, this method achieves an average of 2x
improvement in power for the same performance, as shown
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A Figure 1: Benchmark results showing an average
improvement of 52% at a Vpp, of 1.8 V and Vp of 0.9 V.

in Figure 1. The high V|;y is kept at 1.8 V and the low V|,
can vary depending on the application. Low-overhead level
converters provide voltage conversion between domains
when necessary. The area overhead for the power switches
and level converters is less than 10%. With these fine-grain
controls, the software is able to reduce dynamic power while
maintaining performance.

We have fabricated and tested a 3mm x 3mm chip (Figure
2) using a semi-custom ASIC flow to validate the approach
and have developed custom CAD tools to automate the
implementation of some of these techniques. The test chip
contains 64 tiles of logic. Testing confirmed functionality at
a range of voltages from 1.8 V down to 550 mV.

The chip was fabricated using 0.18 um CMOS technology.

We acknowledge National Semiconductor for providing I1C
fabrication services.
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A Figure 2: Die photo of fabricated test chip.
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A Micropower DSP Architecture for Self-powered Microsensor

Applications
N. Ickes, D. Finchelstein, A.P. Chandrakasan

Sponsorship: DARPA Power Aware Computing/Communication Program

Distributed microsensor networks consist of hundreds or
thousands of miniature sensor nodes. Each node individually
monitors the environment and collects data as directed by
the user, and the network collaborates as a whole to deliver
high-quality observations to a central base station. The
large number of nodes in a microsensor network enables
high-resolution, multi-dimensional observations and fault-
tolerance that are superior to more traditional sensing
systems. However, the small size and highly distributed
arrangement of the individual sensor nodes make aggressive
power management a necessity.

The aim of our project is to build a highly integrated
yet versatile sensor system with a strong focus on energy
efficiency and agility. Tracking the optimal operating point
in the dynamic environments typical for sensor networks
requires hardware that can vary clock rates, power supply
voltages, and other circuit parameters in real time. We have
developed an architecture consisting of a micropower DSP
surrounded by dedicated accelerator blocks for frequently

\ J

A Figure 1: First-generation DSP architecture.

used, complex functions—such as Fourier transforms and
FIR filtering. This architecture of highly optimized, on-
demand hardware support for energy intensive tasks allows
for ultra-low-power data manipulation and lowers the
processing burden on the general-purpose DSP core.

An initial implementation of the architecture was fabricated
in 0.18 pm CMOS by National Semiconductor. This
implementation included a custom 16-bit DSP core,
an FFT accelerator, and interfaces to custom ADC and
radio chips, as illustrated in Figure 1. The fabricated chip
operates at supply voltages as low as 0.5 V, consuming only
110 pW. A die photo of the chip is shown in Figure 2. A
complete, miniature microsensor node was built around this
chip, incorporating custom ADC and radio chips developed
by other students in our group. A second-generation
architecture 1s currently being fabricated in 90 nm CMOS
by ST Microelectronics. This version features a streamlined
datapath and extensive power- and clock-gating for further
power reduction.

A Figure 2: Die photo of first-generation DSP chip.



CMOS Circuit Techniques for Data-rate Enhancement in VCSEL-based

Chip-to-chip Optical Links

A.M. Kern, A.P. Chandrakasan
Sponsorship: MARCO IFC, Intel, NSF

Optical chip-to-chip signaling promises to replace electrical
serial links when data-rate requirements increase beyond
the bandwidth limits of conventional copper traces. Recent
advances in VCSEL technology have dramatically increased
the performance of short-distance optical links and VGSELs
nominally suitable for 10 Gb/s links are now commercially
available. However, substantially higher data rates may be
achieved by designing optical transceiver architectures and
circuits to compensate for VCGSEL bandwidth limitations.

The designed 90 nm CMOS VCSEL driver uses pre-
emphasis to enable 20 Gb/s data rates with a 10 Gb/s
VCSEL. The driver uses dual-edge pre-emphasis of the
modulation current to compensate for the bandwidth
limitation introduced by the significant parasitic capacitance
of the VCSEL. The VCSEL is modulated with the summed
output of two current-mode drivers, where the output of
the second driver is delayed, inverted, and attenuated with
respect to the first in order to introduce current emphasis at

data transitions. The pre-emphasis portion of the output
current is primarily absorbed by the parasitic capacitor,
thereby reducing the charging time and opening the eye of
the VCGSEL junction current.

The driver design includes digital controls to allow for
post-fabrication programming of the pre-emphasis pulse
duration, the modulation current, and the pre-emphasis
current. The modulation and pre-emphasis current are
controlled independently by two 5-bit DACs and the width
of the pre-emphasis pulse is controlled by a 4-tap digital
delay line. This programmability improves robustness to
variations and allows characterization of the effect of
varying the height and width of the pre-emphasis pulse.
The VCSEL driver simulation results, based on extracted
layout, demonstrate 20 Gb/s operation without the use
of inductors. Preliminary testing of the fabricated chip is
ongoing at the time of publication.
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A Sub-threshold Cell Library and Methodology

J. Kwong, A.P. Chandrakasan
Sponsorship: Texas Instruments, DARPA

In this work, we develop a sub-threshold library and design
methodology that addresses the unique challenges and trade-
offs in ultra-low voltage operation. Drive currents become
comparable in magnitude to idle leakage currents, causing
reduced output swings and possible functional errors. Due
to the exponential dependence of sub-threshold currents
on threshold voltage, sub-threshold circuits are particularly
sensitive to environmental and process variations. Figure la
compares the delay distributions of an 8-bit adder in the
sub-threshold and above-threshold regimes under transistor
threshold voltage variation. Figure 1b performs the same
comparison for energy. Circuit performance exhibits much
larger variability in the sub-threshold regime, which can be
mitigated through device sizing and choice of logic styles.

Delay Distribution of 8-bit Adder
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A Figure 1la: Delay distribution of 8-bit adder at sub-
threshold (top) and nominal (bottom) power supplies, under
threshold voltage variation. Arrow points to outliers.
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The sub-threshold library employs a device sizing
methodology with functionality as the primary consideration
while implementing appropriate trade-offs among energy,
delay, and variability. Different logic styles are also evaluated
during cell design. When device sizes are adjusted for
equal functional yield, a transmission gate full adder [1]
offers an energy benefit because it avoids the large device
stacks in static CMOS logic. Particular attention is given to
robustness of memory storage elements, where idle leakage
can significantly degrade data retention capabilities. This
library serves as a platform for further exploration of error-
resilient architectures in the sub-threshold regime.

Energy Distribution of 8-bit Adder
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A Figure 1b: Energy distribution of 8-bit adder at sub-threshold
(top) and nominal (bottom) power supplies, under threshold
voltage variation. Arrow points to outliers.

[1]1 J.M. Rabaey, A.P.Chandrakasan, and B. Nikolic, Digital Integrated Circuits: A Design Perspective, 2M ed. Prentice Hall, 2003.



Design of a High-speed, High-resolution DAC in 2-D and 3-D Processes

P. Lajevardi, A.P. Chandrakasan
Sponsorship: DARPA

A 2-D 16-b 100-MS/s digital to analog converter (DAC)
1s being designed for multi-carrier communication
applications. In this type of DACs, the important challenge
Is to minimize the harmonic distortion (HD) and Inter-
modulation distortion (IMD) and to maximize spurious free
dynamic range (SFDR). Some important factors that affect
HD, SFDR, and output noise of a DAC include glitch on
the clock and control signals, jitter on the control signals,
mismatch, settling error, clock feed-through (CFT), and the
circuit noise.

Analog and digital techniques such as dynamic element
matching (DEM) and calibration have been explored to
optimize the performance of DACs[1]. A 3-D version of a
DAC is expected to show additional improvement in DAC

Control Logic

performance. Since timing mismatch between the control
signals is one of the main sources of dynamic distortion in
DACGs, 3-D fabrication improves the harmonic distortion
by providing more connectivity for active cells and allowing
lower distance between cells. In addition, calibration blocks
can be placed on the upper die above each analog cell to
provide more feedback. Substrate isolation between analog
and digital circuits also improves the coupling noise.

Current steering DACs have shown a good performance
for high-speed, high-resolution applications. The DAC
architecture is partitioned in 3 active layers. The partitioning
1s being optimized for minimizing SFDR which is the main
performance metric in high-speed, high-resolution DACs.
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A Figure 1: Block diagram of a current steering DAC.
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An Energy-efficient Ultra-wideband Radio Receiver

F.S. Lee, A.P. Chandrakasan
Sponsorship: NSF

The development of energy-efficient short-range (30 cm
to 10 m) wireless radio transceivers has become an active
area of research with the growth of high data-rate wireless
battery-operated appliances, as well as with the onset of low
data-rate ad-hoc wireless networks [1]. The primary figure
of merit for energy efficient radios is energy/bit.  Within
reasonable energy costs, it is also desirable to keep the bit-
error-rate (BER) less than the worst-case value of 10-3. This
research explores the utilization of ultra-wideband (UWB)
signals to achieve improvements in wireless receiver energy/
bit consumption by an order of magnitude or more at low
data-rates.

Figure 1 plots energy/bit of recent receivers against data-
rate. As the data-rate increases, the energy/bit decreases as
the fixed-costs for radio energy consumption in the oscillator
and bias currents for the analog circuits are amortized over
more bits per unit time. Therefore, to reduce energy/
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A Figure 1: Energy/bit verses data-rate for recent receivers [2].
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bit at low data-rates it is necessary to build circuits that
can be duty-cycled with low settling time and to choose a
signaling architecture that does not require power-hungry
high frequency oscillators and clock buffers. Because UWB
signals are essentially short impulses in time, they inherently
lend themselves to receiver architectures that can be deeply
duty-cycled.

This work focuses on developing an extremely low energy
receiver operating at low data-rates using UWB signaling.
Figure 2 shows a block diagram of the receiver architecture.
Proper choices of the signaling technique, adjustable filters
to address in-band interferers and channel selectivity,
amplifier and mixer circuit innovations, a novel low-power
digitally-configurable analog processor (D-CAP) for mixed-
signal correlation, and duty-cycling of circuits all work in
tandem to realize a sub-nJ/bit, 10 kbps — 1 Mbps receiver
ina 0.5V, 90 nm CMOS process.

\( D-CAP )

Integrate

A Figure 2: Block diagram of low-energy receiver.

[11 A.P. Chandrakasan, R. Min, M. Bhardwaj, S.-H. Cho, and A. Wang, “Power aware wireless microsensor systems,” in IEEE Proceedings of the

European Solid-State Circuits Conference, 2002.

[21 D. Daly, “An energy efficient rf transceiver for wireless microsensor networks,” Master's thesis, Massachusetts Institute of Technology,

2005.



3-D SRAM Architecture and Circuits

T. Pan, A.P. Chandrakasan
Sponsorship: DARPA

Long global interconnect limits the performance of high-
performance SRAM. Large leakage power dissipation
is another concern in scaled SRAM design. The 3-D
technology is a promising approach to reduce interconnect
delay and power dissipation by replacing long global wires
with short vertical interconnects. In preliminary simulations
using 3-D layout, we see a 20% reduction in access time
compared to a conventional 2-D implementation. The use
of 3-D technology decreases the number of buffers needed
to drive long global wires, further reducing propagation
delay. Our architecture introduces a layer selection signal
in addition to a block, row and column decoder. The layer
selection can be used to reduce active and leakage power.
Since transistors are closer together in 3D, blocks and

columns can share part of the control circuits, such as the
sense-amplifier. Figure 1 shows the block diagram of the
SRAM memory.

We are developing a model that takes both horizontal and
vertical parameters into account and gives the optimized
memory architecture once the total size of the memory is
specified. An optimum partition between layers and the
block size will be generated. The optimum buffer insertion
will also be determined. A SRAM layout generator based
on 0.18 um Lincoln Labs SOI 3-D integration technology
1s being developed.
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A Figure 1: Proposed 3-D SRAM architecture.
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An Energy-optimal Power Supply for Digital Circuits

Y.K. Ramadass, A.P. Chandrakasan
Sponsorship: DARPA, Texas Instruments

Substantial savings in the energy consumed by a digital
circuit can be obtained by operating the circuit below the
threshold voltage of its devices. The variation of the energy
consumed per operation with the operating voltage for a
FFT circuit is shown in Figure 1. This curve is dynamic
in nature and changes with temperature, workload of the
circuit, nature of operations performed by the circuit and
data handled. The optimum energy point shifts widely
as the curve changes, which necessitates a circuit to track
the optimum energy point with changing conditions. The
optimal supply voltage for minimum energy-operation
usually falls into the sub-threshold region of operation of
digital circuits (i.e., below the device thresholds). At these
voltages, the circuits operate substantially more slowly. A
minimum energy feedback loop would fit well with energy-
driven class of circuits where performance is not a key
issue.
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A Figure 1: Estimated minimum energy point for an
FFT using a typical transistor in a 0.18-um technology
(from [1]).
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The energy minimization circuitry (Figure 2) consists
of a buck converter that operates in the pulse frequency
modulation (PFM) mode. The digital circuit under test,
which operates at the V, set by the converter, is clocked
by a critical path replica ring oscillator. The energy-sensor
circuitry determines the energy consumed per operation
at different operating voltages. Based on the energy per
operation at a given operating voltage obtained from the
energy-sensing circuitry, an energy minimization algorithm
changes the reference voltage to the buck converter suitably
and the system approaches the minimum energy operating
voltage of the digital circuit using a slope-detection strategy.
A test chip containing the minimum energy tracking loop
and an embedded DC-DC converter has been fabricated in
Texas Instruments’ 65 nm CMOS process.

Critical path replica

lcLi

=

PULSE

L GENERATOR

DIGITAL
VDD CIRCUIT

ENERGY SENSOR
CIRCUITRY

A Figure 2: Block diagram of the energy minimization loop with
the DC-DC converter.

[11 A. Wang, A.P. Chandrakasan, “A 180-mV subthreshold FFT processor using a minimum energy design methodology,” IEEE J. of Solid-State

Circuits, pp. 310-319, Jan. 2005.



An Energy-efficient Digital Baseband Processor for Pulsed UWB Using

Extreme Parallellization

V. Sze, R. Blazquez, A.P. Chandrakasan
Sponsorship: DARPA

The use of ultra-wideband (UWB) as a medium for high -
data rate last meter links creates a need for integrating UWB
radios into battery-operated devices such as mobile phones,
handheld devices, and sensor nodes. Consequently, there is
a strong demand for an energy-efficient UWB system. We
propose using parallelism in the digital baseband processor
to reduce the energy required to recetve UWB packets.

An energy-efficient baseband can be achieved by exploiting
two forms of parallelism. First, the supply voltage of the
digital baseband can be lowered so that the correlator
operates near its minimum energy point, which occurs below
the threshold voltage, placing the circuit in the sub-threshold
region [1]. TFigure 1 shows the energy per operation of a
single correlator for various supply voltages. The correlator

Minimum Energy Point

Total Energy

,  Dynamic Energy

Energy per operation (normalized)
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A Figure 1: Simulated energy plot for correlators [2].
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and the rest of the baseband must then be parallelized to
maintain a throughput of 500 MSSPS at this reduced voltage.
While sub-threshold operation is traditionally used for low-
energy, low-frequency applications such as wrist-watches,
this work examines how sub-threshold operation can be
applied to low-energy, high-performance applications.

Second, the correlators can be further parallelized for a
significant reduction in the synchronization time. The
reduced synchronization time allows the baseband and the
rest of the receiver to be turned off earlier, resulting in a
system-wide reduction in energy. The architecture shown in
Figure 2 will be implemented in STMicroelectronics 90 nm
process. The baseband processor will be designed to deliver
a maximum of 100 Mbps.
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A Figure 2: System level diagram of UWB digital baseband.
The N and M are parameters for the different forms of
parallelism.

[11 B.H. Calhoun and A.P. Chandrakasan, “Characterizing and modeling minimum energy operation for sub-threshold circuits,” Int'l. Symposium

on Low Power Electronics and Design, 2004.

[2]1 V. Sze, R. Blazquez, M. Bhardwaj, and A.P. Chandrakasan, “An energy-efficient sub-threshold baseband processor architecture for pulsed
ultra-wideband communications,” Int'l. Conf. on Acoustics, Speech, and Signal Processing, 2006.
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An Ultra Low-power ADC for Wireless Micro Sensor Applications

N. Verma, A.P. Chandrakasan

Sponsorship: DARPA Power Aware Computing/Communication Program

Autonomous micro-sensor nodes rely on low-power circuits
to enable energy harvesting as a means of sustaining long-
term, maintenance free operation. This work presents the
design of an ultra low-power analog-to-digital converter
(ADC) whose sampling rate and resolution can be scaled to
dynamically recover power savings [1].

The ADC has a sampling rate of 0-100kS/s and a resolution
of either 12 or 8 bits. The design is based on the successive
approximation register architecture (SAR), which is shown
in Figure 1. Several techniques improve the efficiency of
the ADC: analog offset calibration in the latch improves the
comparator power-delay product; weak-inversion operation
increases preamplifier g /I; robust self-timing eases settling
requirements; sub-DAC gain adjustment compensates non-
linearities from top-plate parasitics; and switched-capacitor

Ve Main DAC
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X
Vin- _—
CLK: e . Clock N
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A Figure 1: System block diagram of low-power SAR
ADC.
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(11
Feb. 2006.

auto-zero reference generation maximizes common-mode
rejection.

The ADC was fabricated in a 0.18 um, 5M2P CMOS
process. In 12b mode, the measured SNDR, with a 48
kHz iput tone, 1s 65 dB (10.55 ENOB), and the SFDR
1s 71 dB. The total power consumption of the ADC is 25
pW at 100kS/s and decreases linearly towards zero as the
sampling rate is reduced. This corresponds to a figure-
of-merit (P/(2F2FNOB)) of 165 {J/conv.Step which, as
shown in Figure 2, is best reported among medium to high
resolution ADCs.

We acknowledge National Semiconductor for providing the
IC fabrication services.
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A Figure 2: Figure-of-merit comparison with state of the art
ADCs.

N. Verma and A.P. Chandrakasan, “A 25uW 100kS/s ADC for wireless micro-sensor applications,” ISSCC Dig. Tech. Papers, pp. 222-223,



An All-digital, Pulsed-UWB Transmitter in 90-nm CMOS

D.D. Wentzloff, A.P. Chandrakasan
Sponsorship: NSF

A common metric for comparing the performance of
energy-constrained wireless radios is energy consumed
per bit transmitted. As the maximum data rate is reduced
in a typical wireless link, the energy/bit increases due to
the increased on-time of the analog electronics. For low
data-rate applications such as RFID tags and wireless
sensor nodes, the energy/bit of the wireless link is
optimized by employing a very high data-rate radio with
a low duty-cycle. This radio can be undesirable from a
system perspective when considering network latency and
baseband processing. Furthermore, finite startup time of
the analog electronics limits the minimum energy/bit that
can be obtained. Conversely, pulsed ultra-wideband (UWB)
radios can exploit the inherent duty-cycled nature of their
signaling to overcome the date rate/on-time tradeoft that
leads to increased energy/bit in other radios [1]. The
pulsed-signaling also makes UWB transmitters well-suited
for an all-digital implementation, resulting in energy/bit
proportional to CV 2, which scales with process technology.
The proposed transmitter will simultaneously achieve sub-
nJ/bit energy consumption with a data rate variable from 1
kb/s-1 Mb/s. The data rate may be reduced with very little
penalty in energy/bit by avoiding the use of any constant-
biased analog circuits such as local oscillators.
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The transmitteris designed to operate in a custom transceiver
architecture that trades off spectral efficiency for total
energy/bit. The frequency plan utilizes the 3.1-5.0-GHz
UWSB band, divided into three non-overlapping channels of
550 MHz each, as shown in Figure 1. Binary pulse-position
modulated (PPM) square pulses are generated in the selected
channel at a variable pulse-repetition frequency (PRF) of 1
kHz-1 MHz. The spectrum of PPM signals contains spectral
lines that reduce the spectral efficiency [2]. Therefore PPM
signals are phase scrambled in order to eliminate these
lines. Conventional BPSK scrambling requires differential
signaling, adding to the complexity and energy consumption
of the transmitter. However, spectral lines may be sufficiently
reduced by scrambling with a phase delay as shown in
Figure 1. This delay can be fully synthesized and requires
no analog components, keeping complexity and energy
low. Figure 2 shows the transmitter architecture. Pulses are
synthesized by combining a variable number of edges of a
delay line clocked at the PRE The center frequency of the
pulse is selected by calibrating the delay/stage in the delay
line with an off-line digital calibration loop. The digital
pulse is amplified by an inverter chain with power gating
for gain control and leakage reduction. The transmitter is
capable of driving a 50-Q UWB antenna with 800-mVppk
while consuming <1-n]J/bit.
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A Figure 2: Block diagram of the all-digital transmitter.

[11 T. Terada, S. Yoshizumi, M. Mugsith, Y. Sanada, and T. Kuroda, “A CMOS ultra-wideband impulse radio transceiver for 1-Mb/s data
communications and +2.5-cm range finding,” J.I of Solid-State Circuits, vol. 41, no. 4, pp. 891-898, Apr. 2006.

[2]1 Y.P. Nakache and A.F. Molisch. “Spectral shape of UWB signals - influence of modulation format, multiple access scheme and pulse shape,”

Vehicular Tech. Contf., vol. 4, Apr. 2003, pp. 2510-2514.
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Parameterized Model Order Reduction of Nonlinear Circuits and MEMS

B. Bond, L. Daniel
Sponsorship: MARCO GSRC, NSF

The presence of several nonlinear analog circuits and micro-
electro-mechanical (MEM) components in modern mixed-
signal system-on-chips (SoC) makes the fully automatic
synthesis and optimization of such systems an extremely
challenging task. Our research is the development of
techniques for generating parameterized reduced-order
models (PROM) of nonlinear dynamical systems. These
reduced-order models could serve as a first step towards the
automatic and accurate characterization of geometrically
complex components and subcircuits, eventually enabling
their synthesis and optimization. Our approach combines
elements of an existing non-parameterized trajectory
piecewise linear method [1] for nonlinear systems with an
existing moment matching parameterized technique [2] for
linear systems. By building on these two existing methods,
we have created four different algorithms for generating
PROMSs for nonlinear systems. The algorithms were tested

2 um of poly Si rt) — center point

0.5 um of poly Si

2.3 um gap
filled with air

0.5 um SiN

A Figure 1: Application example: MEM switch realized by
a polysilicon beam fixed at both ends and suspended over a
semiconducting pad and substrate expansion.
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on three different systems: a MEM switch, shown in Figure
1, and two nonlinear analog circuits. All of the examples
contain distributed strong nonlinearities and possess some
dependence on several geometric parameters.

The reduced-order models can be constructed to possess
strong local or global accuracy in the parameter-space,
depending on which algorithm is used. Figure 2 shows the
output of one PROM created for the example in Figure 1
and compared to the field solver output of the full nonlinear
system. In this example the system was parameterized in
the width of the device and simulated at a parameter value
different from the values at which the model was created.
We found that in general the best algorithm is application-
specific, but the PROMs are very accurate over a practical
range of parameter values. For further details on parameter-
space accuracy and cost of the algorithms, see [3].
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A Figure 2: Center point deflection predicted by our

parameterized reduced model of order 40, compared to a finite
difference detailed simulation.

M. Rewienski and J.K. White. “A trajectory piecewise-linear approach to model order reduction and fast simulation of nonlinear circuits and

micromachined devices,” in Proc. of IEEE/ACM International Conf. on Computer Aided-Design, pp. 252-257, Nov. 2001.

(2]

L.Daniel, C.S. Ong, S.C. Low, K.H. Lee, and J.K. White, "A multiparameter moment matching model reduction approach for generating

geometrically parameterized interconnect performance models," IEEE Trans. On Computer-Aided Design of Integrated Circuits and Systems,

23(5), pp. 678693, May 2004.

[3]
Design, pp. 487-494, 2005.

B. Bond and L. Daniel. “Parameterized model order reduction of nonlinear dynamical systems,” in Proc. of the IEEE Conf. on Computer-Aided



Development of Specialized Basis Functions and Efficient Substrate
Integration Techniques for Electromagnetic Analysis of Interconnect and

RF Inductors

X. Hu, T.A.E. Moselhy, J. White, L. Daniel
Sponsorship: SRC, MARCO GSRC, NSF

The performance of several mixed-signal and RF-analog
platforms depends on substrate effects that need to be
represented in the library model with critical field solver
accuracy. For instance, substrate-induced currents in RF
inductors can severely affect quality and hence RF filter
selectivity. We have developed an efficient approach to
full-wave impedance extraction that accounts for substrate
effects through the use of two-layer media Green’s functions
in a mixed-potential-integral-equation (MPIE) solver. In
particular, we have developed accelerated techniques for
both volume and surface integrations in the solver.

In this work, we have also introduced a technique for the
numerical generation of basis functions that are capable
of parameterizing the frequency-variant nature of cross-
sectional conductor current distributions. Hence skin and
proximity effects can be captured utilizing many fewer basis
functions in comparison to the prevalently-used piecewise-
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A Figure 1: Measured and simulated Q-factors for a

square RF inductor with an area of 15 mm x 15 mm and
surrounded by a ground ring.
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[11 X.Hu, J.H. Lee, J. White, and L. Daniel, “Analysis of full-wave conductor-system-impedance over substrate using novel integration techniques,”

constant basis functions. One important characteristic
of these basis functions is that they only need to be pre-
computed once for a frequency range of interest per unique
conductor cross-sectional geometry, and they can be stored
off-line with a minimal associated cost. In addition, the
robustness of these frequency-independent basis functions
is enforced using an optimization routine.

We have shown in [2] that the cost of solving a complex
interconnect system using our new basis functions can
be reduced by a factor of 170 when compared to the use
of piecewise-constant basis functions over a wide range
of operating frequencies. Furthermore our volume and
surface integration routines result in additional efficient
improvement by a factor of 9.8 as shown in [l]. Our
solver accuracy is validated against measurements taken on
fabricated devices.

A Figure 2: Our basis functions avoid the expensive cross-
sectional discretization shown in figure necessary to account for
trapezoidal cross-sections or skin and proximity effects.

in Proc. of the IEEE/ACM Design Automation Conference, June 2005.

[21 X. Hu, TA.E. Moselhy, J. White, and L. Daniel, “Novel development of optimization-based, frequency-parameterizing basis functions for the
efficient extraction of interconnect system impedance,” submitted to the IEEE/ACM Design Automation Conference, July 2006.
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A Quasi-convex Optimization Approach to Parameterized Model-order

Reduction

K.C. Sou, L. Daniel, A. Megretski
Sponsorship: MARCO GSRC, SRC, NSF

This work proposes an optimization-based model-order-
reduction (MOR) framework. The method involves setting
up a quasi-convex program that explicitly minimizes a
relaxation of the optimal H-infinity norm MOR problem.
The method generates guaranteed stable and passive
reduced models and it is very flexible in imposing additional
constraints. The proposed optimization approach is
also extended to the parameterized model reduction

©00000000000000000000000000000000000000000000000000000 ©

A Figure 1: A 7+turn RF inductor for which a parameterized
(with respect to wire width and wire separation) reduced
model has been constructed.
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Automation Conference, Anaheim, CA, 2005.

problem (PMOR). The proposed method is compared to
existing moment-matching and optimization-based MOR
methods in several examples. For example, a 32" order
parameterized reduced model has been constructed for a
7-turn RF inductor with substrate (infinite order) and the
error-of-quality factor matching was less than 5% for all
design parameter values of interest.

quality factor
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frequency (Hz)
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A Figure 2: Matching of quality factor of 7-turn RF inductor
when wire width = 16.5 ym, wire separation = 1, 5, 18, and 20
pm. Blue dash line: Full model. Red solid line: ROM.

K. Sou, A. Megretski, and L. Daniel, “A quasi-convex optimization approach to parameterized model order reduction,” IEEE/ACM Design



RF PA Linearization: Open-loop Digital Predistortion Using Cartesian
Feedback for Adaptive PA Characterization

J.W. Holloway, S. Chung, J. Huang, J.L. Dawson
Sponsorship: MARCO C2S2

This work combines the advantages of two different RF
power amplifier (PA) linearization techniques: digital
predistortion (DPD) and Cartesian feedback (CFB).
Cartesian feedback, an extension of classical continuous-
time feedback, is limited by the bandwidth of its loop transfer
function; this bandwidth, in turn, puts an upper limit on
the bandwidth of the data input. However, this limitation
gives one the ability to continuously linearize the PA without
extensive knowledge of the PA characteristics [1].

Digital predistortion is an inherently open-loop technique
and thus does not suffer from bandwidth limitations. This
technique requires detailed modeling or characterization of
the PA to produce the new, distorted baseband symbols [2].

—1 Ipd |—
F'e)
Q Qpdf—

A Figure 1: A schematic representation of the CFB-
created lookup table, showing a simple IQ constellation
distortion due to a nonlinear PA.
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One can use CI'B to characterize the PA over the nput
symbol constellation, creating a digital lookup table (Figure
1) to be used for open-loop DPD [3]. Behavioral simulations
have shown substantial improvement in PA output spectrum
(Figure 2) and ACPR. These advantages can be had for little
increase in power or die area. In addition, techniques to
speed training time are being investigated (i.e., describing
the tradeoff’ between accuracy in the lookup table and the
speed at which the table is produced). Moreover, the DPD
scheme used is much less computationally intensive than
most adaptive digital predistortion schemes in the literature

(2]
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A Figure 2: Results from a behavioral simulation of the CFB-
trained DPD system showing improved linearity.

[11 J.L. Dawson and T.H. Lee, “Automatic phase alignment for a fully integrated Cartesian Feedback power amplifier system,” IEEE J. of Solid-

State Circuits, vol. 38, no. 12, pp. 2269-2279, Dec. 2003.

[2]1 K.Muhonen, M. Kavehrad, and R. Krishnamoorthy, “Look-up table techniques for adaptive digital predistortion: A development and comparison,”
IEEE Transactions on Vehicular Technology, vol. 49, no. 5, pp. 1995-2001, Sept. 2000.

[31 J.L. Dawson, “Feedback linearization of RF power amplifiers,” Ph.D. Dissertation, Stanford University, Stanford, 2003.
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Convex Optimization of Integrated Systems Using Geometric

Programming

T. Khanna, R. Sredojevic, J.L. Dawson, V. Stojanovi¢

Sponsorship: MIT Lincoln Laboratory Advanced Concepts Committee

In system design, allocation of circuit resources, like power
and noise budgets, is a problem with an often unclear
solution and it results in long negotiations between both
circuit and system designers. It is difficult to know the
optimal distribution or even the feasible set of distributions
of resources. This uncertainty results in an iterative
approach with frequent re-design of circuit blocks for
different distribution schemes. Insight into the trade-offs
among resources within each circuit block can aid in finding
optimal distribution and eliminate the need for re-design,
ultimately speeding up the design cycle.

Thus far, work done in analog circuit optimization has
applied convex optimization techniques, specifically
geometric programming (GP), in order to formulate and
solve for optimality. Geometric programming is convenient
because there is a specific formulation that can efficiently
be solved [1]. We plan to follow the style of past circuit

Spec; I
2 &)
{ Spec|
Spec; &
>

Spec,|

optimization attempts [2 — 4] but reformulate them in our
more general hierarchical approach to optimize a fully
integrated system.

With a hierarchical optimization, GP is used to formulate
and optimize each circuit block in a given system. We
stress that formulation is not trivial and requires circuit
design experience for correctness. From this optimization,
we create trade-off curves describing the performance
specifications. In other words, the trade-off curves are a
continuous representation of the design space for each
block. The generated trade-off curves are then related in
the system formulation to produce optimal performance
criteria foroptimal system design. Figures 1 and 2 show this
optimization flow can be seen. We also anticipate that a
hierarchical approach will allow for an interchange of block
topologies, which has not been allowed in the past.

A Figure 1: Using a given topology, circuit performance
trade-off curves are generated.
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A Figure 2: System optimization for performance
specifications.  Circuit blocks are abstracted into trade-off
curves, and performance specifications are optimized.

[11 S. Boyd and L. Vandenberghe, Convex Optimization, New York: Cambridge University Press, 2004.
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[31 M.M. Hershenson, “Design of pipeline analog-to-digital converters via geometric programming,” ICCAD, 2002.

[4]1 Y. Xu, L. Pileggi, and S. Boyd, “ORACLE: Optimization with recourse of analog circuits including layout extraction,” Design Automation Conf.,
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High-Resolution, Pipelined Analog-to-Digital Conversion Using
Comparator-Based Switched-Capacitor Techniques

L. Brooks, H.-S. Lee
Sponsorship: NSDEG Fellowship, CICS

Recently, a comparator-based switched-capacitor circuit
(CBSC) design methodology was proposed [1]. CBSC
replaces op-amps with comparators and current sources and
offers many advantages. This research seeks to realize several
of these advantages with the application to high resolution
pipelined analog-to-digital converters (ADC). The specific
goal 1s to design and fabricate a 12-bit, 1-GHz, 100-mW
ADC. This type of ADC has applications such as software
radio, general test equipment, wide bandwidth modems,
smart radios for wireless communications, advanced radar
systems, multi-beam adaptive digital beam-forming array
transceivers, and anti-jam GPS receivers.

Theoretically, CBSC circuits offer more than an order of
magnitude improvement in figure of merit (FOM) over
traditional op-amp based pipelined ADCs. This means, for
example, that for the same speed and resolution, a CBSC
ADC can operate with more than an order of magnitude
lower power consumption. In switched-capacitor circuits
a charge transfer phase must be realized. In an op-amp
based implementation, the op-amp drives or forces the exact
charge transfer via a high-gain, high-bandwidth feedback
loop. In CBSC, a current source provides the charge and a
comparator detects the time when the transfer is complete
and turns off the current source. So where op-amps drive

REFERENCES

the charge transfer, CBSC searches for the correct charge
transfer by sweeping the output over the voltage range and
shutting off the current when the correct charge transfer is
found. A two phase search can help to maximize the FOM.
The first phase is a coarse, fast search, and the second phase
is a fine, slower scarch over a much smaller range. The
FOM advantages of CBSC come from reduced bandwidth
requirements, reduced device count, reduced complexity,
increased voltage range, and increased power efficient
biasing.

This project is to develop and optimize innovative circuits
and architectures to achieve an aggressive design goal. The
work focuses on the design of into two prototype chips. First,
we are fabricating a single-ended 10-bit CBSC ADC with
a single-phase (coarse phase) search only. This single-phase
design embodies novel techniques and requires no static
current. For this reason, this implementation overcomes the
FOM shortfalls of the single phase search. The goal of this
chip was to focus on speed at a lower resolution. The second
prototype will use the first prototype as the back-end but will
add fully-differential front-end stages with an additional a
fine search phase that improves the resolution to 12 bits. In
addition, several channels will be time-interleaved to achieve
the desired speed.

[11 T. Sepke, J.K. Fiorenza, C.G. Sodini, P. Holloway and H.-S. Lee, “Comparator-based switched-capacitor circuits for scaled CMOS technologies,”
IEEE Int'l Solid-State Circuits Conf. Dig. of Tech. Papers, ISSCC, 2006, pp. 220-221.
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High Speed Time-Interleaved Comparator-Based Switch Capacitor ADC

A. Chow, H.-S. Lee
Sponsorship: MARCO C2S2

With an increasing need for higher data rates, both wireless
applications and data links are demanding higher speed
analog-to-digital converters (ADC) with medium resolution.
In particular, this work will investigate ADCs with sampling
rate up to 10 Gs/s with 6-8 bits of resolution. Time
interleaved converters achieve their high sampling rate
by placing several converters in parallel. Each individual
converter, or channel, has a delayed sampling clock and
operates at reduced sampling rate. The reduced sampling
rate of each channel allows transistors to be biased in a more
power-efficient region, thus saving on the overall use of
power. Therefore each channel is responsible for digitizing
a different slice. This method requires that the individual
converters, which make up the parallel combination,
be matched. Mismatches in non-idealities, such as gain
error, timing error, and voltage offset, greatly degrade the
performance of such systems. Therefore channel matching
1s an important design consideration for time-interleaved

ADCs.

Although digital calibration can mitigate many of these
non-idealities, timing mismatches is a non-linear error,
which 1s more difficult to remove. At sampling rates up to 10
Gs/s, such complicated digital calibration would consume
large amounts of power. An alternative solution uses a
global switch running at the full speed of the converter to

determine the sampling instance. This technique works
well for medium high-speed ADC’s [1-2]. At higher speeds
the ability to turn the switch on and off at the full sampling
rate becomes a major challenge. We will investigate whether
the global clocking can function satisfactorily at a 10 Gs/s
sampling rate in scaled technologies.

Power optimization is a major design consideration when
implementing a time-interleaved ADC. If the power
efficiency of the individual channels can be optimized, then
the power dissipation of the entire system can be optimized.
We are exploring ways to lower power consumption in
high-speed ADCs with the adaptation of innovative circuit
topologies. In particular, we will further investigate the use
of the Comparator-Based Switch Capacitor (CBSC) for
high-speed applications. This work is investigating a fast,
single-slope architecture (Figure 1). The faster each channel
can operate, the lower the number of channels and hence
the lower the power in clock and buffer circuits. The
primary emphasis is the development of highly powered
efficient single-slope CBSC architecture. Since the single
slope architecture 1s more sensitive to non-idealities such as
ramp nonlinearity, we are carefully studying the sources of
non-idealities and developing clever techniques to address
the accuracy issues.

Vy
| 02”_
VCM

VCM

A Figure 1: One stage of a single slope CBSC based pipelined ADC.
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Low-Voltage Comparator-Based Switched-Capacitor Sigma-Delta ADC

M. Guyton, H.-S. Lee
Sponsorship: CICS

Many analog signal processing circuits use operational
amplifiers (op-amps) in a negative feedback topology. Error
in these feedback systems is inversely proportional to the
gain of the op-amp. Because scaled CMOS technologies
use smaller channel lengths and require lower power supply
voltages, it becomes more difficult to implement high gain
op-amps. Recently, a comparator-based switched-capacitor
(GBSC) technique was proposed [1] that uses a comparator
rather than an op-amp to implement switched-capacitor
topologies. One of the biggest challenges of low voltage
circuits 1s the transmission gates that must pass the signal.
If the signal is near the middle of the power supply range,
neither the NMOS nor the PMOS transistor has sufficient
gate drive to pass the signal properly. The switched-op-amp
technique [2] was proposed to mitigate this problem. In this
technique, the output of the op-amp is directly connected
to the next sampling capacitor without a transmission gate.
During the charge transfer phase, the op-amp is switched
off, and the output is grounded.

Much like the standard switched-capacitor technique, CBSC
circuits use two-phase clocking, having both sampling and
evaluationclockphases. Unlikeastandard switched-capacitor
circuit, in a CBSC circuit all current sources connected to
the output node are off at the end of the evaluation phase.
Thus, the CBSC technique is inherently better suited to
low-voltage applications than switched-op-amp circuit
topologies. Although the previous CBSC implementation
was a single-ended version, many high-resolution systems
require fully differential implementation for better power
supply and substrate noise rejection properties. Since the
CBSC is a new technique without an op-amp, existing fully
differential circuitry cannot be applied. In this program,
we are developing fully-differential CBSC' topologies for
applications in high resolution data conversion. Figure 1
shows a fully-differential low-voltage CBSC integrator stage
using the combined techniques. We recently designed a
fourth-order sigma-delta ADC for operation at 1-V power
supply using this integrator stage.
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A Figure 1: Fully-differential comparator-based switched-capacitor integrator. The input of the next integrator stage is also

shown. Common-mode feedback circuits are not shown.
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Noise Analysis of Threshold Detection Comparators

T. Sepke, J.K. Fiorenza, P. Holloway, C.G. Sodini, H.-S. Lee
Sponsorship: MARCO C2S2, CICS

Recently, a comparator-based switched-capacitor circuit
(CBSC) design methodology was proposed [1]. A
fundamental limitation to the accuracy of CBSC systems
is the noise of the threshold-detection comparator. Unlike
traditional clocked comparators that compare voltages at a
specific point in time, the virtual ground threshold-detection
comparators must detect the time a voltage ramp crosses
the virtual ground condition and open the output sampling
switch. Threshold-detection comparators are usually
thought of as a wide-bandwidth, high-gain amplifier,
possibly implemented as a cascade of low-gain amplifiers.
The first stage of the cascaded amplifier typically dominates
the input-referred noise power spectral density. Due to the
rather large noise bandwidth of the cascaded amplifiers, the
input referred noise of such a comparator can be quite large.

- Threshold
Preamplifier Comparator
| I | |
Vy o 1 T + Q
G Voo [T 3
Vew
A Figure 1: Threshold detection comparator with ideal

band-limiting preamplifier to lower the input-referred noise of
the threshold detection comparator.

One possible method for lowering the input-referred noise of
the comparator is to add a preamplifier as shown in Figure 1.
The noise of the comparator is improved if the preamplifier
has a lower input-referred noise than the threshold-detection
comparator alone and if the preamplifier has enough gain
to dominate the input-referred noise of the comparator.

In linear small-signal amplifiers, the frequency of the
transfer function poles determines speed. However, in
preamplifiers for threshold-detection comparators, the time
it takes the output to reach a threshold voltage determines
speed because the preamplifier does not require small-signal
steady-state conditions. If the band-limiting preamplifier
output is always clamped to the same voltage for the same

REFERENCES

load capacitance and transconductance, the preamplifier
with the highest gain is the fastest to a given output
threshold [2]. Intuitively, a band-limiting stage should
be lower noise than a broadband stage, but care must be
taken in applying knowledge of small-signal amplifier noise
behavior to systems that do not necessarily reach steady
state. A non-stationary noise analysis for the preamplifier
shows that the noise bandwidth of an ideal band-limiting
preamplifier is inversely proportional to twice the time it
takes the preamplifier to transition from its clamped state to
the comparator threshold (Figure 2).

To measure and verify the noise analysis and modeling of
the threshold detection comparator, the prototype CBSC
pipeline ADC in [1] is being used. Because the converter
was implemented as a cascade of identical stages, the total
input-referred noise of the ADC less the kT/C noise of
the input sampler is proportional to the comparator noise.
Therefore, a spectral analysis of the converter output codes
1s a measure of the comparator noise.

Vob

ty t
A Figure 2: Threshold-detection comparator timing

showing preamplifier noise integration time ti that determines
the preamplifier noise bandwidth. Total comparator delay is

t,.
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Massively Parallel ADC with Self-Calibration

M. Spaeth, H.-S. Lee
Sponsorship: CICS

In this program we are developing an analog-to-digital
converter (ADC), which can quantize a wideband 150-
MHz signal at 600 mega-samples per second, with signal-
to-noise ratio and linearity in excess of 75 dB (12 bits). Use
of a massively parallel, time-interleaved architecture, with
128 active ADC channels, reduces the requisite speed for
each channel, and enables the devices to be biased in the
sub-threshold region for an extremely low-power (<50mW;
core) solution. In a parallel time-interleaved system, any
mismatches between channels result in undesired spurious
tones. Most existing time-interleaved ADCs employ either
a low degree of parallelism, such that the tones appear
outside the signal band, or are low enough in resolution
that the tones are below the quantization noise floor. In this
design, however, all inherent gain, offset, and timing skew
mismatches must be calibrated away to achieve the stated
high-performance goals.

The 128 14-bit pipeline ADCs are arranged into 16 blocks
of 8 channels each, as shown in Figure 1. The hierarchal
organization of the design allows individual blocks to be
pulled out for background calibration, while the remaining
blocks continue to quantize the input signal. Due to the

,16 banks = 128 channels IMPACT
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A Figure 1: Toplevel block diagram of the IMPACT ADC
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large number of channels to be calibrated, the calibration
algorithm must be simple, but effective. The sub-radix-
2 calibration algorithm [1] is very effective in removing
offset and linearity errors but poses a challenge due to the
complexity when applied to the massively parallel converter.
We have modified the algorithm to allow nominal radix-2
operations to be employed, for similar calibration efficiency
with reduced complexity. Also, we are exploring several
innovative techniques to calculate and remove systematic
timing skew between channels. An additional channel is
included in the design to act as a timing reference for some
of the timing skew measurement algorithms. A novel
token-passing control scheme is used to generate local clock
phases for the individual blocks and channels, minimizing
the number of clock lines that must be routed across the
chip.

The design was fabricated in a 0.18-um digital CMOS
process by National Semiconductor and is currently under
test.

A micrograph of the finished chip is shown in Figure 2.

A Figure 2: Micrograph of the fabricated chip.

[11 A.N. Karanicolas, H.-S. Lee, and K. Bacrania, “A 15b 1 Ms/s digitally self-calibrated pipeline ADC,” IEEE J. of Solid-State Circuits, vol. 28, no.
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Intelligent Night-Vision Human Detection System

Y. Fang, |. Masaki, B.K.P. Horn
Sponsorship: Intelligent Transportation Research Center

Our objective is to apply machine vision techniques to
develop a new generation of night-vision systems with
intelligent human detection and identification functions.
Currently, more and more infrared-based night-vision
systems are mounted on the vehicles to enhance drivers’
visual ability. Such mounting does allow drivers to see better,
but it also introduces new safety concerns. A driver needs to
switch their attention between the windshield and a separate
infrared-display screen. Specifically for senior drivers, it is
still difficult to identify any abnormal scenario or potential
danger in its early stage. For safety purposes, an intelligent
human detection and identification system based on
infrared-video sequences 1s expected to automatically track
pedestrians’ location and to detect any potential dangers
based on the targets’ action in a monitored environment.

Compared with conventional shape-based pedestrian
detection, our new “shape-independent”detection methods

A Figure 1: Four pedestrian-detection results in a sequence.

REFERENCES

include the following two innovations. First, we propose an
original “horizontal-first, vertical-second” segmentation
scheme that divides infrared images into several vertical
image stripes and then searches for pedestrians only within
these image stripes. Second, we have defined unique new
shape-independent multi-dimensional classification features.
We demonstrated both the similarities of these features
among pedestrian image regions with different poses and
the differences of these features between pedestrian and
non-pedestrian regions of interest (ROI). Our preliminary
test results (as shown in Figure 1, Figure 2) based on limited
sample images were very encouraging in terms of reliability
and accuracy when our algorithms are applied to detect
pedestrians with arbitrary poses. Our overall goal is to
design systems for future transportation systems to make
driving safer and less stressful for all travelers regardless of
age and ability.
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A Figure 2: Preliminary results with limited samples.

[11 Y. Fang, K. Yamada, Y. Ninomiya, B. Horn, and I. Masaki, “Comparison between infrared-image-based and visible-image-based approaches for
pedestrian detection,” Proc. of the IEEE Intelligent Vehicles Symposium, 2003, pp. 505-510.
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Vision-Based System for Occupancy and Posture Analysis

M. Farrell, |. Masaki, B.K.P. Horn
Sponsorship: Intelligent Transportation Research Center

Opver the past few years, advances in computer vision have
given hope for robust systems for safety applications in
cars. In particular, we seek to develop a way to deploy a
passenger-side airbag that is aware of the occupant in the
passenger seat. The use of such devices may help avoid
extensive injury due to airbag deployment in multiple
classes of passengers; babies, children, adults.

Our approach s to use a combination of two computer vision
methods: invisible structured lighting and correlation-based
stereo matching. The environment of an automobile poses
challenges for these methods. Computer vision relies heavily
on intensity values to function properly, and the interior
environment of a car has many different lighting conditions.
To get around this caveat the monochrome cameras cut
light below 850 nm. This filtering on the cameras reduces
our consideration of illumination values to near infrared
and produces a monochrome image of the target.

©00000000000000000000000000000000000000000000000000 o

A Figure 1: Example of a source target used to obtain
depth maps, as in Figure 2. Image was taken with near
-infrared sensitivity and no visible light cuts.

Structured lighting improves texture on the passenger seat
and further constrains the depth of the target [1]. By
projecting a sine-wave grating onto the scene with stripes of
random width we are ensured greater accuracy. Then, using
correlation-based window-matching, as well as brightness
values in ecach image we avoid “phase ambiguity” when
determining which pixel belongs to a specific stripe in each
image. The method just described eliminates this problem
or poor depth resolution when using unstructured lighting.

Sterco matching uses a correlation window that is applied
to the “reference” image and scans the other image in the
stereo pair for a matching brightness [3]. The correlation
window achieves its best results when it is larger than the
largest stripe in the image. This constraint on window size
avoids the problem of areas in the disparity map where
we can lose depth information due to a window that is too
small. For a good treatment of a correlation window based
matching see [3].

A Figure 2: Example of disparity map obtained from two-frame
stereo matching under structured lighting. The correlation window
size is 32 x 32 pixels with maximum disparity of 60 pixels. Brighter

colors imply a short distance to the camera and darker colors imply
the opposite. Values are in pixels and indicate disparity.

REFERENCES

[11 D. Scharstein and R. Szeliski. “High-accuracy stereo depth maps using structured light," IEEE Proc. of CVPR, 2003, pp.195-202.

[21 Y. Zhang, S.J. Kiselewich, and W. Bauson. “A monocular vision-based occupant classification approach for smart airbag deployment,” IEEE
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Techniques for Low-jitter Clock Multiplication

B. Helal, M.H. Perrott
Sponsorship: MARCO C2S2 (partial)

High-frequency clocks are essential to high-speed digital
and wireless applications. The performance of such clocks
is measured by the amount of jitter, or phase noise, their
outputs exhibit. Phase-locked loops (PLLs) are typically
used to generate high-frequency clocks. However, a major
disadvantage of PLLs is the accumulation of jitter within
their voltage controlled oscillators (VCOs) [1]. Multiplying
delay-locked loops (MDLLs) have been developed in recent
years to drastically reduce the problem of jitter accumulation

in PLLs [2].

Jitter accumulation is reduced in an MDLL by resetting the
circulating edge in its ring oscillator using a clean edge from
the reference signal. The Select-logic circuitry commands
the multiplexer, using the Edge_select signal, to pass the
reference edge instead of the output edge at the proper
time, as shown in Figure 1.

Ref
Phase Charge e,

Ref Detector Pump . Vet e o,
oop | Vetrl .
Out i m Filter *II----;(-.-'Q......
(%

rl
M M Ed lect -
o : _ :
I ——— L]
i Edge_sel =
I~ 1__IDiv N . ige_select :
r []

ot EEEEEEEEEEEEN

Select Logic

A Figure 1: MDLL block diagram.
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The major drawback of a typical MDLL is that it suffers
from static delay offset, which causes its output to exhibit
deterministic jitter. Static delay offset is caused mostly by
phase offset in the phase detector and by various device
mismatches. Figure 2 illustrates the problem of static delay
offset in a locked MDLL, showing a deterministic jitter of A
seconds peak-to-peak.

The goal of this research is to develop a technique that
detects and cancels static delay offset in MDLLs, thereby
allowing their use in applications that require low-jitter,
high-frequency clocks. Behavioral simulations were used
to validate the feasibility of the technique and a test chip
implementing the proposed approach will be fabricated
using National Semiconductors’ 0.18-pm process.

We acknowledge National Semiconductor for providing the
fabrication services.

Reset edge
1 Longer

Ref _/ _/k\J/ transition
Mux \
! 11/

\
Out \ 2

[ o [a] o

A Figure 2: Timing diagram illustrating the problem of static
delay offset. Transition time, D seconds, is less than ideal,
causing the transition of Out, after the edge reset, to be longer
by A seconds.

[11 B. Kim, T. Weigandt, and P. Gray, “PLL/DLL system noise analysis for low jitter clock synthesizer design,” in Proc. Intl. Symp. Circuits and

Systems, vol. 4, 1994, pp. 31-38.

[2]1 R.Farjad-Rad et al., “A low-power multiplying DLL for low-jitter multigigahertz clock generation in highly integrated digital chips,” IEEE J. Solid-

State Circuits, vol. 37, pp. 1804-1812, Dec. 2002.



Advanced Delay-locked Loop Architecture for Chip-to-Chip

Communication

C.-M. Hsu, M.H. Perrott
Sponsorship: MARCO C2S2

A challenging component in high-speed data links is the
clock and data recovery circuit (CDR). Two primary
functions of a CDR are to extract the clock corresponding
to the input data and then to resample the input data. The
conventional technique uses a phase-locked loop (PLL)
to tune the frequency and phase of a voltage-controlled
oscillator (VCO) to match that of the input data. In some
applications, such as chip-to-chip communication, a
reference clock that is perfectly matched in frequency to
the signal sequence is available. However, the clock and
data signals are often mismatched in phase due to different
propagation delays on the PC board. In such cases, using
a delay-locked loop (DLL), as shown in Figure 1, instead of

Clock and Data
arrive misaligned

>
>

a PLL allows for much simpler design, since only a phase
adjustment is necessary [1].

The aim of this research is to develop advanced DLL
architectures for chip-to-chip communication. In order to
provide a fine-resolution and wide-range delay, a digital
adjustable delay element consisting of a sigma-delta
fractional-N frequency synthesizer is proposed, as shown
in Figure 2 [2]. This new architecture also provides low-
sensitivity to process, temperature, and voltage variations
compared to conventional techniques using analog adjustable
delay elements, as shown in Figure 1. In addition, a new
sigma-delta modulator architecture is proposed to provide a
compact design with reasonable power dissipation.

retimed
data(t)

Clock and Data
are now re-aligned

hl Digital adjustable delay element
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in phase retimed in phase jmo=s-===s-===----co=o | | adiusted
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0 |_ data(t) e [oran v(t) 1HHEE i 1
i ge Loop | "\ [ N 1 1
T FD Pump [ ] Filter N ! [+3s | H
- Adjustable AR EAA 1 1
I|i  Delay Element adjusted ||||||||||| H - H
=oclk(t) % ck(y === ST ! !
1 |

A Figure 1: DLL-based data recovery circuit with an analog adjustable delay
element.
REFERENCES

A Figure 2: Proposed DLL-based
data recovery circuit with digital
adjustable element.

[11 TH. Lee and J.F. Bulzacchelli, “A 155-MHz clock recovery delay- and phase-locked loop,” IEEE J. Solid-State Circuits, vol. 27, no. 12, pp.

1736-1746, Dec. 1992.

[21 M.H. Perrott, M.D. Trott, and C.G. Sodini, “A modeling approach for sigma-delta fractional-N frequency synthesizers allowing straightforward
noise analysis,” IEEE J. Solid State Circuits, vol. 37, pp. 1028-1038, Aug. 2002.
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Digital Techniques for the Linearization of RF Transmitters

K. Johnson, M.H. Perrott

Linear and power-efficient transmitters improve mobile
communications systems. In a mobile device the power
consumption of the transmitter directly affects the battery
life of the device. Hence, it is desirable to operate the
transmitter at the highest efficiency possible. However,
nonlinearity causing distortion and spectral re-growth
increases at higher drive levels. Specifications limiting
distortion and spectral re-growth force the transmitter to
operate at a back-off from the optimal efficiency.

Improving the linearity of the transmitter reduces the
required back-off and increases the overall efficiency.
Linearization techniques exist for a variety of transmit
architectures: 1Q) modulation, linear amplification using
non-linear components (LINC), and envelope elimination
and restoration. They all require an additional high linearity
analog down-conversion path, increasing the complexity of
the transmitter. The more sophisticated algorithms require
extensive DSP, limiting the application to more expensive
solutions.

We propose a highly digital, algorithmically simple
linearization technique suitable for mobile devices with
limited DSP capability. The highly digital down-conversion
architecture reduces the complexity and chip area cost
of the down-conversion path. In combination a simple
DSP algorithm takes advantage of a priori architectural
information to estimate the transmitter transfer function.



Techniques for Highly Digital Implementation of Clock and Data

Recovery Circuits

C. Lau, M.H. Perrott
Sponsorship: MARCO C2S2

Clock and data recovery (CDR) is a critical function in
high-speed digital communication systems. Data received
in these systems are asynchronous and noisy, so they
must be properly recovered. The CDR circuits must also
satisfy stringent specifications defined by communication
standards such as the SONET specification. Other desirable
performance metrics, such as fast acquisition time, must also
be considered.

A conventional CDR, as shown in Figure 1, employs a phase-
locked loop with analog components including a phase
detector, charge pump, loop filter, and a voltage-controlled
oscillator (VCO). Although this analog implementation
works well in most current applications, we have already
started to see its limitations, as with the scaling of CMOS
fabrication technology. For example, this analog system
relies on low-leakage capacitors to hold values when the
phased-locked loop is locked. The input of the VCO must
be held stable in order to minimize frequency drift and jitter
in the recovered clock. However, the leakage problem is

becoming more significant as CMOS technology process
continues to scale.

In view of this problem, we propose a highly digital
CDR circuit that leverages digital circuits to achieve high
performance; specifically, the circuit achieves fast acquisition
and low-jitter performance. As shown in Figure 2, we use a
bang-bang phase detector to generate error pulses of fixed
width, which are then directly treated as digital signal in the
subsequent digital blocks in the major loop. In this way,
we can preserve the digital nature in the control path to
the VCO, thus alleviating the need for high-performance,
low-leakage analog components. We also utilize a simple
analog feedback loop to linearize the nonlinear dynamics
of the bang-bang phase detector. Simulation results show
that the achievable recovered clock jitter is around 2ps RMS
and verify that this architecture meets the OC-48 SONET
specification. This design is being designed in the 0.18-pm
CMOS process.

retimed
data(t)
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A Figure 1. A conventional CDR architecture.

A Figure 2: The proposed digital CDR architecture.
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Digital Implementation and Calibration Technique for High-speed
Continuous-time Sigma-Delta A/D Converters

M. Park, M.H. Perrott
Sponsorship: MARCO C2S2, Applied Materials

A/D converters are essential building blocks for many
applications. Mobile communication devices require low
cost, low power, and high performance A/D converters.
A sigma-delta A/D converter is often chosen for wireless
applications because high resolution and wide bandwidth
are achievable by increasing the oversampling ratio and
designing the appropriate loop filter. High oversampling ratio
is relatively easy to achieve through state-of-the-art digital
technology. However, implementing a low power discrete-
time loop filter is challenging as the sampling-frequency
increases. Therefore, a continuous-time sigma-delta A/D
converter 1s better for a mobile application than a discrete-
time counterpart because of its low power consumption.

Device mismatch is a serious issue for a continuous-
time loop filter, however. Since the mismatch of passive
and active elements directly degrades the performance,
calibration or compensation is necessary to implement a

high resolution and wide bandwidth A/D converter. In this
work, we propose implementing an automatic calibration
and compensation technique for a continuous-time loop
filter. The proposed architecture is shown in Figure 1.

The core technique is an algorithm that estimates the
values of individual components of the loop filter. The
spectrum of the output digital signal from the sigma-delta
converter contains the quantization noise that is shaped by
a noise transfer function, which can be estimated by system
identification techniques. A DSP building block is designed
to evaluate the parameters of passive and active elements
from the estimated noise transfer function. Then, a feedback
loop calibrates the passive and active elements. The adaptive
digital filter is also employed to deal with non-ideality, which
cannot be calibrated due to the limitation of the technology
such as finite rising or falling time of signal.

analog E digital
/ i
o +_ continuous-time |, j 9> i || calibration
cIkJ i
|
P e Lo o
DAC

A Figure 1: Continuous-time sigma-delta A/D converter using digital calibration and compensation.



High-performance Time-to-Digital Conversion and Applications

M. Straayer, M.H. Perrott
Sponsorship: Lincoln Laboratory

Time-to-digital converter (TDC) structures are used to
quantify time information of a signal event with respect to a
reference event. Traditionally, TDCs have found application
in experimental physics and laser range-finding. More
recently, fully integrated TDCs have attracted significant
commercial interest as a core building block for a variety
of clocking and phase-locked loop systems and applications
[1]. The basic operation of a TDC is shown in Figure 1.

When a TDC is used in closed-loop feedback such as a
phase-locked loop (PLL), the resolution of the TDC can
limit the noise performance of the system. A simple TDC
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A Figure 1: Basic time-to-digital converter functionality.
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implementation with digital circuits has a resolution limited
to a single inverter delay, shown in Figure 2(a). More intricate
and involved circuit techniques such as Vernier delay lines
[2], illustrated in Figure 2(b), achieve more precision, but
at the expense of design complexity. This research aims to
improve the overall resolution of a TDC with simple and
elegant circuit techniques.

The authors wish to acknowledge MIT Lincoln Laboratory
for research support through the Lincoln Scholars
Program.

Reference Delay

Edge

Event
Edge

(a) Delay Cell Based Time-to-Digital Converter

Reference Delay1

Edge

(b) Vernier Delay Time-to-Digital Converter

A Figure 2: Common time-to-digital converter
implementations.

[11 R.B. Staszewski et al., “All-digital PLL and transmitter for mobile phones,” IEEE J. of Solid-State Circuits, vol. 40 no. 12, pp. 2469-2482, Dec.
2005.

[2]1 P. Dudek, S. Szczepanski, and J.V. Hatfield, “A high-resolution CMOS time-to-digital converter utilizing a Vernier delay line,” IEEE J.I of Solid-

State Circuits, vol. 35, no. 2, pp. 240-247, Feb. 2000.
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Fast Cochlear Amplification with Slow Outer Hair Cells

T.K. Lu, S. Zhak, P. Dallos, R. Sarpeshkar

Sponsorship: NSF, David and Lucille Packard Foundation, ONR, Howard Hughes Medical Institute

In mammalian cochleas, outer hair cells (OHCs)
produce mechanical amplification over the entire audio-
frequency range (up to 100 kHz). Under the “somatic
electromotility” theory, mechano-electrical transduction
modulates the OHC transmembrane potential, driving an
OHC mechanical response that generates cycle-by-cycle
mechanical amplification. Yet, though the OHC motor
responds up to at least 70 kHz, the OHC membrane RC
time constant (in vitro upper limit ~1000 Hz) reduces the
potential driving the motor at high frequencies. Thus, the
mechanism for high-frequency amplification with slow
OHCs has been a two-decade-long mystery. Previous
models that fit experimental data incorporated slow OHCs
but did not explain how the OHC time constant limitation
was overcome. Our key contribution is showing that negative
feedback due to organ-of-Corti functional anatomy with
adequate OHC gain significantly extends closed-loop system

see -

In

e

A Figure 1: Macromechanical model of the cochlea
composed of local micromechanical sections coupled by
fluid. The local micromechanical section is enclosed in the
dotted box and is repeated consecutively to simulate the
traveling-wave response of the cochlea to input stimuli (f,)).
Standard electrical representation of acoustic analogs was
used for simulations. The dependent voltage source is the
OHC-force generator with an RC time constant.

REFERENCES

bandwidth and increases resonant gain [1]. Figure 1 shows
our macromechanical model of the cochlea. The OHCs
implement negative feedback by exerting a corrective force
on the reticular lamina (designated “rl” in Figure 1) that
opposes changes to the system output caused by changes
in the input stimuli. Our model produces realistic results
(Figure 2) and demonstrates that the OHC gain-bandwidth
product, not just bandwidth, determines whether high-
frequency amplification is possible. Due to the cochlea’s
collective traveling-wave architecture, the gain of a single
OHC neceds not be great. The OHC piczoelectricity
increases the effectiveness of negative feedback but is not
essential for amplification. Thus, emergent closed-loop
network dynamics differ significantly from open-loop
component dynamics, a generally important principle in
complex biological systems.
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A Figure 2: Results from simulation of the macromechanical
model of the cochlea composed of local micromechanical
sections coupled by fluid. (a) Basilar-membrane (BM)-to-stapes-
velocity ratio from the model at section 320 (solid line, blue)
compares favorably with experimental chinchilla data [2] (red
circles). Volume velocity to linear velocity conversion is 62.7 dB.
(b) Phase response from the model matches experimental results
[2] (red circles, brown squares). Note that the experimental
phase data shows “the full range of variation in BM phase data”
[2] and is not drawn from the same animal as the magnitude
data in (a).

[11 TK. Lu, S. Zhak, P. Dallos, and R. Sarpeshkar, “Fast cochlear amplification with slow outer hair cells,” Hear. Res., vol. 214, pp. 45-67,

2006

[21 M.A. Ruggero, N.C. Rich, L. Robles, and B.G. Shivapuja, “Middle-ear response in the chinchilla and its relationship to mechanics at the base
of the cochlea,” J. Acoust. Soc. Am., vol. 87, pp. 1612-1629, 1990.



Circuits for an RF Cochlea

S. Mandal, S. Zhak, R. Sarpeshkar
Sponsorship: NSF, Center for Bits and Atoms

The RF cochlea uses ideas from the biological cochlea and
extends them into RF for performing fast, broadband, low-
power spectrum analysis 3, 4]. We have designed and built
the first RF cochlea on silicon. Our inspiration, the biological
cochlea, 1s a sophisticated signal processing system that acts
as a traveling-wave spectrum analyzer. In healthy humans, it
has 120 dB of input-referred dynamic range and consumes
only about 14 pW of power [1]. The cochlea spatially
separates frequency components in incoming sound signals,
thereby performing a frequency-to-place transformation.
High (or low) frequencies excite peak responses towards the
beginning (or end) of the structure.

Electrically, the cochlea can be modeled as an active,
nonlinear transmission line with properties that scale
exponentially with position [2]. Nonlinear behavior
1s important in the biological cochlea, particularly for
spectral masking and gain control. We have developed
a simplified cochlear model that consists of a cascade of

_o5 i i

unidirectional lowpass filters with exponentially decreasing
cutoff frequencies (see Figures 1 and 2). There are several
advantages of such a biologically-inspired system. Firstly,
exponentially tapered traveling-wave architectures like
the cochlea are more hardware-efficient than banks of
bandpass filters for performing spectral analysis [1]. As a
result, they are simpler and faster than conventional spectral
analysis techniques with comparable resolution. Secondly,
the RTF cochlea has inherently higher dynamic range than
audio-frequency silicon cochleas, mainly because integrated
passive inductors can be used at RE. Active inductors, which
produce Q? times as much noise as passive inductors with
the same quality factor Q), must be used at audio. Finally,
the RT cochlea is a complex signal-processing system that
uses collective computation to reduce power consumption
and improve dynamic range. It allows us to explore the
design, calibration, and control of large systems with many
interacting components.

10 10° 10° 10

Frequency (Hz) (@]
e
A Figure 1: Measured frequency response of five A Figure 2: Layout of complete RF cochlea chip, to be 5
individual cochlear stages with center frequencies one fabricated in 0.13-um CMOS technology. The chip contains 46 ;
octave apart. The stages were fabricated in 0.18-um CMOS filter stages, with center frequencies ranging from 8 GHz to 400 o
technology. MHz. S
=
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An Analog Storage Cell with 5 Electrons/sec Leakage

M. O’Halloran, R. Sarpeshkar

Sponsorship: Center for Bits and Atoms, NSF Research Grant, ONR, Catalyst Foundation, David and Lucille Packard Foundation,

Swartz Foundation.

Medium-term analog storage offers a compact, accurate,
and low-power method of implementing temporary local
memory that can be useful in adaptive circuit applications.
The performance of these cells is characterized by the
sampling accuracy and voltage droop that can be achieved
with a fixed level of die area and power. Typically, the droop
rate 1s limited by the OFF state leakage of a single MOS
switch. Past low-leakage switch designs have assumed that
subthreshold conduction and drain-to-bulk diode leakage
dominate other effects [1-2]. However, measurements of
MOS leakage in a 1.5-um CMOS process revealed a third
important mechanism that can contribute significant leakage
[3]. It was demonstrated that incorporating a novel MOS

$.9.9.9 &

A Figure 1: Die photograph of 0.5-um implementation
(1.5 mm x 1.5 mm). A differential analog storage cell, which
exhibits 5 electrons/sec average leakage current at room
temperature is circled in white.

REFERENCES

switch topology into a high-accuracy switched-capacitor
storage cell can minimize all of the experimentally observed
leakages, achieving 10-aA average leakage in a 1.5-pm
process [3]. New experimental data from storage cells
fabricated in a 0.5-pm process (see Figures 1 & 2) exhibit
0.8-aA (5e—/sec) average leakage, a 100X reduction over the
leading alternative cell in the literature [2]. This implies that
with a 1-pF storage capacitor and a 3.3-V supply, this cell
can store a 12-bit accurate voltage for 14.5 minutes and an
8-bit accurate voltage for 3.9 hours. The leakage reduction
between the 1.5-um and 0.5-um implementations appears
to be reasonable based on simple scaling arguments [4].
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A Figure 2: Leakage response of the 0.5-um storage cells
with 2.0-pF storage capacitor.

[11 E. Vittoz, H. Oguey, M.A. Maher, O. Nys, E. Dijkstra, and M. Chevroulet, “Analog storage of adjustable synaptic weights,” in VLSI Design of
Neural Networks, U. Ramacher and U. Riickert, Eds. Norwell, MA: Kluwer, pp. 47-63, 1991.

[21 M. Ehlert and H. Klar, “A 12-bit medium-time analog storage device in a CMOS standard process,” IEEE J. of Solid-State Circuits, vol. 33, no.

7, pp. 1139-1143, July 1998.

[31 M. OHalloran and R. Sarpeshkar, “A 10-nW 12-bit accurate analog storage cell with 10-aA leakage,” IEEE J. of Solid-State Circuits, vol. 39,

no. 11, pp. 1985-1996, Nov. 2004.

[4] M. O'Halloran and R. Sarpeshkar, “An analog storage cell with 5 electrons/sec leakage,” in Proc. IEEE Intl. Symposium on Circuits and

Systems, pp. 557-560, May 2006.



A Time-based Energy-efficient Analog-to-Digital Converter

H. Yang, R. Sarpeshkar

Sponsorship: Center for Bits and Atoms, NSF Research Grant, ONR

Thereisanincreasing trendinseveral biomedicalapplications
such as pulse-oximetry, ECG, PCG, EEG, neural recording,
temperature sensing, and blood pressure for signals to be
sensed in small portable wireless devices. Analog-to-digital
converters for such applications need only modest precision
(< 8-bits) and modest speed (< 40 kHz) but must be very
energy-efficient [1-3]. Analog-to-digital converters for
implanted medical devices need micropower operation to
run on a small battery for decades. We present a bio-inspired
analog-to-digital converter that uses successive integrate-
and-fire operations such as spiking neurons to perform
analog-to-digital conversion on its input current. The
proof-of-concept design and implementation in the 0.35 pm
process demonstrated very good energy-efficient operation

A Figure 1: Die photograph of an 8bit, 45-kHz A/D
converter in the TSMC 0.18 pm process consumes 960
nW of total (analog + digital) power. The effective area is
130 pm x 160 pm (~0.021mm?2).

REFERENCES

[4]. In a 0.18-um sub-threshold CMOS implementation,
we were able to achieve 8 bits of DNL-limited precision
and 7.4 bits of thermal-noise-limited precision at a 45-
kHz sample rate with a total power consumption of 960
nW. The energy-efficiency of a data converter is derived
from the figure-of-merit presented in [5]. This converter’s
net energy-efficiency of 0.12 pJ/quantization level appears
to be the best reported so far. The converter is also very
area-efficient (< 0.021mm?) and can be used in applications
that need several converters in parallel. Its algorithm allows
casy generalization to higher-speed applications through
interleaving, to performing polynomial analog computations
on its input before digitization, and to direct time-to-digital
conversion of event-based cardiac or neural signals.

Performance Metric Value
Technology MOSIS TSMC 0.18 pm
Voltage Supply

Analog 1.2 Volts

Digital 0.75 Volts
Reference Current 80 nA
Input Current Range (w/ DC offset) 10 nA to 320 nA
Integrating Capacitor 500 fF
Ten 1uS
Sampling Rate 45 kHz
INL < +1.0 LSB [8 bits] typical
DNL < £0.5 LSB [8 bits] typical
SNR 47 dB
SFDR 51 dB
ENOB 7.4 bits
Power Dissipation

Analog 360 nW

Digital 600 nW
Thermal Noise-Limited

Energy per Quantization Level 0.12 pJ/State
Active Area 0.021 mm*

A Figure 2: Summary of performance specifications.

[11 V. Aksenov et al., “Biomedical data acquisition systems based on sigma-delta analogue-to-digital converters,” 234 Annual Int. Conf. IEEE

EMBS, vol.4, pp. 3336-3337, Oct. 2001.

[2] S. Led, J. Fernandez, and L. Serrano, “Design of a wearable device for ECG continuous monitoring using wireless technology,” 26t Annual

Int. Conf. IEEE EMBS, vol. 2, pp. 3318-3321, Sept. 2004.

[31 M.J. Moron, E. Casilari, R. Luque, and J.A. Gazquez, “A wireless monitoring system for pulse-oximetry sensors,” Systems Communications,

pp. 79- 84, Aug. 2005.

[4] H.Yang and R. Sarpeshkar, “A time-based energy-efficient analog-to-digital converter,” J. Solid State Circuits, vol. 40, no. 8, pp. 1590-1601,

Aug. 2005.

[6] R.H. Walden, “Analog-to-digital converter survey and analysis,” IEEE J. Select. Areas Commun. vol. 17, no. 4, pp. 539-550, Apr.1999.
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Optimization of System and Circuit Parameters in Wideband OFDM

Systems

F. Edalat, C.G. Sodini
Sponsorship: NSF, Texas Instruments

In the wireless giga-bit local area network (WiGLAN)
research effort, the goal is to achieve Giga-bit data rates by
methods fundamentally different from the proposed IEEE
802.11n, next-generation WLAN. In other words, instead
of using multiple antennas as multiplexing to increase the
capacity, WiIGLAN uses a much wider bandwidth (150
MHz compared to 20 MHz) and adaptive modulation per
bin of a multi-carrier system. However, both systems employ
orthogonal frequency division multiplexing (OFDM) to
combat inter-symbol interference from multipath fading
of the indoor channel and to eliminate equalization. We
have simulated the WiGLAN system using CppSim [1].
The wideband characteristic of WiGLAN, while enabling
high throughput, imposes several challenges. The system
simulation is used as one of the initial steps to identify such
challenges and to examine optimum system solutions and
circuit design techniques. For instance, we are investigating
various adaptive modulation techniques to choose the most

“ i
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h \
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Not use

A Figure 1: Adaptive modulation per bin in WiGLAN based
on the channel response over each bin. The modulation
scheme is chosen from 4-, 16-, 64-, and 256-rectangular
QAM modulations.
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appropriate one for such systems. In addition to simulation,
we have implemented the transceiver’s baseband processing
onan FPGA (Xilinx Virtex 4) to examine the implementation
practicality and performance of the adaptive modulation
algorithms in the real wireless environment using our test-

bed WiGLAN nodes.

In such multi-carrier systems with a frequency-selective
channel, higher capacity can be obtained by adapting
modulation of each bin to the channel response over its
band (Figure 1). The modulation per bin is selected (Figure
2) based on the estimated signal-to-noise ratio (SNR) per
bin at the input of detector at the receiver and the target
bit-error-rate (BER) of the overall system performance.
In addition to achieving higher capacity, since adaptive
modulation is based on SNR per bin independent of other
bins, it can avoid interference and as a result enable co-
existence of two or more wireless systems.
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A Figure 2: How the Adaptive modulation algorithm dictates
the modulation scheme for each bin in WiGLAN.

M. Perrott, “CppSim behavioral simulator” [Online]. Available: http://www-mtl.mit.edu/researchgroups/perrottgroup/tools.html.




Comparator-based Switched-capacitor Circuits (CBSC)

J.K. Fiorenza, T. Sepke, P. Holloway, H.-S. Lee, C.G. Sodini
Sponsorship: MARCO C2S2, CICS

Two side effects of technology scaling that have a significant
impact on analog circuit design are the reduced signal swing
and the decrease in intrinsic device gain. Gain is important
in feedback-based, analog signal processing systems because
it determines the accuracy of the output value. Cascoded
amplifier stages have been a popular solution to increase
amplifier gain, but they further reduce the signal swings of
scaled technologies. An alternative method for achieving
high gain in an operational amplifier without reducing signal
swing is to cascade several lower gain amplifiers. Nested-
Miller compensation approaches can be used to stabilize the
cascaded feedback system, but the frequency response of the
closed loop system is significantly sacrificed to ensure stability.
In this project [1-2], we explore a new comparator based
switched capacitor (CBSC) circuit design methodology that
eliminates the use of op-amps in sampled data systems

A sampled-data system typically operates in two phases,
a sampling phase (1) and a charge transfer phase (¢2).
An important property of these systems is that the output
voltage needs to be accurate only at the moment the output
is sampled. No constraint is placed on how the stage gets
to the final output value. Feedback systems use a high-gain
operational amplifier to force a virtual ground condition at
the op-amp input. The top circuit in Figure la shows the
conventional op-amp-based switched-capacitor gain stage.
The circuit in Figure 1b shows the proposed CBSC approach,

Sampling Phase (¢,) Multiply-by-Two Phase (¢,)

M VCM

Ve
f
. _Ejl— ol
b) — # @l | +Vo-
C, C,
>
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VCM VCM

A Figure 1: (a) Traditional op-amp-based multiply-by-two

amplifier versus (b) proposed comparator-based multiply-by-

two amplifier.
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where a comparator and a current source have replaced the
op-amp. Assuming the comparator input vy starts below the
common-mode voltage at vy0, the current source charges the
output circuit until the comparator detects the virtual ground
condition and turns the current source off. At this instant,
the output is sampled on C;. Because the CBSC design
ensures the same virtual ground condition as the op-amp
based design, both circuits produce the same output value at
the sampling instant. This property of the CBSC technique
is demonstrated by the waveforms for the two circuits shown
in Figure 2.

The CBSC concept is general and can be applied to any
sampled-data analog circuit. For example, the CBSC design
approach can be applied to a pipelined ADC. A prototype
1.5-b/stage CBSC pipeline ADC was constructed and
operates similarly to the op-amp version of the ADC. The
prototype CBSC ADC was implemented in a 0.18-um
CMOS technology. The active die area of the ADC 1s 1.2
mm?. Ata 7.9 MHz sampling frequency, the DNL is +0.33/-
0.28 LSB, and the INL1is +1.59/-1.13 L.SB. Its ADC achieves
an SFDR of 62 dB, an SNDR of 53 dB, and an ENOB o
8.7 b for input frequencies up to the Nyquist rate. The core
ADC power consumption of all 10 stages of the pipeline
converter is 2.5mW at a 1.8V power supply, resulting in a 0.8
pJ/b figure of merit.

VC 1Y [ S,

A Figure 2: Multiply-by-two waveforms.

[11T. Sepke, J.K. Fiorenza, C.G. Sodini, P. Holloway, and H.-S. Lee, “Comparator-based switched capacitor circuits for scaled CMOS technologies,”
in IEEE Int'l. Solid-State Circuits Conf. Dig. of Tech. Papers, San Francisco, CA, Feb. 2006, pp. 220-221.

[2] J.K. Fiorenza, T. Sepke, C.G. Sodini, P. Holloway, and H.-S. Lee, “Comparator-based switched capacitor circuits for scaled CMOS technologies,”

IEEE Journal of Solid-State Circuits, Dec. 2006, to be published.
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A Wideband AX Digital-RF Modulator

A. Jerng, C.G. Sodini
Sponsorship: CICS

This research focuses on the implementation of a direct
digital-RF transmitter for use in the wireless gigabit local
area network (WiGLAN) system that is capable of providing
athroughputof 1 Gb/sinthe 5.15—5.35 GHz U-NII bands.
This architecture takes advantage of digital process scaling
trends by replacing high dynamic range analog circuits with
digital circuits. In the conventional I() transmitter depicted
in Figure 1, the I and Q signal paths from the DAC to
the output of the analog mixer must maintain noise and
distortion to levels satisfying the required dynamic range of
the system. As the baseband signal bandwidth increases,
the analog reconstruction filter consumes more power for
the same dynamic range. DAC accuracy becomes degraded
by dynamic errors at high frequencies rather than static
DC errors. Furthermore, as transistors continue to scale
and supply voltages continue to decrease, it becomes more
challenging to design high dynamic range analog circuits
over a wide bandwidth.

Direct digital modulation of an RF carrier can eliminate the
DAC, reconstruction filter; and analog mixer, resulting in
power and area savings. Luschas [1] introduced the RF DAC,

which combines a conventional DAC and mixer into one

September 2006

stage. The RF DAC uses one of the high-frequency Nyquist
images of the DAC as an RI output. We further develop
this concept by modulating an RF carrier using digitally
controlled RF phase shifters. In this way, the output power
is concentrated at the RF carrier frequency, rather than at
DC and at Nyquist image frequencies. Oversampling AX
concepts are applied to convert digital baseband data into a
bitstream of +/- 1s, corresponding to phase shifts of 0° and
180°. A 2-level RF phase selector can then be implemented
using differential signaling and simple CMOS switches. By
applying quadrature RF and baseband components to the
phase selectors, we create a quadrature digital modulator
capable of arbitrary I,Q) modulation, as shown in Figure
2. As the noise-shaping transfer function (NTF) of the
baseband AY modulators push their quantization noise
outside the signal bandwidth, a bandpass filter at the output
can remove the up-converted quantization noise, acting as
an RF reconstruction filter.

The new transmitter architecture requires circuit design
in both the digital and RF domains. The main challenges
include designing a high-speed digital AX modulator and
realizing a high-Q) on-chip passive bandpass filter.

1Q Modulator
[
S
o Digital AX
& I = Modulator
5 Quadrature BPF
c LO —=| 0/90 Digital-RF /“‘\“‘*
5,‘ 5.25 GHz Converter
o Q—-| Digital Az
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2 0000000000000 0000000000000000000000000000 o ©000000000000000000000000000000000000000000000000000000000000000000000000
=z A Figure 1: Conventional Transmitter. A Figure 2: 1Q Ax Digital-RF Modulator Block Diagram.
o
=
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Area- and Power-Efficient Integrated Transceivers for Gigabit Wireless

LAN

L. Khuon, C.G. Sodini
Sponsorship: MARCO C2S2, CICS

For a given transmit distance and data rate, diversity
available from multiple antennas significantly decreases the
signal-to-noise ratio (SNR) necessary for low bit error rate
transmission. As a result, transceivers for multiple antenna
systems with low transmit power, low receiver operating
power, and smaller chip area become possible [1-2]. Using
multiple antenna systems for wireless LAN increases both
data rates and transmission distance. Reduced power and
area consumptions for these systems motivate their use for
portable applications and allow for a cost-effective on-chip
implementation.

As shown in Figurel, the proper application of this SNR
gain balances the decrease in power consumption due

Using SNR Gain to Reduce Chip Power and Area
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A Figure 1: Power consumptions for various SNR gains.
Increasing the number of antennas yields SNR gains.
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[11 L. Khuon, E. Huang, C.G. Sodini, and G. Wornell, “Integrated transceiver arrays for multiple antenna systems,”

Tech. Conf., Stockholm, Sweden, May 2005, pp. 892-895.

to a lower transmit power with the increase in power
consumption due to the increase in overhead electronics.
However, when overhead electronics power dominates,
lowering the receivers’ operating power reduces power
consumption. Application of SNR gain for arca-efficient
circuits minimizes area consumption and also reduces power
consumption to a lesser degree. An area-efficient 5.22 GHz
four receivers chip, shown in Figure 2, was implemented
in 0.18 pm SiGe BiCMOS. Each receiver has a low noise
amplifier, Q-enhanced image reject filter, mixer, and local
oscillator amplifier and distribution circuits for bias and
ﬁlter tuning. The receivers dissipate 225 mW, occupy 4
mm?, and provide 14 dB conversion gain with over 30 dB
1mage rejection [3].
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A Figure 2: The WIiGLAN receivers. Each receiver includes a
low noise amplifier, image reject filter, mixer, and local oscillator
amplifier but shares the local oscillator and filter tuning signals
and bias circuits.
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[2]1 E.Huang, L. Khuon, C.G. Sodini, and G. Wornell, “An approach for area- and power-efficient low-complexity implementation of multiple antenna
transceivers,” in Proc. IEEE Radio and Wireless Symposium, San Diego, CA, Jan. 2006, pp. 495-498.

[3] L. Khuon and C.G. Sodini, “An area-efficient 5-GHz multiple receivers RFIC for MIMO WLAN applications,”
107-110.
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Optical-feedback OLED Display Using Integrated Organic Technology

|. Nausieda, I. Kymissis, V. Bulovi¢, A.l. Akinwande, C.G. Sodini
Sponsorship: MARCO C2S2, MARCO MSD

Organic light-emitting diodes (OLEDs) are a promising
technology for large, thin, flexible displays. The OLEDs
are emissive, thereby removing the need for a backlight
and decreasing display thickness and power dissipation.
Compared to typical light-valve displays, OLEDs exhibit
improved contrast ratio, faster response times, and a larger

color gamut.

However, OLEDs possess non-linear light

output characteristics, and their response drifts over time
due to operational degradation. This degradation produces
pixel-to-pixel variation in output characteristics, as well

as decreasing the display’s overall lifetime.

We propose

to drive OLEDs to the desired brightness using optical
feedback on the pixel level. Preliminary research [1] has
shown that feedback will improve the display lifetime by six
to tenfold. This project aims to build a complete system that
encompasses the design and fabrication of an integrated
silicon control chip and an organic pixel/imaging array,
which will together form a stable, usable display.
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A Figure 1: A sample 3 x 3 portion of the pixel/imager array.
The display pixels in a row are driven simultaneously in a column-

The integrated silicon control chip is composed of multiple
channels, each of which contains two main blocks: the
current sensing block and the feedback compensation block
(Figure 1). The former is a transimpedance amplifier that
converts the organic photodetector output current to a
voltage. The feedback compensation block stabilizes the
loop, ensuring a desirable response time and phase margin,
and is implemented using a National Semiconductor .35-
pm CMOS process. The organic pixel/imager array
consists of organic field effect transistors (OFETs) that
select and control OLED pixels and photodetectors.
The OFET and photoconductor electrode arrays are
fabricated using a photolithographic process [2] (Figure 2).
Currently, a technique to thermal ink-jet print the organic
photoconductor to save photolithographic steps is being
explored.

We acknowledge National Semiconductor for providing the
fabrication services.

Photo-
conductor,

A Figure 2: Micrograph of photolithographically
fabricated OFET select transistor and photodetector.

[11 E.T. Lisuwandi, “Feedback circuit for organic LED active-matrix displaydrivers,” Master's Thesis, Massachusetts Institute of Technology,

Cambridge, 2002.

[21 . Kymissis, C.G. Sodini, A.l. Akinwande, and V. Bulovi¢, “An organic semiconductor-based process for photodetecting applications,” IEEE Int'l.
Electron Devices Meeting Tech. Dig., Dec. 2004.



A 77-GHz Receiver for Millimeter Wave Imaging

J. Powell, K.M. Nguyen, C.G. Sodini
Sponsorship: NSF, Lincoln Laboratory

The area of millimeter-wave (MMW) integrated circuits
has recently generated a great deal of interest in several
applications including automotive radar, concealed
weapons detection, and wireless communications in the 60-
GHz industrial, scientific, medical (ISM) band. This is due,
in part, to the rapid advancement of silicon germanium
(SiGe) technology, which achieves oscillation frequencies
(fT, IMAX) exceeding 200 GHz. [1] In this research, a 77-
GHz receiver and transmitter will be designed for imaging
applications including automotive radar and concealed
weapons detection. Several key transceiver circuits have been
designed and submitted for fabrication, including a 77-GHz

fislzalez ez et

5 ) s e

A Figure 1: Layout photo of front end RX system
composed of the 77-GHz LNA, VCO and Mixer. (Mixer
courtesy of Helen Kim of Lincoln Laboratory.)
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two-stage LNA, VCO and a double-balanced mixer. These
blocks were also assembled together as a first step toward
implementing an RF receiver system (Figure 1). The LNA
is expected to achieve less than 6 dB NF at 77-GHz, with
a gain of 23 dB; the VCO 1is expected to achieve a tuning
range of greater than 12%, spanning from 68-GHz to 77-
GHz. The separate LNA and VCO blocks are depicted in
Figure 2. The double-balanced mixer is expected to achieve
a noise figure of approximately 13 dB at 77-GHz, with a
conversion gain of approximately 9 dB. A 77-GHz class AB
power amplifier is currently being designed for the 77-GHz
transmitter.
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A Figure 2: VCO layout (top) and LNA layout (bottom).

[11 B.A.Floyd, S.K. Reynolds, U. Pfeiffer, and T. Beukema, “SiGe bipolar transceiver circuits pperating at 60 GHz,” IEEE J. of Solid State Circuits,
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Realization of Baseband DSP Core for the Wireless Gigabit LAN

J.K. Tan, K.M. Nguyen, C.G. Sodini
Sponsorship: NSF, CICS

The wireless gigabit lan (WiGLAN) aims to achieve a high
data-rate of 1 Gbps through the combination of orthogonal
frequency division multiplexing (OFDM), a wide bandwidth
of 128 MHz and adaptive modulation. Adaptive modulation
decisions are based on the channel conditions, which stay
static on the order of tens of milliseconds to a couple of
seconds. Hence to demonstrate the WiGLAN concept, a
baseband DSP core is implemented to adapt to the channel

conditions, in real-time.
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A Figure 1: OFDM with a) Transmitter and b) Receiver.
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The hardware platform of choice 1s a field programmable
gate array (FPGA). The baseband design implemented is
shown in Figure 1. The DSP core is integrated with a RF
front-end [1] and wireless measurements are taken. Figure
2 shows that the measured SNR/BER of each sub-carrier
matches up closely to a theoretical Gaussian channel.

——Theoretical i
% Measured i

©00000000000000000000000000000000000000000000000000000000

A Figure 2: Theoretical Curve for a 16-QAM Gaussian
channel and the measured SNR/BER for each 16-QAM sub-
channel.

[11 N. Matalon, “An implementation of a 5.25-GHz transceiver for high data-rate wireless applications,” Master’s thesis, Massachusetts Institute

of Technology, Cambridge, 2005.



Channel-and-Circuits-Aware, Energy-Efficient Coding for High-speed

Links

N. Blitvic, M. Lee, L. Zheng, V. Stojanovi¢
Sponsorship: MARCO IFC

In order to achieve high throughput while satisfying energy
and density constraints, both the data rates and the energy
efficiency of high-speed chip-to-chip interconnects need to
increase. In this project we aim to extend the link system
design to incorporate energy-efficient channel coding
techniques. Using novel energy-efficient coding techniques
for non-Gaussian noise and residual interference, we will
increase both the achievable data rates and the energy-
efficiency of links by drastically off-loading the low-BER
target burden and hence decreasing the complexity of
the equalization/modulation level (Figure 1). Presently,
both a statistical simulator and an experimental setup are
being developed with the purpose of streamlining the code
design process. The statistical simulator will be the first link
simulator to include channel coding and the effects of data
correlation. The current focus is on the modeling of the
residual inter-symbol interference (ISI), but the approach
will be extended to deal with cross-talk, timing jitter, and
other circuit-related effects. Our recent developments
have addressed the difficulty in computing ISI probability
distributions for realistic channel lengths, in presence of data
correlation in the form of a single parity bit. This approach
1s presently being extended to linear block codes.

High-speed I/O link

The resulting simulator will provide the capability to model
data correlation both as a plug-in for the existing analytical
statistical link simulators or as the basis of time-domain
behavioral link simulation software. In order to mitigate
the inadequacies of analytical system models (Figure
2), limited by system complexity and link-specific noise
sources, we consider advanced statistical methods based
on modifications of the standard Monte Carlo technique.
The generality of the Monte Carlo technique will allow
us to accurately encompass the system’s complexity in a
behavioral time-domain framework, without resorting to
overly restrictive simplifications (like linearity) necessary
in the fully analytical approach. Furthermore, the sample-
size reduction techniques, such as importance sampling,
coupled with conditioning through our interference
calculation methods, will allow us to efficiently simulate very
low target BERs not reachable by standard Monte Carlo
simulation. The promise of this approach lies in the large
deviation theory and the theory of asymptotically efficient
estimators.
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A Figure 1: Model of the high-speed link where the decoder/
encoder replaces the serializer/deserializer blocks. By relaxing
the target BER, channel coding will have the benefit of lowering
the energy associated with timing and equalization.
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A Figure 2: Error incurred in modeling the link noise
by additive white Gaussian noise (AWGN). As shown, the
simplification can be adequate at low BER but becomes
largely inaccurate by the time we reach the target BER
range (~ 1019 [1].
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Efficiency of High-speed On-Chip Interconnect:

Trade-off and Optimization

B. Kim, V. Stojanovi¢
Sponsorship: NEC research fund

Signaling over global on-chip wires has been an increasingly
difficult problem for the last several generations of VLSI
technologies. As the technology scales, global wires scale
poorly, causing a large increase in module-to-module
communication. Traditionally, a repeater insertion [1]
1s used to overcome the latency problem but the power
consumption of the signaling increases due to the high-
speed requirement for the repeater. To address the limited
latency and energy-efficiency of the repeater chains,
alternative techniques such as RF-modulation [2] and pulse
width modulation [3] have been suggested.

These past studies, however, have not considered the
interconnect as a part of a dense on-chip network which must
be optimized for the area-normalized metric such as cross-
sectional throughput and power density instead of single
link metric such as throughput and power consumption.
Given the global constraints such as power and total die
area, the designer must jointly optimize interconnect
circuits and wires to find the best trade-off between energy
dissipated in circuits and wires. In this project, we aim to
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A Figure 1: Power density (mW/um) versus data rate
density (Gbps/um) of repeater-inserted interconnect for
given delay to symbol period ratios (Nd=Td/Ts=1,2,4).
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establish a framework for analysis and comparison of
various interconnect methods under a set of performance
and cost metrics including bandwidth, latency, chip area,
and power consumption.

Figure 1 shows power density versus data rate density of
optimized repeater-inserted interconnect of predicted bulk
32-nm CMOS process model for a given target delay-to-
symbol period ratio, Nd=1, 2, 4. Figure 2 shows the power
density versus data rate density of optimized pulse-width
modulation interconnect of the same 32-nm CMOS model.
The latency of this point-to-point link is one bit time at
highest data rate (equivalent to Nd=1 repeater case). The
trade-off curves are calculated when all practical design
parameters (such as driver size, wire width and space)
are optimized to meet given performance specifications.
The two figures show that the pulse width modulation is
a more energy-efficient signaling method than repeater for
comparable data rate density. Our analytical method also
provides the information of best interconnect design for
given performance specifications.
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ELECTRONIC DEVICES
& EMERGING
TECHNOLOGIES

A Light-emission photographs from source and drain of
PHEMT, at five points during step-stressing experiment.
Taken at Vgs=0.3 V, Vpg=6.6 V. Gate width W, = 50 pm
(A.A. Villanueva, J.A. del Alamo, p. 72).
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Amorphous Zinc-Oxide-Based Thin-film Transistors
A. Wang, |. Kymissis, P. Mardilovich, V. Bulovic, C.G. Sodini, A.l. Akinwande

Sponsorship: Hewlett-Packard

Recently, RF-sputtered zinc oxide-based field effect
transisters (FETs) have been demonstrated with higher
mobilities and performance than amorphous silicon, the
dominant material used for display backplanes [1,2]. The
low temperature processing possible for zinc oxide-based
FETs [3] makes these materials compatible with flexible
polymer substrates, but patterning with shadow masks limits
feature size and accuracy. This project aims to develop a
low-temperature, lithographic process for zinc oxide-based
FETs, similar to one developed for organic FETs [4].

Our initial work focuses on two issues: determining optimal
conditions for (1) growing the oxide semiconductor and (2)
depositing high-quality oxide semiconductor and contact
films on an organic polymer, parylene. For the former,
top-contact, bottom gate ZnO FETs were fabricated on
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A Figure 1: Current-voltage output characteristics (top) and
transfer characteristics (bottom) for ZnO field effect transistor
sputtered at 375W in bmTorr Ar ambient, after annealing at 300
degrees C. (W/L = 1250pm,/50um.)

REFERENCES

Si/510, substrates, using SiO, as the gate dielectric, Si as
the gate, and sputtered indium-tin-oxide (I'TO) as source/
drain contacts. The RF sputtering power, total chamber
pressure, and annealing temperatures were varied in a
series of experiments; Figure 1 shows the current-voltage
characteristics of a device from one set of conditions.

To determine optimal conditions for depositing high-quality
films on an organic polymer, ITO films were deposited on
an organic polymer dielectric, parylene, at different sputter
rates. High stress in the oxide films on top of the soft organic
polymer dielectric, parylene, may cause cracking and
discontinuities in the film. Figure 2a shows a microscope
photograph of the cracked surface of an I'TO film sputtered
at 80W on parylene; Figure 2b shows a continuous I'TO film
sputtered at 15W on parylene.

50 um

A Figure 2: (a) Optical microscope image of cracked
1000A ITO film on parylene sputtered at 80W. (b) Optical
microscope image of smooth ITO film on parylene
sputtered at 15W.

[11 R.L. Hoffman, B.J. Norris, and J.F Wager, “ZnO-based transparent thin-ilm transistors,” Appl. Phys. Lett., vol. 82, no. 5, pp. 733-735, Feb.

2003.

[2] P.F. Carcia, R.S. McLean, M.H. Reilly, et al., “Transparent ZnO thin-film transistor fabricated by rf magnetron sputtering,” Appl. Phys. Lett., vol.

82,n0. 7, pp. 1117-1119, Feb. 2003.

[3]1 E. Fortunato, P. Barquinha, A. Pimentel, et al., “Fully transparent ZnO thin-film transistor produced at room temperature,” Adv. Mat., vol. 17,

no. 5, pp. 590-594, Mar 2005.

[4] . Kymissis, A.l. Akinwande, and V. Bulovi¢, “A lithographic process for integrated organic field-effect transistors,” J. of Display Tech., vol 1,

no. 2, pp. 289-294, Dec. 2005.
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Fabrication of Germanium-on-Insulator by Means of Wafer Bonding and

Layer Transfer

J. Hennessy, D.A. Antoniadis
Sponsorship: MARCO MSD

The fabrication of germanium-on-insulator (GeOI)
substrates using a hydrogen-induced layer transfer technique
and bulk Ge wafers is limited by the mismatch in the thermal
coeflicients of expansion between Ge and Si. A strained SiGe
layer can be used as a hydrogen-gettering layer to attempt to
lower the temperature at which the hydrogen-induced layer
transfer can occur. Figure 1 illustrates the success of this
gettering structure in reducing the time for surface blisters to
appear in H+-implanted Ge. However, this technique does
not reduce the overall temperature at which layer transfer
occurs. A second technique for GeOl fabrication involves
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A Figure 1: Blister point measurements for a strained SiGe
gettering structure show a significant reduction in the time to
blister for some pre-annealing conditions. No corresponding
reduction in the layer-transfer temperature after wafer bonding
was observed.

the direct epitaxial growth of Ge on a Si substrate. Using
a process flow illustrated in Figure 2, a GeOlI substrate is
fabricated using a grind and etch-back technique. This
technique eliminates the thermal mismatch between the
bonded wafer pairs; by incorporating an epitaxial etch-stop
layer in the transfer wafer, it may potentially allow for the
fabrication of arbitrarily thin GeOlI substrates.
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A Figure 2: Process flow for GeOl fabrication using
epitaxially grown Ge directly on Si. A grind and etch-back
technique is used instead of hydrogen-induced layer transfer.



Strain Dependence of Mobility in Ultra-thin SOl and GOI

A. Khakifirooz, D.A. Antoniadis
Sponsorship: MARCO MSD

Significant enhancement of the carrier transport properties
1s required to continue the scaling of transistor performance.
Different approaches to apply uniaxial or biaxial strain to
the channel have been proposed to achieve higher mobility
and drive current and some of them have been alrecady
implement in the state-of-the-art CMOS technology.
Whether or not these approaches offer any benefit for ultra-
thin semiconductor-on-insulator structures is a key concern.
To understand how different parameters that determine
the carrier mobility are affected in such atomically thin
SOI and germanium-on-insulator (GOI) structures, we
explore the effect of biaxial and uniaxial strain on the band
structure using a sp°ds” tight-binding model. As Figure 1
shows, biaxial tensile strain, which is traditionally used in
bulk CMOS technology to improve both electron and hole
mobility, does not provide any benefit for holes in ultra-thin
SOI once the channel is thinner than 3-4 nm [1]. Biaxial
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A Figure 1: Calculated mobility enhancement as a function
of the silicon thickness for different levels of biaxial tensile
strain. Measurement results [2] (symbols) are also shown for
comparison. Various scattering mechanisms, including the
additional confinement induced by the gate voltage, further
reduce the available mobility enhancement. The results should
be viewed as the upper limits of the mobility enhancement.

REFERENCES

tensile strain lifts the degeneracy of the light and heavy
holes and preferentially populates the light holes. Carrier
confinement imposed by the channel thickness or the
gate voltage acts in the opposite directions, preferentially
populating the heavy hole band. The net effect is that the
biaxial tensile strain is less effective in enhancing the hole
mobility in ultra-thin SOI compared to bulk silicon. This
observation is in agreement with recent experimental results
[2]. However, as illustrated in Figure 2, uniaxial compressive
strain continues to provide mobility enhancement in ultra-
thin SOI structures via manipulating the effective mass in the
[110] channel direction. The fact that the ballistic injection
velocity is also enhanced via effective mass reduction is also
encouraging.

-0.05
-0.056 0
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T

A Figure 2: Contours of constant energy vs. in plane
wavenumbers for relaxed (left) and uniaxially strained (right)
2.85-nm-thick SOI structure. Uniaxial compressive strain
reduces the effective mass in the [110] channel direction,
thereby increasing the mobility and ballistic velocity. Uniaxial
compressive stress of 1 GPa is applied in the [110] direction
and the wavenumbers are in the units of 2r/a, where a is the
lattice constant.

[11 A. Khakifirooz and D.A. Antoniadis, “Scalability of hole mobility enhancement in biaxially strained ultrathin body SOI,” IEEE Electron Device

Lett., vol. 27, no. 5, pp. 402-404, 2006.

[21 1. Aberg and J.L. Hoyt, “Hole transport in UTB MOSFETs in strained-Si directly on insulator with strained-Si thickness less than 5 nm,” IEEE

Electron Device Lett., vol. 26, no. 9, pp. 661-663, 2005.
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Towards MOS Memory Devices Containing 1 nm Silicon Nanoparticles
0.M. Nayfeh, D.A. Antoniadis, K. Mantey, M.H. Nayfeh (University of lllinois at Urbana-Champaign)

Sponsorship: MTL, University of lllinois at Urbana-Champaign

MOS devices containing ex-situ produced, identical (constant
size), spherical, 1-nm Si nanoparticles were fabricated for
use in future flash electrically erasable programmable read
only memory (EEPROM) devices [1]. Device fabrication
did not require changes to the standard CMOS process.
The Si nanoparticles (Figure 1a), 1 nm in diameter and H-
terminated, are prepared using electrochemical dispersion
of device-quality Si wafers in a mixture of HF/H,O, [2-3].
Figure 1b gives the schematic of the MOS capacitor device.
We start with boron-doped substrates at a level of ~10'
cm®. Thin, SiO, tunnel-oxide (~ 4.2 nm), was then grown
by dry oxidation. We then spread colloidal Si nanoparticles
in isoproponol (IPA) on the oxide using spin-coating. We
used AFM along with ellipsometry to test uniformity and to
estimate the film thickness. We used several particle colloids
with decreasing molar concentration that were prepared by
successive dilutions to approach sub-monolayer coatings.
After the particles were spin-coat, a ~ 10-nm SiO, cap layer
was deposited by LPCVD at 400 C°. Thin (~500 nm) Al
films were then deposited. Capacitors were defined and
chemically etched and Al contact on the wafer backside was
deposited. A N,/H, annealing at 450 C° for ten minutes
completed the process. Control MOS capacitors containing
no particles were also fabricated using the same procedure.

Buried
oxide

A Figure 1: (a) Prototype of a 1-nm particle (SiygHy,) Si
(gray), H (white) . (b) The schematic of the Si nanoparticle
MOS device

REFERENCES

The CV measurements were performed on devices fabricated
with varying Si nanoparticle density. The hysteresis loops
and programming characteristics exhibit well-behaved
characteristics, substantial voltage shift, and long charge
retention. both the rise and shape and the absence of
substructure in the CV agree with similarly constructed
control samples and with an ideal simulated device that
assumes no interface states (Figure 2). We have tested the
charge retention characteristics of several devices. We first
obtained an uncharged curve at the much reduced voltage
range of 0 to -0.8 V, and we then programmed the device at
+7 V for ~ 40 s. We analyzed the threshold voltage shift as
a function of time while holding voltage at — 0.8 V. Based
on the slope of the response, we extrapolate to a retention
time of several years [1].

We  believe we have successfully demonstrated the
incorporationof identicalspherical I nmsilicon nanoparticles
in MOS devices utilizing a simple CMOS compatible
process. The process allows for device optimization by
control of the density of nanoparticles, where high-density
could potentially achieve voltage shift of several volts.
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control device
hysteresis loop

uncharged curves
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A Figure 2: Hysteresis loops of control device (triangles), active
device with density 4.8 x 10! cm? (squares). The uncharged
curves are shown as dotted and dash-dotted; the simulated CV
curve issolid. Charging Vg=+/- 7V with 40 s hold time.

[11 O.M. Nayfeh, D.A. Antoniadis, K. Mantey, and M.H. Nayfeh, to be presented in IEEE Silicon Nanoelectronics Workshop, Honolulu, HI, June

11-12, 2006.

[21 0. Akcakir, J. Therrien, G. Belomoin, N. Barry, E.Gratton, and M. Nayfeh, Applied Physics Letters 76, pp. 1857-1859, 2000.
[3]1 L. Mitas, J. Therrien, G. Belomoin, and M. Nayfeh, Applied Physics Letters 78, pp. 1918-1920, 2001.



Study of Silicon Nanowire Growth for Electronics Applications
0.M. Nayfeh, S. Boles, D.A. Antoniadis, C.V. Thompson, E.A. Fitzgerald

Sponsorship: Singapore-MIT Alliance

Silicon nanowire transistors (SINW'Ts) have been shown
to be promising candidates for end-of roadmap devices.
This potential is due to both electrostatics and transport
properties. The SINWTS gain potentially better electrostatic
control, compared to planar MOSFETs, by utilizing a fully
wrapped-around gate [1]. Moreover, some studies have
measured higher mobilities than bulk values [2]. Silicon
nanowire transistors have been fabricated by both the top-
down and bottom-up methods. The top-down method
employs lithography and etching to fabricate the SINWs,
whereas the bottom-up method involves the growth of the
nanowires from catalyst nanoparticles. The growth from
catalyst seeds most often involves the vapor-liquid-solid
(VLS) growth method. In this work, we first investigated
the formation of catalyst nanoparticle seeds and the
growth of SiINWs via VLS growth on Si-substrates. We
have successfully grown silicon nanowires from both Au
nanoparticle catalysts fabricated via e-beam evaporation
and dispersal of Au nanoparticles from solution. After
fabrication/dispersal of nanoparticles on a Si substrate,
the nanowires are grown in silane by atmospheric pressure

Buried
oxide

SEI 5.0kV 100nm WD 6.0mm

A Figure 1:  SEM image demonstrating the ability to
selectively attach a single layer of Au nanoparticles only on
the thin Si sidewall. The nanoparticles on the buried oxide
and top Si layer have been removed.

REFERENCES

chemical vapor deposition (APCVD) in the (500-650 C)
temperature range.

We are currently working on fabricating SINWTs by
bridging silicon nanowires across an SOI microtrench [3].
Growth of bridging silicon nanowires from the thin Si side-
walls of SOI microtrenches using metal nanoparticles as
catalyst is plagued by growth on all faces of the architecture,
due to metal catalyst remaining on the top of the active Si
layer and on the buried oxide. We developed a protocol
that would allow us to selectively attach a single layer of
Au nanoparticles only on the thin Si sidewalls of an SOI
microtrench. SEM imaging following this procedure shows
Au nanoparticles only on the thin Si sidewalls (Figure 1),
which will thus enable the selective growth of bridging
nanowires only from these sidewalls. Figure 2 shows an
SEM image of silicon nanowire growth on a sample that
did not have the Au nanoparticles removed from the buried
oxide and top Si. As can be seen, growth occurs on all faces
of the sample.

000 100nm WD 10.0mm

A Figure 2: SEM image of silicon nanowires grown on
samples with Au nanoparticles remaining on the buried oxide
and top Si layers. As can be seen, nanowire growth is plagued
on all surfaces of the architecture due to the presence of the
un-removed Au nanoparticles.

[1] Y. Cui, Z. Zhong, D. Wang, W.U. Wang, and C.M. Lieber, “High-performance silicon nanowire field effect transistors,” Nanoletters, vol. 3, no.

2, pp. 149-152.

[21 S.D. Suk et al, “High-performance 5nm-radius twin silicon nanowire MOSFET (TSNWFET): Fabrication on bulk Si wafer, characteristics, and

reliability,” IEDM Technical Digest, p. 735, 2005.

[31 R.He et al, “Si nanowire bridges in microtrenches: integration of growth into device fabrication,” Advanced Materials., vol. 17, issue 17, pp.

2098-2102

S3IDOTONHIIL ONIDYINT ® SIDIAIA JINOYLOITI

5

O



September 2006

MTL ANNUAL RESEARCH REPORT

(o))

Bulk Germanium MOSFETs Using High-K Dielectrics

A. Ritenour, J. Hennessy, M.L. Lee, R.Z. Lei, E.A. Fitzgerald, D.A. Antoniadis

Sponsorship: MARCO MSD

The advent of high-k gate dielectrics provides a new
opportunity to consider semiconductors other than silicon
for future ultra-scaled MOSFETs.  Germanium has
started to receive attention because it simultaneously offers
significant enhancements in bulk electron and hole mobility
relative to silicon. However, the inherent instability of
germanium oxide makes interface engineering particularly

challenging.  Metallorganic chemical vapor deposition
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A Figure 1: Typical as-measured Is-Vg characteristics for
bulk Ge p-MOSFETs with ALD WN/LaAlO,/AIN gate stack.

(MOCVD) and atomic layer deposition (ALD) are being
explored as options for gate stack deposition. Figure 1 shows
the transfer characteristics for a germanium p-MOSFET
with an ALD WN/LaAlO,/AIN gate stack. Figure 2 shows
the extracted hole mobility for this device. ALD gate stack
deposition was performed by K. Kim and R. Gordon at
Harvard University.
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A Figure 2: Extracted hole mobility for Ge p-MOSFET. The
universal hole mobility for silicon is shown for reference.



Variation Analysis in Optical Interconnect

K. Balakrishnan, D.S. Boning
Sponsorship: MARCO IFC

Due to the continuous scaling of CMOS technologies
and the resulting need for fast, robust, and accurate signal
propagation, electrical interconnect faces many difficult
challenges. Optical interconnect is emerging as a possible
alternative to meet these challenges; however, the robustness
issue must be examined to ensure the viability of this option.
The goal of this work is to determine the variation sensitivity
of an ultra-fast pulse-based optical receiver circuit [1], which
serves to convert incoming optical pulses into an outgoing
electrical signal. Specifically, the fast pulse-based scheme
must be examined because of its potential advantages
in robustness due to its use of precise, mode-locked laser
source pulses as an input, which in turn reduces jitter.
Particularly in the context of clock-distribution applications,
the robustness of this receiver circuit is paramount. Previous
work in this area focused on variation analysis in passive
optical components of the signal distribution system, such
as waveguides and splitters.
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A Figure 1: Ultrafast pulse-based optical receiver
circuit. Alternating short optical input pulses from a mode-
locked laser source are received at the top and bottom
photodiodes. These pulses are then converted to rising
and falling edges, which are buffered by the static CMOS
inverter and can be used as a clock signal.

REFERENCES

Current work examines the effects of different sources
of variation on the output of the ultra-fast, pulse-based,
optical receiver circuit shown in Figure 1. Possible sources
of variation include the mismatch and variation of input
power, optical input power mismatch and variation, load
capacitance variation, parasitic capacitive coupling, and
static and dynamic power supply noise. As an example,
Figure 2 shows simulation results of the impact of parasitic
capacitive coupling on the output waveform of the optical
receiver circuit. Further analysis focuses on the impact of
technology scaling on the robustness of the circuit. Current
work also compares the optical signal distribution scheme to
atraditional electrical H-tree distribution scheme in terms of
variation. Possible future work in this area may concentrate
on the design and implementation of test circuits to measure
variations in optical interconnect.
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A Figure 2: Simulation waveforms depicting the impact of
parasitic capacitive coupling on the optical receiver circuit.
Because the photodiode pair output is a floating node, the
impact of a nearby aggressor node can be detrimental to the
inverter output, given a sufficiently large coupling capacitance
(~0.4 fF).

[11 C. Debaes, A. Bhatnagar, D. Agarwal, R. Chen, G.A. Keeler, N.C. Helman, H. Thienpont, and D.A.B. Miller, “Receiverless optical clock injection
for clock distribution networks,” IEEE J. Select. Topics Quantum Electron., vol. 9, pp. 352-359, Mar.—Apr. 2003.
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Modeling of Pattern-dependencies in the Fabrication of Multilevel

Copper Metallization
H. Cai, D.S. Boning

Sponsorship: NSF/SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing, MagnaChip

This research aims to understand, model, and optimize the
interaction between copper electroplating and chemical
mechanical polishing (CMP) processes. Currently, this
research focuses on the coupling that exists due to pattern-
dependent topography, which propagates from the
electroplated surface into CMP dishing and erosion. We
propose a physics-based time-stepped copper electroplating
model taking an IC chip layout as input and producing a
map of copper film thickness across the chip with good
predictive accuracy and reasonable computational load. In
the new model, the additive surface coverage is computed
by considering the evolution of the surface geometry during
copper film growth and the surface dissolution/absorption
processes resulting from two major additives, accelerators
and suppressors. With a limited set of parameters, the
simulation root-mean-square (RMS) errors of envelope
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and step-height have been reduced to 100-200 A, which
1s comparable to the previously developed, non-time-step,
semi-physical electroplating model. Figure 1 shows the
simulated topography in comparison with measured data.
The new framework can be seamlessly integrated with our
chip-scale chemical-mechanical polishing (CMP) model [1]
and extended to the multi-level copper metallization case.

The multi-level versions of the time-stepped electroplating
model and the physics-based, multi-level CMP model are in
progress. Current work is underway to integrate the time-
stepped electroplating and CMP models, and to develop a
co-optimization methodology that minimizes the thickness
of the deposited copper film, process time, and consumable
usage to achieve a high-performance and environmentally-
friendly copper interconnect process.
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A Figure 1: Surface height variations resulting from copper electroplating pattern dependencies. High-resolution profile scans
are shown in patterned areas (blue) and the corresponding simulated topography (yellow for lower area and red for upper area)
in each grid. Horizontal axis is position (in um); vertical axis is height (in A).
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[11 H. Cai, T. Park, D.S. Boning, Y. Kang, J. Lee, S.K. Kim, and H. Kim, “Coherent chip-scale modeling for copper CMP pattern dependence,”
Paper K2.4, Chemical-Mechanical Polishing Symposium, MRS Spring Meeting, San Francisco, Apr. 2004.



Test Circuits for Assessment of IC Variation

K.G.V. Gettings, D.S. Boning
Sponsorship: Bell Labs CRFP Fellowship, IBM

The study of process variations has greatly increased in
importance due to the aggressive scaling of technology.
Previous research [1] has shown the substantial impact that
process variations in front-end-of-line structures have in
reducing yield in integrated circuits. Robust circuit design
depends on a more complete characterization of these
variations and their impacts on circuit-level parameters. This
project addresses this issue by developing a methodology
capable of testingalarge number of front-end-of-line (FEOL)
and back-end-of-line (BEOL) structures and by modeling
variations in threshold voltage, leakage currents and power
dissipation, among others. This is achieved by designing and
implementing test circuits that include a large number of
high performance devices-under-test (DU'Is) controlled by
low-leakage switches and sensors to ensure a nominal value
at the DUT terminals. Accessing analog characteristics of

a large number of DUTs will make it possible to gather the
statistics necessary to identify and model these variations and
to prevent them from contributing to performance failure.
This architecture provides a replicable methodology so that
the effect of variation sources may be quantified in different
technologies. This project studies variations in circuits due
to the two fundamental sources of variations in integrated
circuits, as noted by Nassif [4]: environmental factors, e.g,
power supply variation, and physical factors, e.g., variation
in polysilicon dimension. Physical factors can fall into two
categories: “die-to-die physical variations” and “within-die
physical variations.” Analysis includes separation of spatial,
layout-dependent, and random variation components both
within the die and as a function of wafer location. The test
chip is currently being built and results should be available
soon.
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A Figure 1: Array of transistors controlled by a limited number of pads.
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A Figure 2: Low leakage switch (left), when enabled (center) and when not enabled (right) and DUT (circled).
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Modeling and Extraction of Variation in Physical Process Parameters

D. Lim, D.S. Boning
Sponsorship: MARCO C2S2, IBM

The impact of process variation on the performance of
modern high-speed and low-power integrated circuits has
been increasing as the semiconductor technology has scaled
down. In modern design process, it is necessary to have
an accurate variation model characterizing the statistical
variability of process and design parameters. This variation
model enables circuit designers to predict parametric yield in
an early stage and optimize designs to obtain high-yielding
chips. Finding physical process parameters that give critical
contribution to circuit response fluctuation and estimating
the statistical properties of the process parameters are
important in building an accurate variation model. The
statistical properties of process parameters can be calculated
by a back-propagation of variance (BPV) method, which
uses the variance of electrical responses measured by circuits
to calculate the variance of process parameters based on a
first-order response surface model (RSM) [1]. Test structures
have a number of different configurations in terms of bias
condition and geometry. First-order derivatives of circuit
responses, ¢.g., drain currents and oscillation frequency, to
process parameters are extracted by circuit simulators such
as HSPICE and SPECTRE. The original BPV method has

been extended to capture the correlation between process
parameters and devices in this work.

We suggest a current mode latch (CML) for the
characterization of high-speed analog manufacturing
processes. A CML in Figure 1 can generate a self-oscillation
frequency in different bias conditions, and simple digital
circuitry can accurately measure the statistical properties
of the self-oscillation frequencies in different configurations
[3]. The BPV method can use the measured frequency data
to estimate the variation of physical process parameters.
Output frequency data can analyze device and passive
component mismatch as well. A confidence ellipsoid with
a certain probability in #-dimensional space captures the
variations of process parameters. The variances and co-
variances of process parameters extracted from the BPV
method determine the shape of the ellipsoid. Traditional
deterministic optimization methods can be extended to
improve the robustness of circuit outputs by sacrificing
reasonable margin in optimal values. Given the ellipsoidal
uncertainty model of process parameters, we can find the
robust global optimum of circuit performance and power
consumption using convex optimization tools [3].
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to characterize variance and the convex optimization to find a robust
optimum.

[11 P.G. Drennan and C.C. McAndrew, “Understanding MOSFET mismatch for analog design,” IEEE J. Solid-State Circuits, vol. 38, no. 3, p. 450-

456, Mar. 2003.

[2] J.-O Plouchart, J. Kim, H. Recoules, N. Zamdmer, Y. Tan, M. Sherony, A. Ray, L. Wagner, “A power-efficient 33-GHz 2:1 static frequency divider
in 0.12-um SOI CMOS,” Radio Frequency Integrated Circuits (RFIC) Symposium, 2003.

[3] Y. Xu, L. Pileggi and S. Boyd, “ORACLE: Optimization with recourse of analog circuits including layout extraction,” Proc. of Design Automation

Conf., 2004, p. 151-154.



Combined Technology and Environmental Assessment of 3D Integrated

Circuit Process Alternatives
A. Somani, P. Gschwend, D.S. Boning

Sponsors: NSF/SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing

According to the International Technology Roadmap for
Semiconductors (ITRS), the industry will make significant
strides in performance in future technology nodes. There is
aneed to introduce novel materials and process technologies
with innovative integration schemes since scaling is not
enough to achieve greater performance in devices. Analyses
of the advantages of these new options have conventionally
focused on how performance improves and cost reduces
with the new material or process. Unfortunately, significant
time and investment in materials and process technology
development can be lost if environment, health, and safety
(EHS) are not factored into the early decision-making
process. We suggest that future technology options should
be evaluated on three axes, including not only cost and
performance but also EHS (Figure 1). Future process
technology development must involve an approach to assess
the EHS impacts of new technologies and alternatives early
in the research and development cycle.

A

Technology
¢ option 2
Manufacturing
Cost (in $)
@ o
Existing Teghnology
Technology option 1
Performance >
EH&S

( speed, reliability)

A Figure 1: New and existing technology options exhibit
different trade-offs in performance, cost, and environment,
health, and safety.
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[11 A. Somani, P. Gschwend, S. White, D.S. Boning, and R. Reif, “Environmental impact evaluation methodology for emerging silicon-based

In this present effort, we propose a comparative methodology
for environmental impact evaluation along with a method
to evaluate emerging silicon-based technologies [1]. The
proposed methodology is applied to an emerging technology:
three-dimensional (3-D) integrated circuits (ICs). In this
work, we focus on a 3-D integration process based on Cu
thermo-compression bonding. The MIT 3-D approach [2]
is a metal Gu-Cu thin-first via-last process technology in
which two active device wafers are stacked in a back-to-face
fashion and bonded by means of low-temperature Cu-to-
Cu thermo-compression. The comparative methodology
was applied to the MIT 3-D IC approach in reference to
state-of-the-art IC technology (2-D IC) and then additional
and new processes were tabulated (Table 1). The objective
1s to identify unit processes that neither are environmentally
benign nor perform from the technological viewpoint.
Handle-wafer attaching and releasing is one unit process
that uses thick Al release-layers. Therefore, in on-going
research we are trying to find solutions for handle wafer and
also low-temperature bonding processes.

Unit operation # Unit steps required | # Additional unit
in 2D process flow steps required in 3D
(for one wafer) process flow (to add

one layer)

Photo/Ashing 25 1

Dry Etch 17 2

Wet etch/Clean 31/14 3%

CVD 11 1

CMP (Cu and Oxide) 14 2

Sputtering Al 1 (0.5 pm for metal 1) 2 (20 pm)

Sputtering Ta/Cu 6 1

Electrodeposition Cu 6 1

Bonding 0 2

Grinding 0 1

Implant 9 0

Oxidation/ Annealing 477 0/2

technologies,” IEEE Symposium on Electronics and Environment, May 2006.
[2]1 A. Fan, A. Rahman, and R. Reif, “Copper wafer bonding,” Electrochem. Solid-State Lett., vol. 2, p. 534, 1999.

A Table 1: First-order unit process comparison between 2D
and 3D IC flows.
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Polishing Pad Effects in CMP

D. Truque, X. Xie, D.S. Boning

Sponsorship: SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing

Our group has proposed several chip-scale, pattern-density-
dependent chemical mechanical polishing (CMP) models.
[1-2] CMP is an enabling technology used in various
front- and back-end semiconductor processes as well as in
MEMS. A good understanding and modeling of CMP is
essential to optimize the process, improve the yield, and
reduce consumables. Our model uses parameters related
to physical properties of polishing pads and slurries, but
they are extracted purely from experimental data as fitting
coefficients. In collaboration with JSR Micro, a pad and
slurry manufacturer, we will relate these parameters to pad
stiffness, pad surface properties, slurry particle size, etc.

The most recent experiments compared the standard
industry pad (IC1000) against a novel pad by JSR that
includes water soluble particles (WSPs). The WSPs aid in
keeping the pad bulk stiff, which improves pad planarization.
When the WSPs reach the surface and contact the slurry,
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A Figure 1: Step height evolution for different pattern
densities for the conventional IC1000 polishing pad. Data
points show profilometry and optical measurements; line
shows prediction of model.
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they passively dissolve, creating micropores in the pad that
help in the slurry transport and material removal to increase
removal rate and provide uniform removal.

From the data examined, we concluded that the WSPs
improve the planarization length of the polishing process.
The results also showed that the IC1000 had a higher removal
rate than the JSR pad, but at the expense of pattern density
dependencies. Both pads had comparable removal rates for
pattern densities around 70%. The JSR pad had a lower
pattern-dependency than the IC1000 pad, where regions of
lower density polished considerably faster than regions of
higher density. We noticed some edge dependencies with
the JSR pad, and these dependencies caused regions near
the edge to polish faster, but this higher removal rate near
the edge might be caused by the wafer-holding ring on the
CMP tool used.
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A Figure 2: Step height evolution for different pattern

densities for the JSR water-soluble particle-enhanced pad.
Data points show profilometry and optical measurements; line
shows prediction of model.

[11 X. Xie, T. Park, Brian Lee, T. Tugbawa, H. Cai and D.Boning, “Re-examining the physical basis of planarization length in pattern density CMP
models,” MRS Spring Meeting, Symposium F: Chemical Mechanical Planarization, San Francisco, CA, April 2003.

[21 D.O. Ouma, D.S. Boning, J E. Chung, W.G. Easter, V. Saxena, S. Misra, and A. Crevasse, "Characterization and modeling of oxide chemical
mechanical polishing using planarization length and pattern density concepts," IEEE Transactions on Semiconductor Manufacturing, vol. 15,

no. 2, pp. 232-244, May 2002.



Application of CMP Models to Issues in Shallow Trench Isolation

X. Xie, D.S. Boning

Sponsorship: IMEC, Infineon Technologies, Rohm and Haas, Siltronic AG

As advancing technologies increase the demand for planarity
in integrated circuits, chemical mechanical planarization
(CMP) continues to be the enabling technology in IC
fabrication, while new challenges emerge and a new process-
monitor technique has been proposed. Our CMP models
enable us to study various issues in shallow trench isolation
(STT) processes.

Nanotopography — a term used to describe (10-100-nm)
surface height variation extending across millimeter-scale
lateral distance on raw wafer — can result in additional oxide
dishing and nitride erosion in STL. In this study, a set of
experiments was designed to study nanotopography and
CMP interactions in STT layer stacks (oxide/nitride/oxide),
in both blanket wafers and patterned wafers. Our blanket
wafer data analysis shows that initial nanotopography maps
correlate well with the high-frequency part of post-CMP
variation (Figure 1), although the low-frequency part (from
CMP tool, pad, and process non-uniformity) accounts for a
larger magnitude or proportion of post-CMP variation. The
result implies weak nanotopography impact for polishing
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O & 0 @ 20 0 a0 #0400
Standard Deviation of Nanotopography (A)

A Figure 1: For all the blanket wafer polishes that
stopped in the oxide layer, the correlations between the
nanotopography map and the oxide amount removal map are
shown, versus the standard deviations of nanotopography
maps. The plot shows that larger nanotopography height
variation results in a stronger correlation with spatial
variation.
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STI-patterned wafers for the starting nanotopography and
CMP processes considered here. The analysis of patterned-
wafer data also shows that any correlation between the
nanotopography map and the electrical test map is very
weak, if it exists at all.

Frictional monitoring endpoint detection (EPD) has
proven to be feasible for monitoring the STT CMP process.
Experimental data indicates that frictional effects generated
by the pattern structures and various layered materials on
the wafer create distinct and characteristic responses for
determining an appropriate endpoint. With the existing
CMP model, we studied the underlying physics of the
friction model and related the evolution of patterned wafers
to friction endpoint traces. The new model accounts for the
spatial configuration of the surface profile and its impact on
friction. Three sets of experiments were conducted using
ceria-based slurries; the resulting motor current signals
differ substantially, and the predicted friction traces agree
reasonably well with the experiments (Figure 2).

5
Jl:‘ X 40 &0 0 100 10 140 160

A Figure 2: The model predicted motor current (vertical axis,
arbitrary units) versus time (horizontal axis, seconds) based on
the surface topography evolution. The prediction agrees well
with measured motor current. The relatively flat region starting
at 130 seconds signals the endpoint.

[11 D.S.Boning, X. Xie, J. Sorooshian, A. Philipossian, D. Stein, and D. Hetherington, "Relationship between patterned-wafer topography evolution
and STI CMP motor current endpoint signals," Chemical-Mechanical Planarization for ULSI Multilevel Interconnect Conference, Marina Beach,

CA, Feb. 2003, pp. 341-350.

[2] X. Xie and D.S. Boning, "Integrated modeling of nanotopography impact in patterned STI CMP," Chemical-Mechanical Planarization for ULSI
Multilevel Interconnect Conference, Marina Beach, CA, Feb. 2003, pp. 159-168.
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Potential of InGaAs High-electron Mobility Transistors as a Beyond-CMOS

Logic Technology

D.H. Kim, J.A. del Alamo
Sponsorship: Intel, MARCO MSD

The InAlAs/InGaAs high-electron mobility transistors
(HEMTs) closely lattice-matched to InP exhibit extraordinary
frequency response, as measured by cutoff frequency (f).
The current record is 562 GHz for a gate length (L) of 25
nm [1]. However, these devices suffer from poor electrostatic
integrity and inadequate scaling behavior and as a result
possess questionable usefulness for logic. We have been
investigating InGaAs HEMTs as a future high-speed and
low-power logic technology for applications beyond CMOS
[2-3]. Figures of merit relevant to logic, such as logic-gate
delay (CV/I), Ioy/Igpp drain-induced barrier lowering
(DIBL), and subthreshold slope (S) are evaluated in this
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A Figure 1: Sub-threshold characteristics of In, ;Gag ;As
HEMTs, at a Vi, of 0.5 V. This graph a very sharp sub-
threshold slope and a very low off-state current that is
mostly limited by gate leakage current through the Schottky
gate. The slight softening of the sub-threshold slope as L
approaches 100 nm is a manifestation of short-channe
effects.
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family of the device technology. We have found that these
devices exhibit promising logic characteristics. In particular,
100-nm L, devices yield DIBL as low as 80 mV/V, S of 77
mV/decaée, and gate delay of 1.2 psec, at a Vi, of 0.5 V.
More importantly, we have found that these devices, from a
logical point of view, reach their scaling limit at 100-nm gate
length of In, ;Ga,, ;As HEMTs. Realizing the logic potential
of In, ,Ga,, ;As HEMTs will require a more scalable device
design with better electrostatic integrity. If this requirement
can be accomplished, InGaAs HEMTs could well be the
technology of choice when the CMOS roadmap comes to
an end.
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A Figure 2: Logic gate delay (CV/1) vs. gate length for our
InGaAs HEMTs, state-of-the-art S-MOSFETs and InSb HEMTs
[4]. In our devices, CV/l was chosen to have lo/loe ratio of
103, at a V¢ of 0.5 V. Our 100-nm In, ,Ga, 5As HERATS exhibit
a gate delay of 1.16 ps, which is about a factor of 2 times
better than equivalent S-MOSFETs. This excellent result speed
result arises from the superior electron transport properties of
our heterostructure.

[11 Y. Yamashita, A. Endoh, K. Shinohara, K. Hikosaka, T. Matsui, and S. Hiyamizu, “Pseudomorphic In, 5,Ga, 45As/In ;Gag 3As HEMTs with an
ultrahigh f; of 562 GHz,” IEEE Electron Device Lett., vol. 23. no. 10, pp. 573-575, 2002.

[21 D.H.Kim, J. A. del Alamo, J.-H. Lee, and K.-S Seo, “Performance evaluation of 50-nm In,, ;Ga, ;As HEMTs for beyond-CMOS logic applications,”

Int. Electron Devices Meeting Tech. Dig., pp. 455-458, 2005.

[31 D.H.Kimand J. A. del Alamo, “Beyond CMOS: Logic suitability of In, ;Ga, ;As HEMT,” to be presented in CS-MANTECH, 2006.

[4]1 R.Chau, S. Datta, M. Doczy, B. Doyle, B. Jin, J. Kavalieros, A. Majumdar, M. Metz, and M. Radosavljevic, “Benchmarking nanotechnology for
high-performance and low-power logic transistor applications,” IEEE Trans. Nanotechnology, vol. 4, no. 2, pp. 153-158, 2005.



Electrical Degradation of GaN High Electron Mobility Transistors

J. Joh, J.A. del Alamo
Sponsorship: DARPA, ARL

Due to their extraordinary RF power performance, GaN-
based transistors have recently been under intense research.
As aresult of their high breakdown electric field (>3 x 10V /
cm), GaN-based devices can operate at a voltage as high as
120 V. The AlGaN/GaN high electron mobility transistors
(HEMT) have already shown an output power density of
10.7 W/mm at 10 GHz. This outstanding performance
makes these devices of great interest for high-power, high-
frequency applications such as WIMAX or WLAN base
stations. In spite of these superior properties, GaN HEMTs
have serious reliability problems that must be solved before
this technology can become commercialized. Our research
attempts to identify the physical mechanisms responsible for
the problematic reliability of GaN HEMTs.

We are studying the fundamental degradation mechanisms
of industrial GaN HEMTs. In particular, we are studying
the decrease of the maximum drain current (I, ) and the
increase of the source and drain resistances (Rg and Rpy)
as the device is electrically stressed. We have constructed
an automated stressing and characterizing routine, and we
have performed DC stressing tests under various biasing
conditions and environments. A typical stress-recovery
experiment appears in Figure 1, where I degradation
is shown as the device is stressed with V=30 V while
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A Figure 1: Degradation of maximum drain current
(normalized to the original value) versus time. The purple
line shows the stressing bias V. The device was stressed
at Vpg=30 V and V=0 V for 30 minutes. From t=30 to
t=60 min, the device was at V3=Vs=0 V. The same
cycle was repeated three times.

maintaining V,¢=0. In this experiment, periods of stress
on the device alternate with periods of recovery during
which the characteristics of the device are also monitored.
Before and after the stressing experiments and at selected
points in between, complete characterization of the device
is performed. Figure 2 shows, for example, the change in
the transfer characteristics before and after the stressing
experiment of Figure 1.

Based on experiments like this, we have made some
preliminary findings. We have found that the degradation
of Iy .. strongly correlates with an increase in Ry and R,
These changes seem to arise from a decrease of the carrier
density in the extrinsic portion of the device. This decrease
occurs in a process of trap-generation and subsequent
electron-trapping in the extrinsic device. The trap-
generation process appears to be driven by the magnitude
of the electric field between the gate and the source or drain.
Electron detrapping is clearly observed in Figure 1 during
the recovery periods that are interleaved with stressing.

Ourresearch addresses the fundamental degradation physics
of GaN HEMTs. This study will help us to understand
failure mechanisms in detail and to develop processes and
device designs that minimize these deleterious effects.
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A Figure 2: Drain current and transconductance before
(t=0) and after (t=180 min) stressing in the experiment of
Figure 1.
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Through-substrate Interconnects for Millimeter-wave Mixed Signal

Systems

J.H. Wu, J.A. del Alamo
Sponsorship: Applied Materials Graduate Fellowship

Advances in silicon technology may eventually displace
III-V semiconductor devices in the mm-wave regime.
This would make bandwidth available for affordable and
pervasive applications. The challenges for Si are low-
loss interconnects and packaging, substrate isolation, and
thermal management. We have developed a through-
substrate via technology that allows for low-impedance
ground distribution and substrate crosstalk isolation up to
50 GHz. This technology also has potential for addressing
other substrate issues in the mm-wave regime [1]. The inset
of Figure 1 depicts the through-wafer interconnect.

Substrate crosstalk between sensitive RF circuits and analog
and digital blocks is one of the most critical problems
facing mixed-signal circuit designers. We have developed a
Faraday cage isolation structure using through-wafer vias to
surround noisy or sensitive circuits (Figure 1). Our Faraday

Noisy or sensitive devices

silicon
nitride

L Cu backplane

A Figure 1. Drawing of a Faraday cage using through-
substrate vias to surround a noisy or sensitive circuit. The
substrate via (inset) is etched in silicon, lined with silicon
nitride, and filled with electroplated copper, followed by
copper CMP. An aluminum pad caps the top of the via.

REFERENCES
[1]

Nov. 2004, pp. 1765-1771.
(2]

Integrated Circuits Symposium, June 2004, pp. 635-638.

cage exhibits an 1solation of 37 dB at 10 GHz and 21 dB at
50 GHz. Figure 2 shows S,, measurements of Faraday cages
with different via spacing compared to a reference structure.
The distance between the transmitter and the receiver is
100 um. Reducing the density of vias of the Faraday cage
diminishes its performance but still significantly suppresses
substrate crosstalk into the mm-wave regime. Faraday
cage measurements from a previous process show better
performance at lower frequencies, 42 dB in isolation at
1 GHz versus 16 dB in isolation for this new process [1-
2]. However, this is due to a better silicon nitride liner in
our new process, which adds an extra capacitance at low
frequencies and hinders the performance of the Faraday
cage. This liner can be reduced or eliminated in future
processes specifically for this application to boost isolation
at lower frequencies.
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A Figure 2: S, vs. frequency for Faraday cages with different
via spacing and a reference test structure at a distance of 100
pm. The diameter of the vias is 10 ym. At the smallest via
spacing of 10 pm, the Faraday cage reduces substrate noise
by 37 dB at 10 GHz and 21 dB at 50 GHz.

J.H. Wu, J. Scholvin, and J.A. del Alamo, “A through-wafer interconnect in silicon for RFICs,” IEEE Trans. Electron Devices, vol. 51, no. 11,

J.H. Wu and J.A. del Alamo, “An equivalent circuit model for a Faraday cage substrate crosstalk isolation structure,” IEEE Radio Frequency



Performance and Limitations of 65-nm CMOS for Integrated RF Power

Applications

J. Scholvin, D.R. Greenberg (IBM), J.A. del Alamo
Sponsorship: IBM Faculty Award, IBM Ph.D. Fellowship

The microelectronics industry is striving to reduce the
cost, complexity, and time-to-market of wireless systems
through single-chip integration of mixed-signal radio
frequency RF/digital functions. Achieving such integration
while minimizing the increased cost of technology add-ons
demands a great deal from the base CMOS technology.
In this regard, the integration of the power amplifier (PA)
function remains a particular challenge as technology
geometries scale down. Gate length (L) scaling yields better
high-frequency response, promising higher power-added
efficiency (PAE). These benefits come at the cost of a lower
drain voltage, which demands a higher output current and
thus wider devices in order to produce a given output power
level (Pout).

In this work, we have studied the suitability of the 65-nm
CMOS node for integrated RF PA applications. We have
found that the standard 65-nm logic device is capable of
achieving PAE values greater than 65% at 4 GHz (Figure 1),
with Pout scalable to about 17 dBm, which is sufficient for
many applications. We have also compared the 65-nm node
with prior CMOS generations: from 250 to 90 nm (Figure
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A Figure 1: Power measurement of two 768-um-wide,
65-nm devices. The 12-cell device (12 cells of 16 fingers,
each finger 4-um wide) delivers a peak PAE of 65.7% at a
power of 13.8 dBm (31.2 mW/mm) at 4 GHz [2].

REFERENCES

2). Comparison with the 90-nm node reveals that back-
end scaling in the 65-nm technology has lead to increased
interconnect resistance, which limits the maximum P,_ .

This problem should be addressed through optimized cell
layout and wiring level selection.

For low power levels (below 16 dBm or 40 mW), the 65-
nm technology CMOS node offers excellent efliciency
over a broad frequency range. Its RIF power performance
approaches that of 90-nm devices both in peak PAE and
output power density. Using cells with multiple short gate-
width fingers can optimize performance. . Scaling the
power level therefore demands wiring many fingers and
cells in parallel. The higher sheet resistance of the BEOL
of 65-nm CMOS leads to difficulty in scaling output power
using existing layout. Simulation indicates that further
optimization of device layout, including the use of stacked
or thicker upper metal levels, should mitigate the negative
effects of the BEOL scaling. Through this, the 65-nm node
can provide efficient integrated power amplifier functionality
for many applications, even in a deeply-scaled logic CMOS
technology without costly PA-specific adders.

—m— | g=65nm

70 7 _s—1Lg=90nm, Thin Ox r 30
—o— Lg=250nm, Thick Ox
60 1
PAE r 25
50 4
40 - 20
30 7 - 15
20
/ ly = 26 mA/mm 10
10 - freq = 8 GHz
All devices are single cell
0 T T — Tt 5
0.1 1.0 10.0

Vaa [V]

A Figure 2: Peak PAE and output power density as a function
of V4 for the three different CMOS technologies [1-2].

[11 J. Scholvin, D.R. Greenberg, and J.A. del Alamo, "RF power potential of 90 nm CMOS: device options, performance, and reliability," in Proc.
IEEE Electronic Devices Meeting 2004, San Francisco, CA, Dec. 2004, pp. 455-458.

[2]1 J. Scholvin, D.R. Greenberg, and J.A. del Alamo, "Performance and limitations of 65 nm CMOS for integrated RF power applications," in Proc.

IEDM 2005, Washington, D.C., Dec. 2005, pp. 369-372.
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Non-Uniform Degradation Behavior in RF Power GaAs PHEMTs

A.A. Villanueva, J.A. del Alamo
Sponsorship: Mitsubishi Electric

GaAs pseudomorphic high-electron mobility transistors
(PHEMTs) are widely used in RIF power applications.
Since these devices typically operate at high power levels
and under high-voltage biasing, their electrical reliability is
of serious concern. Previous studies have identified several
distinct degradation phenomena in these devices, such as
impact-ionization (II), hot electron trapping, and surface
corrosion [1-3]. However, so far reliability studies have
always assumed that degradation takes place uniformly
across the width of the device. In our research, we investigate
the degradation behavior across the width of the device by
studying light emission. Since light emission is correlated
with IT [4], a photograph of emitted light gives us a spatial
picture of II and electric field. By taking light-emission
photographs during bias stressing experiments, we observed
the light emitted from a device as it is being stressed. Figure
1 illustrates the bias conditions and total light intensity

T T T T 82

Vg =03V Vos

474 B
. —6.6

S —7.8 E:

8 oo
T ¢ I
2l e
2
2_
ol ] L ¢ L ¢
[+] 200 400 600 800
time [min]
A Figure 1: Bias Vpg (green) and total light intensity

divided by I, (blue) vs. stressing time in a typical PHEMT
light-emission experiment. Each point represents a time
when a light emission photograph was taken. Before Vpq
is stepped up, it is brought to its initial value of 6.6 V in
order to get pictures at regular intervals at a constant value
of Vpg. Points highlighted in red indicate points depicted in
Figure 2.
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1]
Meeting, San Francisco, CA, Dec.2004.

emitted (normalized to I,) for such an experiment. As Vg
is stepped up, we see that the total light emitted increases
(as expected, since the electric field and II are increasing).
Examining the light emission photos at select points during
the experiment (Figure 2), we see that the light emission is
very non-uniform along the width of the device: initially it
is heavily concentrated in the center, but then with stressing
it spreads out. This behavior suggests that the electric field
1s higher in the center of the device, and thus degradation
is occurring preferentially there. We performed analogous
light-emission experiments on test structures (TLMs) and
observed similar behavior. Materials analyses of the TLMs
showed that a non-uniform recess length was the cause for
the non-uniform electric field distribution. Thus, in order to
improve long-term device reliability, it is very important to
identify and minimize non-uniformities in device geometry
which can affect the degradation behavior of a device.

A Figure 2: Light-emission photographs from source and
drain of PHEMT, at five points during step-stressing experiment.
Taken at V5=0.3V, Vpg=6.6 V. Gate width W, = 50 pm.

J.A. del Alamo and A.A. Villanueva, “Thermal, electrical, and environmental reliability of InP HEMTs and GaAs PHEMTs,” Int'l. Electron Devices

[2] R.E. Leoni and J.C.M. Hwang, "Mechanisms for output power expansion and degradation of PHEMT's during high-efficiency operation," IEEE
Transactions on Electron Devices, vol. 46, pp. 1608-1613, 1999.

[3]1 T. Hisaka, Y. Nogami, H. Sasaki, A. Hasuike, N. Yoshida, A.A. Villanueva, and J.A. del Alamo, "Degradation mechanism of PHEMT under large
signal operation," Gallium Arsenide Integrated Circuit (GaAs IC) Symposium, 2003.

[4]1 E.Zanoni, A. Paccagnella, P. Pisoni, P. Telaroli, C. Tedesco, C. Canali, N. Testa, and M. Manfredi, "Impact lonization, recombination, and visible

light emission in AlGaAs/GaAs high electron mobility transistors," Journal of App. Physics, vol. 70, pp. 529-531, 1991.



A Self-aligned, InGaAs, High-Electron-Mobility, Transistor-Device
Architecture for Future Logic Applications

N. Waldron, J.A. del Alamo
Sponsorship: MARCO MSD, Intel Foundation Ph.D. Fellowship

As CMOS approaches the end of the scaling roadmap, the
need to identify a new logic device technology is becoming
increasingly pressing. The InAlAs/InGaAs high electron
mobility transistor (HEMT) has been demonstrated to show
great promise for logic applications [1] and we investigate
that material system in this project. Traditionally this type of
device has been developed for millimeter-wave rather than
digital applications, resulting in a large extrinsic footprint
and high parasitics. In contrast, St CMOS, which dominates
the digital IC market, has benefited from aggressive gate-
scaling coupled with close attention to extrinsics and packing
density.

In order to realize the potential of InAlAs/InGaAg HEMTs
in large-scale digital circuits, it is necessary to address the
problems of the extrinsic resistances and capacitances
that the non-self-aligned design and large footprint bring
about. To this end we have designed a device architecture
that incorporates a novel shallow-trench isolation and self-

(k]

A Figure 1: (a) Cross-section of the proposed new
device architecture. Features include BCB planar isolation,
self-aligned gate and non-alloyed ohmic contacts. (b) The
SEM cross-section of a typical device with a gate-to-source
metallization distance of 100 nm.

REFERENCES

aligned gate scheme (Figure 1). The BCB shallow trench
design provides a low capacitive isolation scheme while
maintaining a planar surface. The self-aligned gate process
reduces the parasitic source and drain resistances with the
added benefit of reducing the footprint of the device. The
non-alloyed tungsten ohmic contacts allow for well-defined
contact geometries. The process architecture offers the
promise of a reliable, highly manufacturable process needed
to realize the complex circuits required for large-scale digital
applications.

Long channel devices fabricated using the self-aligned
process exhibit good DC characteristics (Figure 2). The
source resistance (r,) of the devices was estimated using
TLM test structures to be on the order of 130 Q. pm, an
exceptionally low value. This is expected to be of most
benefit when we transfer the process to deep submicron
devices.
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A Figure 2: Output characteristics of a long channel device
(~ 2.5 pym) fabricated using the self-aligned device architecture.
The TLM test structures were used to estimate the source
resistance, ry at 130 Q pum.

(11 D.H.Kim, J.A. del Alamo, J.H. Lee, and K.S. Seo, “Performance evaluation of 50-nm In, ;,Ga, 5As HEMTs for beyond-CMOS logic applications,”

IEDM Technical Digest, pp. 767 — 770, Dec. 2005.
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Fabrication of Silicon on Lattice-engineered Substrate (SOLES) as a
Platform for Monolithic Integration of Si- and GaAs-based Devices

C.L. Dohrman, K. Chilukuri, D.M. Isaacson, M.L. Lee, E.A. Fitzgerald

Sponsorship: MARCO IFC, CMSE, MTL

We report the fabrication of a novel substrate platform for
the monolithic integration of Si-based GCMOS and GaAs-
based optoelectronic devices. This platform, which we refer
to as silicon on lattice-engineered substrate (SOLES), consists
of a compositionally graded SiGe buffer buried underneath
an SOI structure, all fabricated on a Si substrate. The SiGe
graded buffer was grown by UHVCVD and was capped with
a Ge-rich alloy that is closely lattice-matched to GaAs (0.96
<xg. < 1);it provides a threading dislocation density (TDD)
of ~10% cm. While previous studies have proved the SiGe
graded buffer to be an effective platform for fabrication of
GaAs-based LEDs, lasers, and solar cells on Si substrates, the
large thickness (~10 wm) of the SiGe graded buffer hampers
the integration of both Si- and GaAs-based devices on a

single chip using this technique. The SOLES eliminates
this drawback by the addition of the SOI structure on top
of the Ge-rich cap. This approach provides a Si device layer
in close proximity to the GaAs-based device layer, thereby
simplifying the monolithic integration of Si- and GaAs-
based devices with this platform. Fabrication consists of
layer transfer of Si to an oxide-coated graded buffer using
oxide-oxide wafer bonding followed by hydrogen-induced
layer exfoliation of the Si layer from its donor wafer. The
resulting structure was imaged with cross-sectional TEM
and appears in Figure 1. Figure 2 (inset of Figure 1) reveals
the SOI layer structure more clearly. Our results show that
this layer transfer occurs reliably across the entire wafer,
making it amenable to commercial applications.
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A Figure 2: Inset of Figure 1. This image illustrates the
transferred layers. This image was taken before the removal
of the exfoliation-damaged Si surface layer, and this damage is
clearly seen here.

A Figure 1: Transmission electron microscopy (TEM)
image of SOLES platform. Misfit dislocations of the Si; ,Ge
graded buffer appear at the bottom of the image. Figure 2
enlarges the red box inset in this image.



Thermally Relaxed, Ultra-thin, SiGe Buffers

S. Gupta, D.M. Isaacson, Y. Bai, E.A. Fitzgerald
Sponsorship: MARCO MSD

Producing relaxed, nearly defect-free SiGe alloys on Si
substrates has been difficult due to the 4% lattice mismatch
between Siand Ge. A relaxed Si;_ Ge, graded buffer creates
a larger lattice constant on a Si substrate while providing
low threading dislocation densities (TDD) on the order
of 10° cm™2. Many other concepts for attaining relaxed
Si;_ Ge, buffers on Si wafers have been proposed over the
years [1]. However, compositional grading remains the only
established technique for attaining low-dislocation density,
fully relaxed Si,  Ge, alloys on a Sisubstrate.

Two important variables that affect the dislocation density
in a mismatched layer have been identified as the strain rate
at which the layer is grown and the surface roughness of the
layer. Reducing the TDD in a mismatched SiGe layer on Si
requires low strain rates, which could be achieved by growing
layers at slower growth rates. The traditional means to
reduce the growth rate is to lower the growth temperature.
Since the surface mobility of the atoms is reduced, the
resulting layer has less surface roughness. However,
since dislocation velocity is exponentially dependent on
temperature, decreasing the growth temperature results in
introduction of metastable strain, thus preventing complete
relaxation of the strained layer. Therefore, achieving a
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A Figure 1: A TTTDD diagram for a metastable 10%
layer.
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completely relaxed, low-TDD layer requires the removal
of the metastable strain without increasing the dislocation
nucleation. While high temperature annealing is a way to
reduce metastability, it also causes TDD escalation. A tool
for estimating the TDD after an isothermal anneal has been
developed for the first time 1in literature and 1s referred to as
a TTTDD diagram (Figure 1).

One possible way to remove the metastability of this
layer is by annealing or by depositing strained layers
on top of the metastable layer and then subjecting it to
annecals. The increased stress at the surface will increase
the dislocation velocity for a given anneal temperature.
We have demonstrated this technique with mismatched
Sij) 60Gey 1 layers on Si. Complete relaxation and low TDD
have been achieved as compared to films grown under
high growth temperatures to achieve complete relaxation.
Our results demonstrate that, for the 10% Ge layer used in
these experiments, we can reduce the buffer thickness by a
factor of 2.5 as compared to the conventional graded buffer.
This development could prove very helpful in applications
requiring extremely thick graded buffers, as is the case for

Ge on Si.

© 19% SiGe

N 1

A Figure 2: Thermally relaxed ultra-thin buffer. Thickness is
about 2.5 times less than the conventional graded buffer.

[11 M.L. Lee, E.A. Fitzgerald, M.T. Bulsara, M.T. Currie, and A. Lochtefeld, J. of App. Physics, vol. 97, p. 011101:1-28, 2005.
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Microstructural and Electrical Characteristics of AIN Gate Dielectrics

Deposited on Ge and GaAs Channels

M.L. Lee, A. Ritenour, D.A. Antoniadis, E.A. Fitzgerald
Sponsorship: MARCO MSD

We have fabricated metal-insulator-semiconductor capacitors
on both Ge and GaAs channels with an Al/AIN gate stack.
The capacitors possess an EOT of 2-4 nm and exhibit
clean accumulation with low hysteresis and little frequency
dispersion (Figure 1). The AIN diclectric is deposited by
low-pressure  metal-organic chemical vapor deposition,
and the Al gate 1s deposited by physical vapor deposition.
High-resolution transmission electron microscopy studies
on the finished devices reveal that the AIN is amorphous or
nanocrystalline or both (Figure 2), and correlation of the

C/Cmax

A Figure 1. High-frequency C-V measurements of Al/AIN
gate stack deposited onto n-Ge.

physical thickness with capacitor data indicates a dielectric
constant of approximately 10. The AIN is grown with
standard metal-organic precursors in an epitaxial growth
reactor; we can therefore deposit both the high-mobility
channel and the dielectric i siu without exposure to ambient
air. We believe that AIN and other wide-bandgap III-N layers
are particularly well-suited for III-V channels, since they
enable us to eliminate the unintentional formation of native

oxides at the insulator/semiconductor interface.

A Figure 2: HRTEM image of Al/AIN//Ge capacitor structure.



High-Quality InP-on-GaAs using Graded Buffers Grown by Metal Organic

Vapor Phase Epitaxy (MOVPE)

N. Quitoriano, E.A. Fitzgerald
Sponsorship: ARO, MARCO MSD

In addition to traditional telecom applications, devices
based on InP have received increased attention for high-
performance electronics. The InP growth on GaAs
is motivated by the facts that InP wafers are smaller
and more expensive and they utilize older fabrication
equipment than GaAs. Creating high-quality InP-on-
GaAs-bulk substrates has proven challenging, however.
While a number of commercial growth foundries offer
InP-on-GaAs for M-HEMT (Metamorphic High-
Electron-Mobility Transistor) applications, the successful
demonstration of InP-based, minority-carrier devices
on bulk GaAs remains elusive. We demonstrate InP-on-
GaAs suitable for minority carrier devices, exhibiting a
threading dislocation density of 1.2 x 10°/cm? determined
by plan-view transmission electron microscopy (see Iigure
1, the cross-sectional TEM). This material exhibited
nearly equivalent PL. data compared to one on bulk InP
at room temperature (sce Figure 2). To achieve this result,
we explored the InGaAs, InGaP, InAlAs and InGaAlAs
materials systems. In each of these systems, we found

In, ,Ga, ;P

Inl].ilGal]JAs

A Figure 1: Cross-sectional bright-field TEM micrograph
of high-quality InP-on-GaAs. The enlarged top portion
highlights the PL structure.

that microscopic compositional inhomogeneities along
the growth direction blocked dislocations leading to
dislocation densities as high as 109/cm?. Using scanning-
transmission electron microscopy, we determined that
surface-driven phase separation leading to Ga-rich
regions caused the composition variations. Conditions
for avoiding phase separation were identified and
explored. We found that we could prevent composition
variations in In Ga, As graded buffers grown at 750°C
to yield low dislocation densities of 1.5x10%/cm? for
x<0.34, accommodating ~70% of the lattice mismatch
between GaAs and InP. However, further grading
to 53% In 1s required to attain the lattice constant of
InP. We have found that compositional grading in In Ga,_
P (0.8<y<1.0) can accommodate the remaining lattice
mismatch with no rise in thread density while avoiding
phase separation. Consequently, to achieve high-quality
InP-on-GaAs, we started with the InGaAs material system
and then completed the graded buffer in the InGaP system
to reach InP.

InP

o ——Graded

0.12 -

Intenelty (&1}

002 -

0.00 T T T T T |
1300 1400 1500 1600 1700 1800 1900
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A Figure 2: Room temperature PL data from the same PL
structure on bulk InP (denoted “InP”) and on our graded structure
(denoted “Graded,” see Figure 1). The graded structure
PL integrated intensity is about 70% of the bulk. Since this
percentage is the same at 20K, we believe that the reduction in
intensity is not due to defects, rather light the laser is penetrating
into the graded buffer where the generated carriers recombine.
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Hole Mobility in High-Ge-content, Strained SiGe-Channel MOSFETs

C. Ni Chléirigh, 0.0. Olubuyide, J.L. Hoyt
Sponsorship: SRC, MARCO MSD, Applied Materials

This work presents, for the first time, a comprehensive
study of mobility, sub-threshold slope, and off-state leakage
current in high-Ge-content, dual-channel strained Si/
strained Si; Ge  on relaxed Si; Ge p-MOSFETs. Hole
mobility enhancements of 3X are observed at high inversion
charge densities (N, =10'3 cm™) for the strained Si; ,Ge,, -
on relaxed Si, ,Ge 4 (70/30) structure with 2-nm-thick cap
and 3-nm-thick gate oxide. A wide range of Ge fractions and
Si cap thicknesses is studied. The Ge fraction in the strained
Sll Ge, layer dominates the mobility enhancement, while
the level of strain is a second order effect (Figure 1). The
off-state drain leakage is studied in detail. At low drain-to-
gate bias (VDG), off-state leakage is attributed to a trap-
assisted tunneling (TAT) mechanism at the Si surface and is
sensitive to the thickness of the Si-cap layer. At high VDG,

35— ‘ .
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Ge fraction y (strained layer)

A Figure 1: Mobility enhancement factor (referenced to
Si control device) at N,,, of 1013 cm? versus Ge fraction in
the strained layer for various levels of strain (y-x). Data from

thin Si cap structures is shown (Tg=2 - 4 nm).
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the leakage increases with the Ge fraction in the strained
S11 Ge and strain in the Si cap layer, consistent with
band-to-band tunneling (BTBT) (Figure 2) [1]. The data
illustrates trade-offs critical for optimizing the structures
with respect to mobility, charge control, and leakage. The
results of this work can be used to examine the design space
for high-mobility p-MOSFETs. Increasing the Ge content
in the SiGe channel increases mobility at the expense of
off-state leakage. To minimize sub-threshold swing and
increase high-field hole mobility, the Si cap must be as thin
as possible. The bandgap and thickness of both the strained
Si and strained Si) Ge, layers are critical in determining
off-state leakage and must be taken into account when
optimizing the heterostructure and drain-region design.

y=06 x=0.3

10° + 1

1 (A)

107+ 1

108 L . . ‘ ‘ ‘
02 03 04 05 06 07

Ge fraction x, y

A Figure 2: Drain current, | at VDG=2V with VG=0V for W=1000
um, L=50 um p-MOSFET. The Ge fraction in the substrate, x, (and
hence the bandgap of the strained Si layer) is varied and Ge in
strained layer is fixed at y=0.6 (squares). The Ge fraction in the
strained layer, y, is varied on x=0.3 substrate (circles).

[11 D. Rideau, A. Dray, F. Gilibert, F. Agut, L. Giguerre, G. Gouget, M. Minondo, and A. Juge, “Characterization and modeling of low electric field
gate-induced-drainleakage,” in IEEE Proc. of the 2004 Int'l. Conf. on Microelectronic Test Structures, Mar. 2004, pp. 149-154.



Strained Si/Strained Ge Heterostructure-on-Insulator

L. Gomez, M.K. Kim, C. Ni Chléirigh, |. Aberg, J.L. Hoyt
Sponsorship: MARCO MSD, Applied Materials

Scaling of device dimensions can no longer provide the
necessary current drive enhancements to continue historic
performance gains. Strain and novel channel materials
can provide enhanced transport characteristics to increase
device performance. Thin-body devices also provide the
benefit of improved electrostatic control in deeply scaled
MOSFETs. In previous work, thin-body MOSFETs were
fabricated on strained Si/strained SiGe heterostructure on
insulator (HOI) to realize enhanced transport for electrons
and holes and improved subthreshold characteristics [1].
The HOI material was fabricated in MTL by epitaxial
growth and transfer of the strained layers. Sub-threshold
swing was observed to be 66-70 mV/dec, improved
compared to similar heterostructure-on-bulk devices.
Mobility enhancements of 1.9x and 2.8x were observed
for electrons and holes, respectively, at an inversion charge
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A Figure 1: Measured PMOS effective hole mobility for
strained Si directly on insulator (25% SSDOI) and HOI with
55% Ge in the SiGe channel. The SSDOI and HOI materials
were grown strained to SiGe virtual substrates with Ge
contents of 25%, prior to layer transfer to form the on-
insulator substrates. Total body thickness is approximately
17 nm.
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density of 1.5 x 10'3, Figure 1 illustrates measured hole
mobility for HOI MOSFETs with 55% Ge in the SiGe
channel. With the potential to observe even higher hole
mobility enhancement, with higher levels of strain and Ge
content in the SiGe channel, we are developing pure Ge
heterostructure-on-insulator. For heterostructure-on-bulk
MOSFETs, Ge channels strained to a Sij, ;Ge, ; substrate
have exhibited enhancement factors of 10x for holes [2].
In the present work, a process was developed to grow thin
strained Ge on strained Si (strained to a SiGe substrate
with 50% Ge). Figure 2 shows a secondary ion-mass
spectrometry (SIMS) profile of the as-grown structure, prior
to bond-and-etch-back. A low-temperature bond and etch
back process has been developed for strained layer transfer.
A low temperature process is critical to minimize both Ge
diffusion and strain relaxation.
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3 channel
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A Figure 2: SIMS profile of top 1000A of the as-grown Ge HOI
structure, prior to bond and etch-back. The complete trilayer
structure can be observed in the SIMS profile. It consists of a
134A Si cap, a 147A Ge buried layer, and an underlying 55A Si
layer. Lines are drawn to guide the eye.

[11 1. Aberg, “Transport in thin-body mosfets fabricated in strained Si and strained Si/SiGe heterostructures on insulator,” Ph.D. thesis,

Massachusetts Institute of Technology, Cambridge, 2006.

[21 M.L. Lee and E.A. Fitzgerald, “Optimized strained Si/strained Ge dual-channel heterostructures for high mobility P- and N-MOSFETs,” in IEDM

TECH. Dig., pp. 429-432, 2003.
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Patterning-induced Strain Changes in Strained Si/Strained SiGe

Heterostructures

P. Hashemi, L. Gomez, J.L. Hoyt
Sponsorship: MARCO MSD

Multi-gate silicon-on-insulator (SOI) structures such as
FinFETs are one of the promising candidates for deep sub-
tenth-micron MOSFET technology due to their enhanced
electrostatic control, which is particularly beneficial beyond
50-nm gate-lengths. On the other hand, strain engineering
has been an effective means to increase device performance.
Partial relaxation has recently been observed when
patterning strained-silicon directly on insulator (SSDSOI)
structures [1]. High-mobility strained-SiGeOI FinFETs that
take advantage of stress-induced performance and immunity
to the short-channel effects have also been reported [2].
In this work, we study the pattern-induced stress changes
in strained Si/strained SiGe heterostructures on insulator
(HOI). The goal is to engineer structures for fabrication of
HOI multi-gate MOSFETs. The cross-sectional image of
the HOI structure is schematically shown in Figure 1. A

(b)

A Figure 1: (a) Schematic cross-sectional image of the
biaxially-strained Si/SiGe/Si heterostructure on insulator
and (b) the stress (o,,) contours of the 100 nmx100
nm patterned heterostructure indicating partially strain
relaxation in the associated layers.

REFERENCES
(11

bond and etch-back technique is used to fabricate strained
HOI substrates. The stress contours of 100-nm-square
patterned HOI, simulated using Taurus™ 3D, are also
shown in this figure. To engineer the stress in the channel
for optimal HOI multi-gate MOSFET design, the effects of
several parameters such as fin width, layer thicknesses and
aspect ratios were analyzed. For example, the dependence
of the average stress components on the fin width of the
long-bar patterned HOI in (a) the Si-cap and (b) the SiGe
layer (for nominal HOI parameters) are shown in Figure
2. As can be seen, O stress component is almost relaxed
in deep-submicron fins where G,, is nearly maintained.
To realize the fins under study, e-beam lithography will be
utilized. Raman analysis will be used to verify the stress
dependencies on geometry.

Average tensile stress vs. fin wicth in the strained-Si cap layer
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A Figure 2: Variation of the average stress components
versus the fin width of the long-bar patterned heterostructures in
(a) the Si-cap and (b) the SiGe layers.

R.Z. Lei, W. Tsai, |. Aberg, T.B. O'Reilly, J.L. Hoyt, D.A. Antoniadis, H.Il. Smith, A.J. Paul, M.L. Green, J. Li, and R. Hull, “Strain relaxation in

patterned strained silicon directly on insulator structures,” Appl. Phys. Lett., vol. 87, pp.251926:1-3, 2005.

(2]

T. Irisawa, T. Numata, T. Tezuka, K. Usuda, S. Nakaharai, N. Hirashita, N. Sugiyama, E. Toyoda, and S.-l. Takagi, “High-performance multi-gate

pMOSFETs using uniaxially-strained SGOI channels, " in IEDM Tech. Dig., pp. 727-730, 2005.



The Initial Stages of Ge-on-Si and Ge-on-SiGe Epitaxial Growth

M. Kim, 0.0. Olubuyide, L. Gomez, J.L. Hoyt
Sponsorship: DARPA, NSF Graduate Research Fellowship

Growing multilayer structures of Ge and SiGe on Si
wafers has several applications to emerging technologies:
thick, relaxed Ge films can be grown on a silicon substrate
to make CMOS-compatible photodetectors, and thin,
strained Ge and SiGe layers are used for enhanced-mobility
heterostructure-on-insulator (HOI) MOSFETs. For all
applications, it is desirable to grow flat, uniform films with
minimal crystal defect density. Past work indicates that
smooth, low- temperature Ge films with thickness of 30 to
60 nm can be grown in an LPCVD system [1]; however,
the initial stages of Ge-on-Si and Ge-on-SiGe expitaxial
growth with film thickness less than 10 nm has is not fully
understood. In this project, we explore the morphology and

100 sec
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12227 k
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A Figure 1: 1 pmx 1 pm AFM scans of thin Ge films grown
on Si substrates, showing the initial stages of Ge epitaxial
growth. As the Ge layer gets thicker, the initial islanded
morphology changes into a more uniform surface.

REFERENCES

growth rate for both strained and relaxed Ge films on St and
SiGe substrates.

Due to the 4% mismatch in lattice size, Ge on Si substrates
show a 3-D growth mode, in which Ge initially forms islands
and then coalesces to form a more uniform surface (Figure
1). The growth rate is non-linear during these initial stages.
There appears to be an incubation period that depends on
the growth parameters (Figure 2). Our findings show that
the growth rate for Ge on Si (strained or unstrained) is
slower than that of Ge on SiGe. For relaxed Ge on SiGe
growth, the Ge film is smoother and growth rate is faster as
the Ge content increases.

400

+ 365C, 30T
A 365C, 45T -
= 365C, 60T 4
300 -
200 ¥ R
.
&
' N
i .
. *
r RN
100 A . . .
b * *
. *
N .’ L
5 Ao
’ ‘ .
B
0 ., —t ; ; ;
0 100 200 300 400 500 600 700
Time (sec)

A Figure 2: The Ge thickness as a function of growth time.
The graph suggests that there might be some incubation
period for the initial Ge growth. Hydrogen flow for the 30T
and 45T samples was 5 slpm to the slit valve and O slpm to
the top inject. For the 60T sample, the H, flow was adjusted
to be 5 slpm for both the slit and the top inject.

[11 0.0. Olubuyide, D.T. Danielson, L.C. Kimerling, and J.L. Hoyt, “Impact of seed layer on material quality of epitaixal germanium on silicon
deposited by low-pressure chemical vapor deposition,” 4th Intl. Conf. on Silicon Epitaxy and Heterostructures, Awaiji Island, Japan, May

2005.
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CMOS-compatible Epitaxial LPCVD Ge-on-Si Photodiodes

0.0. Olubuyide, M. Kim, J. Yasaitis, J. Michel, J. Liu, L.C. Kimerling, J.L. Hoyt

Sponsorship: Analog Devices, IBM, SRC

Germanium films have the required responsivity
and speed to serve as photodetectors at the 1.55-um
wavelength range. Such detectors can be used in the
communications field in a variety of high-speed systems,
such as optical samplers. Therefore, integrating Ge films
grown on silicon (Ge-on-Si) substrates into a CMOS-
compatible process is an attractive goal for making arrays
of on-chip detectors for use in a range of electronic
and photonic integrated circuit applications. This study
explores the growth properties and material quality of
Ge-on-Si deposited by low pressure chemical vapor
deposition (LPCVD) in an Applied Materials Epitaxial
Reactor and the optical and electrical properties of Ge-
on-Si photodiodes. It has already been demonstrated in
ultra high vacuum chemical vapor deposition (UHVCVD)
systems that depositing a low temperature Ge layer (seed
layer), followed by the deposition of a high temperature
layer (cap layer) with subsequent annealing can create a
smooth, planar Ge film on a (100) silicon substrate with
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A Figure 1. Temperature-dependent IV curves between
243 - 333 K for a 100-um square pin diode fabricated with a
blanket Ge-on-Si film. The ideality factor is less than 1.2 for
temperatures at or below 300 K. The perimeter-dominated
leakage current increases with temperature, indicating a trap-
mediated generation process.

REFERENCES

threading dislocation density on the order of 107 cm [1].
We have adapted this two-step deposition process to an
LPCVD system. We have explored the effect of growth
pressure, temperature, and seed thickness on the material
quality for blanket and selective epitaxial growth (SEG)
of germanium. Our research identifies an optimum Ge
seed layer deposition process window of 335°C = 15°C
and 30 T + 10 T and demonstrates the requirement for a
seed layer thickness above 30 nm. For SEG Ge-on-Si, a
cap deposition condition of 600°C and 10 Torr appear to
significantly reduce germanium nucleation on oxide films.
After annealing at 900°C for 30 minutes, these blanket and
selective Ge films have threading dislocation densities of
<2 x 107 em™. Photodiodes fabricated with the blanket
Ge films have been measured to have a reverse leakage
current less than 10 mA/cm? at a —1 volt bias (Figure 1),
a 3-dB frequency response of 1.5 GHz for 40 x 100 pm
rectangular diodes, and a responsivity of 0.5 A/W at 1.55
pm wavelength (Figure 2).
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A Figure 2: Responsivity as a function of wavelength for a
100-pm square pin diode fabricated with a blanket Ge-on-Si
film. The responsivity is measured at a reverse bias of -1
volt, and an associated perimeter-dominated reverse-leakage
current of 1.6 pA. The responsivity is 0.5 A/W at a wavelength
of 1.55 pm.

[11 H.-C. Luan, D.R. Lim, K.K. Lee, K.M. Chen, J.G. Sandland, K. Wada, and L.C. Kimerling, “High-quality Ge epilayers on Si with low threading
dislocation densities,” App. Physics Lett., vol. 75, pp. 2909-2911, Nov. 1999.



Interdiffusion in SiGe/Si Epitaxial Heterostructures

G. Xia, J.L. Hoyt
Sponsorship: MARCO MSD

In the past decade, SiGe-based strain and bandgap
engineering have received increasing attention for CMOS
applications. Carrier transport is enhanced by applying
strain in the Si channel or by the use of strained SiGe
or strained Ge as the p-MOSFET channel material, as
in dual-channel, heterostructure-on-insulator (HOI), and
heterostructure double-gate MOSFETs. One issue for these
structures is interdiffusion at the Si/SiGe or Si/Ge interface
during processing, which degrades device performance by
reducing strain and carrier confinement and increasing
alloy scattering. To date, research on Ge diffusion has
been focused on Ge self-diffusion in Si; Ge_ [l] and
interdiffusion in compressively strained SiGe superlattices
with low Ge fractions (x < 0.25) grown on Si [2]. Basic
understanding of interdiffusion, such as Ge fraction, strain,
and temperature dependence, and interdiffusion modeling,
1s inadequate. In addition, little data is available for SiGe
interdiffusion in device structures, such as strained Si/
strained Sil_yGey/ relaxed Si; Ge_ with Ge content y>0.3.
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A Figure 1: As-grown and annealed Ge profiles measured by
SIMS for two strained Si/Si; yGe%/stralned Si/relaxed Sij,Ge,
structures. (a) y=0.56 x=0.56 and (b) y=0.56 x=0.30. Slgmﬁcantly
enhanced interdiffusion is observed under compressive strain as
seen in (b). The TSuprem-4 simulation is also shown in (b). The
interdiffusivity model used in TSuprem-4 for this fit is shown in
Figure 2 as the solid line.
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[11 D.B. Aubertine and P.C. Mcintyre, “Influence of Ge concentration
heterostructures,” J. Appl. Phys., vol. 97, n. 1, pp. 013531-1-01353

In this work, we studied interdiffusion in pseudomorphic
strained Si/S5i,_ Ge /stramedSl/relaxed&l Ge_structures
to emulate the interdiffusion in HOI devices. Boltzmann-
Matano analysis 1s used to extract SiGe interdiffusivity
experimentally from SIMS profiles of strained Si/relaxed
Si; Ge  structures. The TSuprem-4 simulations are
then used to refine the interdiffusivity data. The Si-Ge
interdiffusivity for strained Si/relaxed SiGe (Dy) was
found to increase by 2.2 x for every 10% increase in local
Ge fraction. We observed significantly enhanced Si-Ge
interdiffusion in Si, Ge_ layers under compressive strain,
as scen in Figure 1 [3]. A piece-wise exponential model
was used in TSuprem 4 to extract interdiffusivity under
compressive strain in the Si, Ge) (D). The 1nterd1ﬁ"usw1ty
was found to increase by 4. 4 x for every 0.42% increase
in compressive strain, which is equivalent to a 10%
decrease in the substrate Ge fraction. These results were
incorporated into an interdiffusion model that successfully
predicts experimental diffusion profiles for various SiGe
heterostructures.
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A Figure 2: Piece-wise exponential interdiffusivity (solid
blue line) extracted by fitting annealed SIMS profile in
Figure 1 (b). For x4, <0.3, D = Dy (dashed black line),
while for xg, >0.3, D = Dy.

and compressive biaxial stress on interdiffusion in Sirich SiGe alloy
1-10, Jan. 2005.

[21 N.R. Zangenberg, J.L. Hansen, J. Fage-Pedersen, and A.N. Larsen, “Ge self-diffusion in epitaxial Si,,Ge, layers,” Phys. Rev. Lett, vol. 87, pp.

125901:1-4, Sept. 2001.

[31 G. Xia, M. Canonico, 0.0. Olubuyide and J.L. Hoyt, “Strain-dependence of Si-Ge interdiffusion in epitaxial Si/Sil,yGey/Si heterostructures on
relaxed Si;,Ge, substrates,” Appl. Phys. Letts., vol. 88, 2006, p. 013507.
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Magnetic Rings for Memory and Logic Devices

F.J. Castafo, D. Morecroft, W. Jung, J.D. Suh, C.A. Ross

Sponsorship: Cambridge-MIT Institute, Singapore-MIT Alliance, Outgoing Marie Curie Fellowship, NSF

We use fabrication processes combining electron-beam
lithography and photo-lithography to create prototypes
for magneto-electronic devices based on small ring- and
bar-shaped multilayered magnetic elements with widths
in the deep-sub-micron regime. These small structures
have potential uses in magnetic-random-access memories
(MRAM), magnetic logic devices, and other magneto-
electronic applications. Current MRAM devices rely on
bar-shaped multilayered magnets, containing two magnetic
layers separated by a thin layer of either a non-magnetic
metal (spin-valves) or an isolator (magnetic tunneling
junctions). The resistance of such elements depends on the
relative orientation (parallel or anti-parallel) between the
magnetization in the read-out (free) and storage (pinned)
layers. On switching back and forth the magnetization
direction of the free layer two different resistance levels can
be detected, allowing for a non-volatile bit of data (“0” or
“1”) to be stored in each element. As an alternative bit shape,
MRAMs based on ring-shaped multilayered magnets have
been recently proposed due to their robust magnetization
reversal and the existence of flux-closure or “vortex” states.

A Figure 1: Scanning electron  micrographs
corresponding to elliptical and circular ring devices made
from NiFe/Cu/Co/Au multilayers and Ta/Cu non-magnetic
contact wires. The outer dimensions of the rings ranges
from 930 nm to 20 pm and the widths from 80 nm to
350 nm.

REFERENCES

We recently fabricated ring devices made from NikFe/Cu/
Co/Au  pseudo-spin-valves (PSVs) with non-magnetic
contact-wires (see Figure 1). In these structures magneto-
transport behavior is dominated by giant magnetoresistance
(GMR). While the resistance of a PSV bar-shape element
displays two resistance levels on cycling the free (Nike)
layer (Figure 2a), the rings display additional intermediate
resistance levels [1] reached through abrupt transitions
(Figure 2b). Additionally, the storage (Co) layer can be
cycled into different states [1], allowing for profoundly
different device responses on switching the free layer (Figure
2c). We have explored the switching mechanisms of PSV
ring structures using micromagnetic simulations, as well
as the effect of the contact configuration on the device
response [2]. The sharp, low-field resistance changes in
these PSV rings, which can be tailored by choice of ring
dimensions and multilayer stack, will make them attractive
for magnetoelectronic applications such as memories or
logic devices that require multiple stable resistance levels.
Most recently we are pursuing operating these devices using
current pulses, rather than with an applied magnetic field.
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A Figure 2: (a) Resistance versus applied field measurements
on switching the free (NiFe) layer of a 200-nm-wide NiFe (6 nm)/Cu
(5 nm)/Co (6 nm)/Au (4 nm) bar-shaped device. (b-c) resistance
versus applied field corresponding to a 120-nm-wide NiFe (4 nm)/
Cu (6 nm)/Co (8 nm)/Au (4 nm) elliptical ring, on switching the free
layer with the storage layer in different states.

[11 F.J. Castano, D. Morecroft, W. Jung, and C.A. Ross, "Spin-dependent scattering in multilayered magnetic rings," Phys. Rev. Lett. 95, p.

137201, 2005.

[2]1 D. Morecroft, F.J. Castario, W. Jung, J. Feuchtwanger, and C.A. Ross, "Influence of contact geometry on the magnetoresistance of elliptical

rings," App. Phys. Lett., accepted for publication Mar. 2006.



Surface Electromigration and Void Dynamics in Copper Interconnects

Z.S. Choi, R. Moenig, C.V. Thompson
Sponsorship: Intel, AMD, SRC

Electromigration 1s one of the main causes of failures in
interconnects [1]. It has been shown that the dominant
diffusion path in copper interconnect technology is the
interface between the dielectric passivation layer and the
copper line [2]. This interface is also the most prone to void
nucleation and growth. The dynamics of these processes are
critical since voids are the main cause of electrical failure of
interconnects. We are carrying out two sets of experiments
to investigate the details of void dynamics.

The first type of experiment is performed on interconnects
without passivation layers to determine the dependence of
copper surface diffusion and electromigration on different
grain orientations. The samples are heated in reducing
gas to remove copper oxide and then tested in a vacuum
(<1077torr). The voids in these samples nucleate and grow
at flux divergence sites (Figure 1). The flux divergences
occur due to the differences in diffusivity for different grain

A Figure 1: Voids in interconnects with no dielectric
passivation layer, interconnects with length of1000 um, depth
of 0.45 um, widths of a) 0.3 um and b) 1.0 pum.

REFERENCES:

orientations. After the electromigration tests, we obtain the
crystallographic orientations of the grains surrounding the
voids using electron backscattered diffraction (EBSD) in an
SEM and correlate the results with differences in diffusivities
between different grains.

In a second type of experiment, we take a fully fabricated
sample and thin the passivation layer using a focused ion
beam microscope (FIB), in order to be able to observe the
underlying metal line in an SEM. We then test the samples
at elevated temperatures in the SEM and observe the voids
in the interconnects through the thinned passivation layer
in real time, as Figure 2 shows. After the test, we remove
the passivation layer and determine the effect of the grain
orientations on void nucleation, growth, and motion. These
experiments yield detailed information about the dynamics
of voids in interconnects. The results can help to improve
reliability analysis and design of interconnects.

A Figure 2: In situ SEM images of the cathode of a test
structure, showing void drift toward cathode end. The test line
is surrounded by a Cu-extrusion monitor.

[11 I.A. Blech and C. Herring, "Stress Generation by Electromigration", Appl. Phys. Lett., vol. 29, no. 3, pp. 131-133, 1976.

[2]1 C.L. Gan, M. Burns, C.V. Thompson, K.L. Pey, W.K. Choi, H.L. Tay, B. Yu, and M.K. Radhakrishnan, "Effect of current direction on the lifetime
of different levels of Cu dual-damascene metallization," Appl. Phys. Lett., vol.79, no. 27, pp. 4592-4594, Dec. 2001.
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Bonded Copper Interconnects and Integrated Microchannels for

3D Integrated Circuits

R. Tadepalli, H.L. Leong, C.L. Gan, K.L. Pey, D.E. Troxel, K. Turner, C.V. Thompson
Sponsorship: DARPA (3D Integrated Circuits), Singapore-MIT Alliance, IME

Performance of thermocompression Cu-Cu bonds is
critical to reliability of devices created by stacking of
individual wafers. Thermal effects in such 3D circuits are
expected to be severe compared to conventional devices,
owing to multiple heat generation locations and limited
heat dissipation pathways. Bond quality and thermal
performance issues in Cu wafer bonding technology are
investigated using both experiments and modeling.

A novel test method (Chevron test) has been developed
to complement the conventional four-point bend test,
for bond toughness measurements. The Chevron test is
used to measure Mode I (Tensile) toughness of Cu bonds
(Figure 1). Nominal toughness values for Cu bonds created
at 300°C as measured by Chevron and Four-point bend
tests are 2.5 J/m? and 17 J/m?, respectively, the difference
attributed to plastic deformation of the Cu stack [1].
Therefore, the Chevron test gives a measure of the true
interface strength, minus external contributions. The
fundamental limit of Cu adhesion is probed using a UHV-

Chevron notch tip

}; K /

Bonded interface

.

F
A Figure 1:  Schematic of Chevron test
structure. Triangle-shaped bonded interface

enables crack initiation at the notch tip.
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AFM/deposition system. Force of adhesion between
pristine oxide-free Cu surfaces deposited on a cantilever
tip and a substrate is measured under UHV conditions.
The room-temperature bond strength measured in the
AFM set-up is comparable to 300°C wafer-level bond
strength, thereby showing a significant dependence of
bond quality on Cu surface cleanliness. Effects of process
and film parameters on ultimate bond quality are being
analyzed using bonded ECP damascene-patterned Cu
interconnects (NTU, Singapore). Results indicate a strong
dependence of bonded die yield on Cu film roughness
and applied bonding load. An analytical model is being
developed to explain these findings.

One solution to the heat dissipation problem in 3D circuits
is integration of microchannels for microfluidic cooling in
the 3D stack, using Cu-Cu bonds for channel sealing (Figure
2). The trade-off between cooling and bond strength has
been analyzed to find optimum channel dimensions as a
function of the achievable Cu-Cu bond strength.

Temperature Rise vs. Bonded Area Fraction

Bonded Area Fraction

A Figure 2: Temperature rise as a function of bonded area fraction for
microchannel cooling. Lower bonded area fractions lead to increased
channel density, and therefore, lower temperature rise. However, bond

integrity is compromised at low bonded area fractions.

REFERENCES

[11 R. Tadepalliand C.V. Thompson, “Quantitative characterization and process optimization of low-temperature bonded copper interconnects for

3-D integrated circuits,” in Proc. IITC, 2003, pp. 36-38.
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A Double-gated CNF Tip Array for Electron-impact lonization and Field

lonization

L.-Y. Chen, L.F.V. Garcia, A.l. Akinwande
Sponsorship: DARPA

Carbon nanofibers have been investigated for a wide range
of applications today. In particular, due to their remarkable
conductivity, carbon nanofibers have generated a lot of
interest for applications in vacuum microelectronic devices
[1-2]. For example, the ionization sensor for gases is one
of the most important applications since the conventional
lonization sensors are bulky, require high-voltages, and
consume high power. The purpose of this project is to
fabricate carbon nanofiber field emission and field ionization
arrays, which can be utilized in a micro-gas sensor. This
device can help reduce the size of the sensor and operating
voltages required for gas analysis.

In this project, the PECVD method is used to grow vertically
oriented carbon nanofibers. The number of carbon
nanofibers per site is controlled by the Ni catalyst dot size. It
has been demonstrated that the diameter of the Ni catalysts
disk must be 300 nm or less to ensure the growth of only a
single carbon nanofiber [3]. The 250-nm Ni dots used in

iAccY  Spot Magn  Det WD Exp. - 2mm
5.00 kv 3.0 11509x SE 3380 1

A Figure 1: A close-up SEM picture of vertically aligned
single carbon nanofiber grown in an array patterned by
PECVD.

this work were defined by ebeam lithography. Figure 1 shows
a close-up SEM picture of vertically aligned single carbon
nanofiber array grown by PECVD. Later, these vertically-
aligned single carbon nanofibers will be integrated into a
double-gated field emission/ionization structure developed
by L. Dvorson [4]. Figure 2 shows the schematic drawing
of the final device.

Using the device shown in Figure 2, two approaches for
ionizing gas molecules will be investigated for micro-gas
sensors. One approach is electron impact ionization, which
uses strong electric fields to emit electrons followed by
collision between the energetic electrons and neutral gas
molecules resulting in ionization. The second approach is
field ionization, which is a gentler process in comparison to
electron impact ionization. It results in molecular ionization
and a simpler mass spectrum due to lower fragmentation of
molecules.
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A Figure 2: The schematic drawing of the CNF field emission
and field ionization device.
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Hand-assembly of an Electrospray Thruster Electrode Using

Microfabricated Clips

B. Gassend, L.F. Velasquez-Garcia, A.l. Akinwande, M. Martinez-Sanchez

Sponsorship: AFOSR, DARPA

This work [1] explores a method to precisely assemble two
planar MEMS components. Our intended application is
the assembly of the extractor electrode of an electrospray
thruster, in which holes in the extractor must be aligned
precisely with emitter needles or ridges (see [2] in this
volume). In this method, the components can be accurately
assembled by hand. Moreover, the assembly is made using
a system of flexures, allowing considerable flexibility in the
choice of materials and coatings for the components.

Figure 1 shows a diagram of our device. The extractor
electrode (red) needs to be assembled in a recess on the base
of the electrospray thruster (blue). To do this, the extractor
is placed by hand in its recess. This step is easy as there are
a few hundred micrometers of slack. The extractor is then
rotated. As it rotates, features around its periphery force
it to align its center to within 50 micrometers of its final
position. As it continues the rotation, flexible fingers on the
base part get flexed by the extractor, until the fingertips fall
into notches in the sidewalls of the extractor.

Grid

support Filleted

corner

Assembly
tool hole

Loose fit area
Tight fit area

Post

Recess under
springs

A Figure 1: Diagram of the device (top). Main assembly
steps (bottom): first the extractor is placed in its recess,
then it is brought into rough alignment, and finally the
fingers lock into their notches.
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Our devices, shown in Figure 2, were initially made out of
Silicon using deep reactive-ion etching (DRIE). To show
the flexibility of the method, we have also produced laser-
cut polyimide extractors. The polyimide extractors have
allowed us to achieve electrical insulation between the
extractor and the rest of the device, which is vital for our
intended application.

We have measured front-to-back alignment on all our silicon
devices and found that they are within 9 micrometers RMS
of their intended location. However, multiple assembly/
disassembly cycles on a specific device show that the
position is repeatable to within 1.5 micrometers of standard
deviation. This measurement suggests that much of the
misalignment we are observing occurs due to misalignments
during the various photolithography and bonding steps.

A Figure 2: Pictures of some assembled devices: a silicon
extractor (top), an aluminum coated polyimide extractor
(bottom).

[11 B.Gassend, L.F. Velasquez-Garcia, A.l. Akinwande, and M. Martinez-Sanchez, “Mechanical assembly of electrospray thruster grid,” in Proc.29th
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A Fully Microfabricated Planar Array of Electrospray Ridge Emitters for

Space Propulsion Applications

B. Gassend, L.F. Velasquez-Garcia, A.l. Akinwande, M. Martinez-Sanchez

Sponsorship: AFOSR, DARPA

Electrospray thrusters work by extracting ions or charged
droplets directly from a liquid surface using an electrostatic
field and accelerating them in that field to produce thrust.
This method could lead to more efficient and precise
thrusters for space propulsion applications. The propellant
liquid is generally placed at the tip of a needle to enhance the
electrostatic field. The electrospray process limits the thrust
from a single emitter needle. To get into the millinewton
range will require an array with thousands of emitters. Batch
microfabrication is well suited to making such an array.

We have designed and built a prototype thruster that consists
of two silicon parts (Figure 1) made using deep reactive
1on etching (DRIE) and SF6 plasma etching. The thruster
base holds the electrospray emitters. Its surface is treated
to control the areas where propellant can go. The extractor
produces the electric field, which generates the electrospray.
It 1s equipped with slits to allow the accelerated particles
through. The two parts are positioned relative to each other

Ceramic
Ball

Extractor Grid

Emitter Ridge

Thruster Base

Extractor Grid

using a kinematic mount, in which alumina balls rest in
holes on the silicon dies (Figure 1). Alumina screws hold the
assembly together.

In this design, we have replaced the needles that are typically
used in electrospray thrusters by ridge emitters: vertical slabs
with sharp tips spaced along their length (Figure 2). We have
shown that our process for needles [1] can be extended to
ridge shapes, and a modeling effort is underway to better
control the shapes of the emitters.

Our thruster has been fired with the ionic liquid EMI-BF4.
This experiment shows successful electrical insulation, even
in the presence of the liquid. Challenges we now face are
reducing the amount of emission that is intercepted by the
extractor and determining where on the ridges the emission
is coming from.

Thruster Base

Z8/JAN/B6

Base of Ridge

Tips Top of Ridge
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A Figure 1: Diagrams and picture of an electrospray thruster in which the extractor
grid (red) is aligned to the base (blue) using ceramic balls (green). In the picture, the
white alumina balls are visible in the top-left, bottom-left and center-right. Three slits in
the center accommodate three ridge emitters.

A Figure 2: Three parallel ridge
emitters with tips spaced 100
micrometers apart (top). Close-up on
one of the ridges (bottom).
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A Double-gated Silicon Tip, Electron-Impact lonization Array

L.-Y. Chen, A.l. Akinwande
Sponsorship: CreatV Micro Tech, NIH, DARPA

A device with the ability to ionize gases is needed for a variety
of applications, of which the mass spectrometer (MS) [1-2]
is one of the most important. The ionization method in the
majority of gas analyzers in MS is electron-impact ionization,
which uses abeam of electrons that collides with gas molecules.
Through this collision process, energy is transferred from the
electrons to the gas molecules, which causes electrons on the
gas molecules to be stripped off (i.e., ionization of the gas
molecules).

Traditionally, thermionic emission, which consists of a
filament that produces clectrons when heated, 1s the most
common way of generating electrons for MS using electron

A Figure 1: The SEM picture of the cross section of the
silicon field emission and field ionization array.

REFERENCES

impact ionization. However, thermionic emission has
several disadvantages: slow switch-on time, large power
consumption, and lack of robustness. These disadvantages,
however, are eliminated when field emission is used
instead.

In this project, a double-gated silicon field emission device
is used to generate the electron source for electron impact
1onization. Figure 1 shows a SEM picture of a double-gated
silicon field emission device used here. Using this device,
we have demonstrated the linear relationship between the
emission current (IE) and the ion current (II) at a fixed
pressure (10-4 torr) as shown in Figure 2.

Silicon Field Emission Array
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A Figure 2: Plot of emission current (Ig) and ion current (I)
versus gate voltage (VG).

[11 E. de Hoffmann and V. Stroobant, Mass Spectrometry: Principles and Applications, John Wiley & Sons, West Sussex, England, 2002.
[2]1 J.H. Gross, Mass spectrometry: A textbook, Springer-Verlag, Berlin, Germany, 2004.
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A MEMS Electrometer for Gas Sensing

J. Lee, L.F. Velasquez-Garcia, A. Seisha, A.l. Akinwande
Sponsorship: DARPA

The DARPA-funded micro gas analyzer program aims to
develop portable, low-power, fast, and reliable gas analyzer
technology for a wide range of applications. The system
architecture of the gas analyzer contemplates a MEMS
clectrometer at the end of the system. The electrometer
characterizes the ionized species that are filtered by the
quadrupole. The sensitive element of the electrometer is a
MEMS structure embedded in a feedback loop of a precise
oscillator circuit. The electrometer has a comb drive that
sets the electrometer to oscillate. Shifts in the oscillation
frequency are related to changes in the capacitance of the
clectrometer due to ion interception. The resolution of the

A Figure 1: A microfabricated MEMS electrometer.
The comb drive (central part) sets the electrometer in
oscillation. Changes in the variable capacitors (comb
structures at both sides of the central comb drive) cause
shifts in the oscillation frequency that are directly related to
the ion current that impact the MEMS.

REFERENCES

(1]
p. 577, Oct. 2003.

device is estimated at 100 ¢/VHz in vacuum [1]. Figure 1
shows a fabricated MEMS electrometer. Figure 2 shows the
experimental data of one of these MEMS electrometers,
in air. The experimental resonant frequency is 6.2 kHz,
and the conversion gain was estimated at 2 X 107 V/C
(theoretical value is 7 X 109 V/C). Current research focuses
on implement lock-in detection, which will remove the
noise from the drive signal because the output has twice the
frequency of the mput signal.
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A Figure 2: Voltage versus charge characteristics for the
MEMS quadrupole in air.

P. Riehl et al.,“Electrostatic charge and field sensors based on micro-mechanical resonators,” J. of Micromechanical Systems, vol. 12, no. 5,



A Single-Gated CNT Field-lonizer Array with Open Architecture

L.F. Velasquez-Garcia, L.Y. Chen, A.l. Akinwande
Sponsorship: DARPA

The micro gas analyzer project aims to develop the
technology for portable, real-time sensors intended for
chemical warfare and civilian air purity control. The
device is composed of four micro-fabricated subsystems:
an ionizer, a mass filter based on a quadrupole array [1],
an clectrometer [2], and a positive displacement pump [3].
We are developing a single-gated fieldionizer array based
on gated carbon nanotubes (CNTs). The devices achieve
species ionization by tunneling of outer shell electrons due
to the presence of high electric fields that the device sets. We
use CN'T5s as field enhancers because of their small radii and
high aspect ratio while the gate proximity ensures high fields
at low voltage. State-of-the-art ionizers use electron-impact
lonization (thermionic cathodes), incurring in excessive
power consumption, low current, current density, ionization
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Lens + ions
Aperture
| " Carbon
Gate D"'; i MNano-tube
Aperture Arra
— = O° — x =
VG
(s
Va Anode inlet 5i sub.
A Figure 1: Schematic of a field-ionizer array.

The gas inlet provides neutral species to the field
enhancers. If the molecules of the gas come close
enough to the CNT tips, an electron from the outer
shell of the molecule will tunnel to the CNT, thus
ionizing the molecule.

efficiency, and short lifetime. The field-ionizer arrays (Figure
1) are able to soft-ionize species, thus achieving molecule
ionization. The reliability and lifespan of the field-ionizer
arrays are larger than the corresponding values for electron-
impact ionizer arrays because the CNTs are biased at the
highest potential in the circuit, thus making it unlikely for
1onized molecules to back-stream. Figure 2 shows two SEM
pictures of a single-gated CNT array that implements a
selective CN'T-growth process. This process reduces the
fabrication complexity of the device because it grows GNTs
from an un-patterned catalyst (N1). Current research efforts
concentrate on improving the device and data acquisition,
including benchmarking the performance of the ionizer in
low-pressure oxidizing environments.

L %1. e

A Figure 2: A single-gated CNT field-ionizer array grown at MIT.
(A) Field view of an array section; (B) cross section of a single ionizer
well; (C) detail of the well foot intended to grow CNTs; (D) detail of the
well foot when CNTs are grown. The ionizer well has a film of silicon
dioxide 5-um-thick below the gate that acts as electrical insulator
between the gate and the CNTs. The gate can be made of either Ti,

Au, or W. The CNT catalyst was 4-nm-thick Ni.
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A MEMS Quadrupole that Uses a Meso-scaled DRIE-patterned Spring

Assembly System

L.F. Velasquez-Garcia, A.l. Akinwande
Sponsorship: DARPA

The DARPA-funded micro gas analyzer program aims to
develop portable, low-power, fast, and reliable gas analyzer
technology for a wide range of applications. One of the
subsystems of the gas analyzer is a mass filter. An array of
micro-fabricated quadrupole mass filters is being developed
for this purpose. The quadrupoles will sort out the ions
based on their specific charge. Both high sensitivity and
high resolution are needed over a wide range of ion masses,
from 20 to 200 atomic mass units. In order to achieve this
performance, multiple micro-fabricated quadrupoles, each
operating at a specific stability region and mass range,
are operated in parallel. The proof-of-concept device is
a single, linear quadrupole that has a micro-fabricated
mounting head with meso-scaled DRIE-patterned springs.
The mounting head allows micron-precision hand assembly
of the quadrupole rods [1]—critical for good resolution and
ion transmission. The micro-fabricated mounting head can
implement quadrupoles with a wide range of aspect ratios

A Figure 1: Amicro-fabricated quadrupole with electrode
diameter equal to 559 micrometers, near a 1-cent coin for
size reference. The microfabricated part of the device is
the square base, which contains a system of meso-scaled
DRIE-patterned springs. The structure of the quadrupole
spring head near the transmission region is shown in a set
of superimposed IR microscope pictures (lower left corner).
The electrodes occupy the four cavities (A) that surround
the axis of the quadrupole (B). The ion transmission occurs
through the latter region.

REFERENCES

for a given electrode diameter. There are currently two
versions of the mounting head, able to interact with rods of
diameters equal to 1588 and 559 micrometers. The choice of
electrode diameter results from pondering the dimensional
uncertainties and alignment capabilities with respect to the
expected resolution and transmission goals. Figure 1 shows
an assembled MEMS quadrupole, including some detail
of the spring structure near the quadrupole transmission
region. The quadrupoles that have been implemented so far
span the aspect ratio range from 30 to 60. Figure 2 shows
the experimental data of one of these quadrupoles on a FC-
43 sample, where a mass resolution of 2 amu and a full mass
range of 200 amu are demonstrated, while using a 1.2-MHz
RF power supply to drive the quadrupole. Current research
efforts concentrate on developing RF power supplies of
higher frequency to obtain better performance from the
same device.
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A Figure 2: Experimental characterization of a MEMS

quadrupole, using the compound FC-43 to get peaks in the 1
— 200 amu mass range. The resolution is estimated at 2 amu,
using an 1.2 MHz RF power supply On the upper right corner
there is a zoom of the data near 200 amu.

[11 L.F. Velasquez-Garcia, A.l. Akinwande, and M. Martinez-Sanchez, “Precision hand assembly of MEMS subsystems using meso-scaled
DRIE-patterned deflection spring structures: An assembly example of an out-of-plane substrate assembly,” submitted to The J. of

MicroElectroMechanical Systems.



Digital Holographic Imaging of Micro-structured and Biological Objects
J.A. Dominguez-Caballero, N. Loomis, J.H. Milgram, G. Barbastathis

Sponsorship: MIT Sea Grant

The need for understanding the trophodynamics of the
ocean has led to the development of several instruments
for monitoring plankton communities, critical indicators of
the ocean’s health and the base of the aquatic food chain.
The three competing methods for plankton observation
utilize direct, acoustic, and optical sampling techniques;
however none of the current systems can provide the
complete data set required for predictive modeling
capabilities. The goal of this project is to develop a small,
low-power, digital holographic imaging (DHI) system that
allows for i situ monitoring of plankton and other aquatic
communities. This system allows microbiologists to collect
high-resolution, spatio-temporal data on species-specific
population structures. In addition to biological studies, the
DHI camera can be utilized in diverse areas such as medical
analysis, quality control inspection, and MEMS device
characterization.

DHI uses a digital sensor to record holograms, formed by
the interference pattern between a reference wave and a field
produced by scattered light from an illuminated object. The
illumination source is coherent and typically provided by a
laser. The recorded images are processed on a computer to
reconstruct the original object field at a given axial location
[1]. From the reconstructed images, information about the
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A Figure 1: The compact DHI camera developed for
use in a deep-sea-going vehicle. An inline configuration is
shown.
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object such as morphology, topology, and 3D coordinates
can be computed throughout a large sample volume. In
addition, velocity and 3D trajectories are available under
slightly modified methods.

Experiments have focused on biological applications,
including marine and microbial organisms ranging from 5 to
2000 microns. In addition to the inline configuration (Figure
1), several setups have been implemented to explore smaller
scales, including the use of spherical reference waves, 4f
telescopes, and microscope objectives. Figure 1 shows our
compact benchtop prototype DHI camera, currently being
developed to be used as a sea-going instrument for deep-sea
microbiology. Using a lens-free spherical configuration with
a working distance of 50 mm, all lines on a 1951 USAF
resolution target can be resolved, down to 2.2 microns in
width. A 4f system was used to track the trajectories of 7
micron algae over several seconds. Small plankton, 50 to
500 microns long, have been imaged using all three setups
with excellent clarity. Figure 2 shows a reconstruction from
an inline configuration of an adult copepod. Future work
includes incorporating the DHI camera into an underwater
vehicle.  Additional work will focus on tracking small
particles under turbulent flow conditions.

T

A Figure 2: Reconstruction of an adult copepod (Calanus
finmarchicus) using the indine setup with a modulated diode
laser. The reconstruction distance is 101 mm.

[11  J.H. Milgram and W. Li, “Computational reconstruction of images from holograms,” Appl. Opt., vol. 41, no. 5, pp. 853-864, Feb. 2002.
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Aligning and Latching Nano-structured Membranes in 3D Micro-

Structures

N.S. Shaar, G. Barbastathis, C. Livermore
Sponsorship: ISN

The 3D micro-electro-mechanical systems (MEMS)
manufacturing is an emerging technology that promises to
solve many of the problems in the microfabrication industry.
In microelectronics, as the feature sizes of the components
approach their physical limits, packing more transistors on
a microprocessor or on a memory chip requires expanding
the circuitry into the third dimension. In optical switches,
the traditional 2D MEMS-based switches do not scale easily
beyond 32 ports; to increase the number of ports, companies
have been developing 3D micro-mirror arrays that can
reflect light in multiple directions. The Nanostructured
Origami™ 3D fabrication process is a two-step method
for fabricating 3D MEMS; it involves patterning films on a
surface and then folding the patterned films to create three-
dimensional structures [1]. This method is advantageous
because it uses state-of-the-art 2D patterning methods and it
involves patterning all the parts of the structure in one step,
climinating problems of feature misalignment. However, in
creating the 3D structures, two major challenges arise; the
first 1s to accurately place the folded membranes in their
desired positions and the second is to fix the membranes
in those positions to maintain the final 3D configuration.
Current positioning solutions involve the use of mechanical
motion-limiters that prevent folded membranes from moving
beyond a certain point [2]. We propose two methods for

A Figure 1: Surface-to-surface alignment and latching of
membranes by local heating of photoresist pads.

REFERENCES

aligning and latching folded nano-patterned membranes in
3D microstructures. The first method uses photoresist pads
to glue together two mating surfaces of the structure (Figure
1). What distinguishes this method from previous polymer
gluing attempts is that we use dense gold patterns as a local
heater to melt the photoresist pads. This allows us to control
the membranes we latch and the time when we latch them.
We use patterned gold wires to form the hinges that hold the
membranes together. Thin dense gold patterns also serve
as local heaters to melt the photoresist gluing pads. The
surface tension in the molten pads aligns the surfaces and
solidification of the photoresist latches them together. The
second method uses mechanical alignment and latching
features that allow edges-to-surface latching (Figure 2).
One major advantage of this method is that the structural
components and the alignment features are patterned in the
same lithographic step, which lowers costs and minimizes
misalignment errors. Another interesting aspect is the
cascaded alignment; the alignment features are designed
so that they function sequentially, starting from the features
closest to the hinge. With proper design of those features,
the alignment system can achieve accurate positioning using
the features away from the hinge while tolerating a large
initial positioning error range by virtue of the short radius
sustaining the features closest to the hinge.

A Figure 2: Edgeto-surface alignment and latching of
folded membranes using mechanical features.

[11 H.J.In, W. Arora, T. Buchner, S.M. Jurga, H.l. Smith, and G. Barbasathis, “The Nanostructured Origami™ 3D fabrication and assembly process
for nanomanufacturing,” in Proc. Fourth IEEE Conference on Nanotechnology, Munich, Germany, Aug. 2004, pp. 358-360.

[21 Y.K.Hong, R.R.A. Syms, K.S.J. Pister, and L.X. Zhou, “Design, fabrication and test of self-assembled optical corner cube reflectors,” Journal
of Micromechanics and Microengineering, vol. 5, pp. 663-672, Jan. 2005.



A Microfabricated Platform for Investigating Multicellular Organization in

3-D Microenvironments

D.R. Albrecht, R.L. Sah, S.N. Bhatia
Sponsorship: Whitaker Foundation, NSF, NIH

Understanding how complex intrinsic and external cues
are integrated to regulate cell behavior is crucial to the
success of cell-based therapies in the treatment of human
disease. Systematic and quantitative investigation of these
microenvironment signals was first enabled by precise cell
positioning using 2-D micropatterning tools [1]. However,
cellular signaling is often altered in adherent tissue culture
where structural cues are lacking (including tumor, stem, and
differentiated cells), in contrast to 3-D culture systems that
more closely resemble 2 vivo cell behavior [2]. Our goal was
to develop new micropatterning tools capable of micron-
scale cell patterning and organization within a 3-D hydrogel
with tissue-like properties. We developed a technique for
the rapid formation of reproducible, high-resolution, 3-D
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cellular structures within a photo-crosslinkable hydrogel
using dielectrophoretic forces (Figure 1) [3]. We demonstrate
parallel formation of ~20,000 cell clusters of precise size
and shape within a 1 x 2 cm? slab of tissue (Figure 2a),
with high cell viability and differentiated cell function
maintained over 2 weeks in culture. By modulating cell-
cell interactions in clusters of various size (independent of
hydrogel geometry, chemistry, or volumetric seeding density;
Figure 2b), we present the first evidence that 3-D microscale
tissue organization regulates chondrocyte behavior (Figure
2¢) [3]. This dielectrophoretic cell patterning (DCP)
technology enables further investigation of the role of tissue
architecture in many other multicellular processes from
embryogenesis to regeneration to tumorigenesis.

A Figure 1: Rapid, parallel dielectrophoretic cell patterning method. (a) Assembled DCP chamber viewed in inverted microscopy
demonstrates the hexagonal electrode array. (b) Swiss 3T3 fibroblasts before and after electropatterning within a 15 wt% PEG-
diacrylate prepolymer (viscosity: 3.3 cP) by +DEP toward high electric field at the electrodes, s = 100 pm apart, after 60 s
exposure to 3.0V, at 3.0 MHz.

Relative GAG deposition

0 5 10 15 20
Mean cluster size (after DCP)

A Figure 2: Microscale organization alters cell function. (a) Thousands of micropatterned cell clusters are embedded within
a thin hydrogel. (b) Cluster size (and cell-cell interaction) can be varied from single cells (U) to large clusters (lll) within a
single hydrogel slab. Cells have high viability (green), indicated by fluorescent staining. Scale bars, 100pm. (c) In articular
chondrocytes, biosynthesis of a matrix molecule, GAG, is downregulated over 14 days in clusters of increasing size, independent
of volumetric seeding density. “Sham” DCP hydrogels, in which cells were initially electropatterned but then randomized prior to
hydrogel crosslinking, were indistinguishable from unpatterned controls. Data are mean + s.e.m., n=5-6. *, p<0.001 vs. “U";
1, p<0.001 vs. “Sham.”
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[11 A. Khademhosseini, R. Langer, J. Borenstein, and J.P. Vacanti, “Microscale technologies for tissue engineering and biology,” PNAS, vol. 103,
pp. 2480-7, 2006.
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Microfluidic Hepatocyte Bioreactor
D.T. Eddington, S.N. Bhatia

This project utilizes microfluidic systems to study how
groups of liver cells acquire emergent tissue properties.
Hepatocytes (the parenchymal cells of the liver) respond
to many cues in their microenvironment: neighboring cells,
growth factors, extracellular matrix, dissolved oxygen, and
their interactions. One tissue property of interest is the
compartmentalization of gene expression in multicellular
domains along the liver sinusoid. This process, often
described as “zonation,” underlies much of liver physiology
and regional susceptibility to toxins. We have previously
shown oxygen gradients can be used to compartmentalize
mixed populations of hepatocytes in a large-scale reactor
[1]. Here, we present a microdevice that enables one to
explore the crosstalk between two inputs (oxygen gradients
and soluble growth factors) in a systematic fashion. The

A
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A Figure 1: A) Schematic and B.)Picture of the
microfluidic network. Two inlets (yellow and blue) feed a
dilutiongradient generator to yield a titration, which feeds
into 8 discreet bioreactors. Gas channels (dyed red
and blue) run perpendicular to the bioreactors and each
connected to a separate gas cylinder with a premixed
oxygen concentration (21%, 10%, and 1 %). The gas
channels are separated from the PDMS microchannels
through a thin PDMS membrane. C.) Magnification of the
red box in A showing two bioreactors and the gas channels.
The arrows indicate how the gas and liquid flow in the
channels.

REFERENCES

device consists of a two-layer PDMS microfluidic network
with an on-chip dilution tree bound to a glass slide with an
array of microreactors. Hepatocyte zonation is induced
in each microreactor through local oxygen concentration,
which is modulated through gas channels separated from
the bioreactor by a 100-pm PDMS layer as shown in Figure
1. The local oxygen concentration in the microchannels is
quantified in Figure 2. Primary rat hepatocytes are seeded
into microreactors together with 3T3 fibroblasts, which
act to stabilize the hepatocyte phenotype as described
previously. This device will be useful to further explore liver
tissue biology i vitro including the dynamics of zonation,
mechanisms of oxygen sensing, and the role of growth
factors in zonal response.
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A Figure 2: Oxygen concentration along the length of the
bioreactor as a function of distance and flow rate. This data
was acquired through a rutheniummodified substrate which
fluoresces under 450nm light and is quenched by oxygen. The
data was calibrated and the intensities are directly related to the
local oxygen concentration through the Stern-Vollmer logorithm.

[11 J.W.Allen, and S.N. Bhatia, “Formation of steady-state oxygen gradients in vitro- Application to liver zonation” Biotechnology and Bioengineering,

vol. 82, no.3, pp. 253-262, May 2003.



Micromechanical Control of Cell-Cell Interaction

E.E. Hui, S.N. Bhatia
Sponsorship: NIH NIDDK

Cellular behavior within tissues is driven by environmental
cues that vary temporally and spatially with granularity on
the order of individual cells. Local cell-cell interactions via
secreted and contact-mediated signals play a critical role
in these pathways. In order to study these dynamic small-
scale processes, we have developed a micromechanical
platform to control microscale cell organization so that cell
patterns can be reconfigured dynamically. This tool has
been employed to deconstruct the mechanisms by which
liver-specific function is maintained in hepatocytes upon
co-cultivation with stromal support cells. Specifically, we
examine the relative roles of cell contact and short-range
soluble signals, duration of contact, and the possibility of
bi-directional signaling.

A Figure 1: Hepatocytes separated from stromal cells by
80-micron gaps, which prevent contact between the two cell
types.

The device consists of two silicon parts that can be locked
together either to allow cell-cell contact across the two parts
or to separate the cells by a uniform gap of approximately
80 pm (Figs. 1 and 2). Switching between these two states
is actuated simply by pushing the parts manually using
tweezers; no micromanipulation machinery is necessary.
Micron-scale precision is possible due to a 10:1 mechanical
transmission ratio and microfabricated snap locks, both
of which are monolithically incorporated into the silicon
structure. The entire device is fabricated in a simple single-
mask process using through-wafer deep reactive ion etching.
To provide a surface compatible with cell culture, the surface
1s coated with a layer of polystyrene and plasma-treated,
providing a standard tissue-culture surface.

2l RE R

A Figure 2: Hepatocytes and stromal cells cultured with
no separation. The system can be switched back and forth
between the states shown in Figures 1 and 2.
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Characterization and Modeling of Non-uniformities in DRIE

H.K. Taylor, H. Sun, A. Farahanchi, D.S. Boning
Sponsorship: Singapore-MIT Alliance

Our previous work on spatial non-uniformities in deep-reac-
tive 1on etch (DRIE) has provided a method by which an etch-
ing tool and associated “recipes” of operating parameters may
be pre-characterized [1]. That work allowed the wafer-average
pattern opening density (or “loading”) to be related to wafer-
scale etch rate variations. Such variations have been attributed
to loading-dependent interactions of the flux densities of SXFy
1ons and I neutrals and to shifts in the gross flows of fluorine
across the wafer [2]. Unlike some other approaches [3—3], our
method captures asymmetries in the fluxes within the chamber.
Our approach is now supplemented by an understanding of
how uniformity depends on the localization of etched patterns
within the wafer (Figure 1). A semi-physical model represents
the diffusion of monatomic fluorine etchant parallel to the wa-
fer’s surface, giving a two-dimensional filter which translates a
discretized map of pattern density into a prediction of how etch
rate will vary within and between dies [6]. This die-level mod-
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A Figure 1: Diametrical variation of etch
rate for 11 wafers with differing average
pattern density. Heavy bars indicate the
portion of the diameter into which etched
silicon was concentrated.
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el is readily combined with the existing wafer-level model. To
tune this combined model for a new recipe, a set of about
five test wafers is etched, and fitting algorithms are run with
etched-depth data. Collaborative experiments with Surface
Technology Systems Ltd have demonstrated our approach
in use with a prototype etch tool. Further experiments have
compared the characteristics of different manufacturers’ tools.
We have also quantified a memory effect whereby the aver-
age pattern density of one etched wafer can affect the average
rate and non-uniformity with which a subsequent wafer etches
(Figure 2). In the future we aim to incorporate well-known fea-
ture size or aspect ratio effects into our model [7]. We envisage
our approach being integrated into computer-aided design
systems for MEMS and believe that it will be of particular
use when one is keen to preserve a fast-average etch rate and
is thus loath to win uniformity by reducing the chamber pres-
sure.
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A Figure 2: The influence of the average pattern density (p) of one etched
wafer upon the rate and uniformity with which the subsequent wafer etches. It
is observed that a wafer’s etch rate is slightly accelerated when the preceding
wafer has a very high etched density; moreover, the shape of the nonuniformity
is also echoed.

[11 H. Sun et al., “A two-level prediction model for deep reactive ion etch (DRIE),” in Proc. MEMS '05, Miami, FL, 2005, pp. 491-495.
[21 R.A. Gottscho, C.W. Jurgensen, and D.J. Vitkavage, "Microscopic uniformity in plasma etching," J. Vac. Sci. Technol. B, vol. 10, pp. 2133-
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[31 H.G. Stenger Jr. et al., “Reaction kinetics and reactor modeling of the plasma etching of silicon,” AIChE J., vol. 33, pp. 1187-1196, 1987.
[4]1 S. Jensen et al., "Uniformity-improving dummy structures for deep reactive ion etching (DRIE) processes,” Proc. SPIE, vol. 5715, pp. 39-46,

2005.

[5] K. Janiak, and U. Niggebrigge, “Investigation of macroscopic uniformity during CH,~OH, reactive ion etching of InP and its improvement by
use of a guard ring,” J. Vac. Sci. Technol. B, vol. 20, pp. 105-108, 2002.
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Understanding Uniformity and Manufacturability in MEMS Embossing

H.K. Taylor, D.S. Boning
Sponsorship: Singapore-MIT Alliance

The hot embossing of thermoplastic materials, such as
polymethylmethacrylate (PMMA) or cyclo- olefin copolymer
(COC), 1s a promising way to manufacture microfluidic
channels and networks [1]. Hot embossing potentially
offers lower per-arca cost than the micromachining of
quartz or silicon and easier scaling-up of production than
soft lithography using polydimethylsiloxane [2]. In hot
embossing, a microfabricated mold (typically of silicon or
nickel) is pressed into a flat sample of polymeric material
that has been softened by heating it above its glass-transition
temperature. We are particularly interested in how the
spatial distribution of mold features—their diameters,
shapes, and areal densities—may influence the quality of
embossed patterns. We are developing a simulation approach
whose building-block is a simple model in which, for given
embossing conditions, a feature-sized disk of viscous

<« Figure 1: Proposed
model for the spatially
non-uniform  filing  of
embossing mold features
with heated thermoplastic
@) material  (blue).  Arrows
‘coagulated feature indicate the displacement
prge of material. Regions of
m the mold with higher areal
densities  of  protruding
features, e.g., on the left
(b) in this figure, are expected
to be filed more quickly
(a), and to “coagulate” into
effectively larger features
(b). Eventually all features
would be filled and the
(© polymeric substrate may
continue to be compressed

as one large disk (c).

mold
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‘coagulated’ feature
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polymer is compressed at a rate inversely proportional to
the square of the radius of the disk [3] (Figure 1). Such a
model implies that the mold will sink into the substrate at a
spatially uniform rate when the product of the areal density
of mold features and the square of their average radius
remains constant across the mold. We aim to construct a
reliable model that is computationally efficient and that
can predict the combination of embossing pressure and
duration required by any mold design. We are investigating
the measurement of birefringence of embossed samples
[4] as a way of monitoring the embossing process (Figure
2). We are also pursuing a technique for the bonding of
polymer surfaces that promises minimal deformation of
pre-embossed features: the polymer surfaces are exposed to
an oxygen plasma for ~1 minute and then pressed together

[5].

<« Figure 2: Light transmitted
by each of two embossed PMMA
samples sandwiched between
perpendicular polarizers. The
two samples were embossed
under ~1 MPa for equal lengths
of time. At 110 °C (a), material
within about 1 mm of the corners
of embossed, 30 pm-deep
rectangular channels exhibits
substantially higher birefringence
than the rest of the sample,
implying  concentrations  of
residual stress there. At 150 °C
(b), feature-scale birefringence
becomes less important than
sample-scale birefringence.
Samples fabricated by Wang Qi.

[11 A. Pépin, P. Youinou, A. Lebib, and Y. Chen, “Nanoimprint lithography for the fabrication of DNA electrophoresis chips,” Microelectronic Eng.,

vol. 61-62, pp. 927-932, Jul. 2002.
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topologically complex three-dimensional microfluidic systems in pdms by rapid prototyping,” Anal. Chem., vol. 72, no. 14, pp. 3158-3164,

Jul. 2000.

[31 T. Hoffmann, “Viscoelastic properties of polymers,” Alternative Lithography, Ed. C.M. Sotomayor Torres, NY: Kluwer, 2003.
[4] H.S. Lee, SK. Lee, T.H. Kwon, and S.S. Lee, “Microlenses array fabrication by hot embossing process,” IEEE/LEOS Intl. Conf. on Optical
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using low temperature plasma activation bonding,” Int!l. Conf. MEMS, Nano and Smart Systems, 2005, pp. 1346-1349.
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A MEMS Drug Delivery Device for the Prevention of Hemorrhagic Shock

H.L. Ho Duc, M.J. Cima
Sponsorship: ARO (Institute for Soldier Nanotechnology)

Hemorrhagic shock is the number one cause of preventable
death on today’s battlefield [1]. It is a hypotensive state of
deficient organ perfusion caused by blood loss from wounds
of the extremities or internal injuries. Hemorrhagic shock is
normally treated by hemorrhage control, fluid replacement,
and the injection of vasoconstrictors. Battlefield conditions,
however, can prevent the timely administration of these
measures. Hemostatic dressings developed for battlefield
application are useful in controlling open wound
hemorrhage but cannot stop internal bleeding or avert shock
if too much blood has been lost [1]. Arginine vasopressin
1s a vasoconstrictor that causes peripheral and abdominal
arteries to constrict, shunting blood to the vital organs in case
of hemorrhage [2]. It improved survival by restoring blood
pressure in pre-clinical experiments and clinical case studies
of hemorrhagic shock when treatment was not immediately
available [3-7]. This property makes it a perfect candidate
for battlefield injection to keep wounded soldiers alive until
they can be properly treated. Self-injection may not always
be possible, however, due to the nature of these traumas.

We are currently developing an implantable drug delivery
microelectromechanical — system (MEMS) to deliver
vasopressin to wounded soldiers on the battlefield. This
device consists of a silicon substrate in which pyramidal wells
are etched using common MEMS processing techniques.
The wells are capped by metallic membranes and the chip
is hermetically bonded to a Pyrex macroreservoir (Figure 1).
The macroreservoir can be injected with 25 pL. of a
vasopressin solution to be released on demand. Applying
an electric pulse through a metallic membrane melts it
by resistive heating, exposing the macroreservoir to the
environment. We also observed the formation of multiple
thermal bubbles inside the macroreservoir, which enabled
rapid delivery of the solution. We are redesigning the device
to better control this mechanism. Future challenges include
insuring long-term hermeticity and wireless activation of
the device.

<« Figure 1: Picture of the MEMS device showing the Pyrex macroreservoir (left) bonded to
the silicon chip (right). The metallic layer on the silicon chip controls the opening of micro-wells
allowing vasopressin out of the macroreservoir.
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Application of Input Shaping® and HyperBit™ Control to Improve the
Dynamic Performance of a Six-axis MEMS Nano-positioner

S. Chen, M.L. Culpepper, S. Jordan, J. Danieli, J. Wenger
Sponsorship: NSF

We have recently demonstrated how Input Shaping® and
HyperBit™ control may be used to obtain fine-resolution
motion and minimize vibration errors in all six axes of a six-
axis, MEMS nano-positioner [1]. The dynamic problems
in MEMS positioners, e.g., ringing/overshoot, that are
conventionally addressed by damping must be resolved
using control techniques since it is difficult to incorporate
damping into micro-scale devices. Secondly, a positioner’s
range to resolution ratios has to be 1 million or larger and
also its “on-chip” digital-to-analog converters would need
to be minimized on the expensive silicon real estate. These
issues will be resolved by the applying the Input Shaping
and HyperBit control.

We first study the dynamic characterization of the
nanopositioner, the microHexFlex [2], including the natural
frequencies and their corresponding mode shapes. We then
demonstrate the effect of Input Shaping and HyperBit on
the nano-positioner’s resolution and settling time. Using
these techniques, it is possible to obtain ms settling times
with sub-nanometer resolution. The practical implications
of this work are that future small-scale precision devices
will be able to use these techniques to provide low-cost,
multi-axis positioning at high-speeds speed and with fine
resolution.
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A Figure 1: Displacement response of microHexFlex to a

100-Hz square-wave without Input Shaping.
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The micro-HexFlex nanopositioner possess a 2.5-mm
footprint and consists of two layers of single crystalline silicon
with one layer of silicon dioxide in between. The stage of the
micro-HexFlex is supported by axi-symmetric micro-scale
flexures. Thermomechanical actuators are used to drive
the Micro-HexFlex. In our tests, the thermomechanical
actuators were driven via a voltage that was preconditioned
using an Input-shaping controller. The controller [3] is an
implementation of a feed-forward technique that acts to
remove ringing and overshoot by modifying the input signal
to the actuators so as to obtain the best possible performance
from the positioner.

We also add HyperBit DAC technology, a recently
developed technique [4] for extending the resolution of
digital-to-analog converters (DACs), for instance using a 4-
bit DAC to obtain 12-bit functionality. Since DAC update
rate capabilities are significantly faster than the bandwidths
of the devices being driven, this technique allows the idle
time-domain capacity of “low-bit” DACs to emulate that
of “high-bit” DACs. The improvement in resolution is
therefore obtained with simpler DAC equipment/ circuitry
that is more easily fabricated and integrated with micro- and
meso-scale devices. Experimental results indicate reduction
in dynamic errors by two orders of magnitude when the
positioner was given 100-Hz square wave commands.

2.8 3.0 3.2

Displacement [um]

2.6

160 165 170 175 180
Time [ms]

A Figure 2: Displacement response of microHexFlex to a 100-
Hz square-wave with Input Shaping.

[11 S. Chen, M.L. Culpepper, S. Jordan, J. Danieli, and J. Wenger, “Application of input shaping and hyperbit control to improve the dynamic
performance of a xix-axis MEMS nano-positioner: Micro-HexFlex,” J. of MEMS, April 2006, to be published.

[2]1 S. Chen and M.L. Culpepper, “Design of a six-axis micro-scale nano-positioner-Micro-HexFlex,” Prec. Eng., 2006, to be published.

[31 N.C. Singer and W.P. Seering, “Design and comparison of command shaping methods for controlling residual vibration,” in Proc. IEEE
International Conference on Robotics Automation, Scottsdale, AZ, May 1989, pp. 888-893.

[4] S. Jordan, U.S. Patent 6950050, 2005.
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Multi-Axis Electromagnetic Moving-Coil Microactuator

D.S. Golda, M.L. Culpepper
Sponsorship: NSF

Electromagnetic (EM) micro-actuators are becoming
increasingly important in micro-systems requiring moderate
forces operating over a large range of motion.  The
applications that benefit from the performance advantages
of EM micro-actuators include micro-scanning systems,
micro-fluidic pumps, and positioning systems. Advantages
of electromagnetic actuation over other classes of micro-
actuators include low-voltage operation, moderate power
density, large operating distances, linear response, multi-
axis capability, and high bandwidth [1]. This work leverages
the advantages of EM interactions to design a moving-
coil micro-actuator that enables two-axes actuation with
moderate forces (10+ mN) over large operating distances
(10+ micrometers) at moderate mechanical frequencies (1+
kHz) using assembled permanent magnet field sources.

The two-axes electromagnetic actuator consists of moving
coils suspended on compliant silicon flexure springs above
an array of 3 rectangular permanent magnets, as shown in
Figure 1. The phase of the stacked coils results in Lorentz
forces that are independently controllable in-the-plane

F,

Flexure_7 Multi-Layer

Beam

Magnet Array

A Figure 1: Schematic representation of the

electromagnetic moving-coil microactuator.

REFERENCES

and out-of-the-plane. The coil-spring fabrication scheme
includes electroplating of copper coils, followed by a
deep reactive-ion etch (DRIE) to pattern and release the
compliant springs. Millimeter-sized permanent magnets
are then aligned to the spring layer using an alignment
chip.  Successfully fabricated micro-coil structures have
been shown to sustain current densities over 1000 Amps per
square millimeter.

A quasi-analytic electromagnetic force model for the device
has been developed and experimentally validated against
a centimeter-size bench-level prototype actuator. Figure 2
shows the predicted lateral-actuator force per coil-footprint
versus current input for a typical actuator with 900-um? coil
cross section. The actuator will be implemented in a high-
speed meso-scale nano-positioner with applications in nano-
fabrication and scanning-probe microscopy. When equipped
with this micro-actuator, the nano-positioner is expected to
be able to position millimeter-sized samples in six axes of
motion (x, Y, z, tip, tilt, yaw) with repeatability better than 10
nanometers at frequencies greater than 1 kHz.

25 T T T T

-
[5)
i

FIA (mNfmm?)

o
[5)

l30 100 200 300 400 500

Input Current gm

A Figure 2: Predicted force per coil area versus input current
for a typical EM moving-coil microactuator.

[11 0. Cugat, J. Delamare, and G. Reyne, “Magnetic micro-actuators and systems (MAGMAS),” IEEE Transactions on Magnetics, vol. 39, no. 5,

pp. 3607-3612, 2003.



Multiwell Cell Culture Plate Format with Integrated Microfluidic Perfusion

System
K. Domansky, S.W. Inman, J. Serdy, L.G. Griffith

Sponsorship: DuPont-MIT Alliance, Pfizer, Biotechnology Process Engineering Center

Recent reports indicate that it takes nearly $800 million
dollars and 10-15 years of development to bring a drug to
market. Nearly 90% of the lead candidates identified by
current i vitro screens fail to become marketable drugs. One
of the reasons for the high failure rate of drug candidates
1s the lack of adequate models. To address the problem,
we have developed a new cell culture analog amenable to
routine use in drug development. It is based on the standard
multiwell cell culture plate format but it provides perfused
three-dimensional cell culture capability.

The multiwell plate microbioreactor array [1, 2] consists
of a fluidic and a pneumatic manifold with a diaphragm
sandwiched in between them. The fluidic manifold contains
an array of microbioreactor and reservoir pairs (Figure
1). Each microbioreactor/reservoir pair is fluidically
isolated from all other microbioreactors on the plate. A
key component of a microbioreactor is a scaffold for tissue

fluidic manifold

membrane

. . L pneumatic inputs
microbioreactor/reservoir pairs

pneumatic manifold

A Figure 1: Photograph of a 12-microbioreactor array
occupying 24 wells. Cell culture medium is re-circulated
between the reactor and reservoir wells. All reactor/reservoir
pairs are fluidically isolated from each other.

REFERENCES

morphogenesis (Figure 2). The scaffold is a thin wafer
containing an array of channels in which cells self-assemble
into 3D pieces of tissue. It is backed by a filter and a support
scaffold. Tissue in the scaffold is perfused by cell culture
medium. The medium is re-circulated between the reactor
and reservoir by a diaphragm pump. The diaphragms of all
pumps and rectifying valves are actuated in parallel via three
pneumatic lines distributed by the pneumatic manifold.
Fluidic capacitors control flow pulsatility.

The system provides a means to conduct high throughput
assays for target validation and predictive toxicology in
the drug discovery and development process. It can be
also used for evaluation of long-term exposure to drugs or
environmental agents and as a model to study viral hepatitis,
cancer metastasis, and other diseases and pathological
conditions.

p

1 " E conduitfs

tissue = .\»

g‘.h -
- r scaffold wall
[

A Figure 2: Primary rat hepatocytes seeded in a
silicon scaffold (day 7 after isolation). The channels were
microfabricated by deep reactive ion etching. The size of
each channel is 300 x 300 x 230 pm. Each channel can
accommodate 500-1000 cells.

[11 K. Domansky, W. Inman, J. Serdy, and L.G. Griffith, “Multiwell cell culture plate format with integrated microfluidic perfusion system,” in Proc.
SPIE, Microfluidics, BioMEMS, and Medical Microsystems IV, San Jose, CA, January 2006, vol. 6112, pp. 61120F:1-7.

[2]1 K.Domansky, W. Inman, J. Serdy, and L.G. Griffith, “3D Perfused liver microreactor array in the multiwell cell culture plate format,” Proceedings
of the Ninth International Conference on Miniturized Systems for Chemistry and Life Sciences (uTAS), Boston, October 2005, pp. 853-855.
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Characterization of Nanofilter Arrays for Biomolecule Separation

H. Bow, J. Fu, J. Han
Sponsorship: DuPont-MIT Alliance, NIH, Singapore-MIT Alliance

In the past decade, microfabricated devices have been
developed that can separate, detect, and analyze various
biomolecules [1]. In contrast to the sieving gels that are
historically used in these studies, microfabricated devices
are precisely designed and constructed. The deterministic
structure of these devices facilitates experiment design and
testing of theory. Periodic nanofilter arrays have been shown
to separate DNA from 100 bp to 10kbp [2]. These nanofilters
consist of a regular sequence of free and constricted regions,
with 50-100 nm being the characteristic dimension of the
constricted region. In this context, the DNA is smaller than
the constriction size, suggesting applicability of the Ogston

80 nm 320 nm

b L

- 1000nm k-

A Figure 1: Cross-section of basic device. The typical
separation region length is 1 cm.

REFERENCES

sieving mechanism. Movement is characterized by the
partitioning between the free and constricted regions due to
steric constraints [3-4]. DNA has a persistence length of 50
nm (150 bp) and can be approximated as semi-rigid rods in
this size range, facilitating theoretical analysis.

We investigated the effects on separation efficiency and
resolution of changing various device and experiment
parameters. These parameters include the strength of the
electric field; depth of the deep region; depth of the thin and
deep regions, while maintaining their ratio; silicon substrate
bias; buffer strength; and period of the nanofilter array.

§
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Time (s)
A Figure 2: Fluorescence intensity as a function of

time. Separation of 100 bp to 1000 bp (100 bp interval) is
achieved in less than 1 hr at 20 v/cm in an 80-nm thin-gap
device.

[1] C.F. Chou, R.H. Austin, O. Bakajin, J.0. Tegenfeldt, J.A. Castelino, S.S. Chan, E.C. Cox, H. Craighead, N. Darnton, T. Duke, J. Han, S. Turner,
“Sorting biomolecules with microdevices,” Electrophoresis, vol. 21, no. 1, pp. 81-90, Jan. 2000.

[21 J.Fu, P. Mao, and J. Han, " Nanofilter array chip for fast gel-free biomolecule separation," App. Phys. Lett., vol. 87, no. 26, pp. 263902:1-3,

Dec. 2005.

[31 A.G. Ogston, "The spaces in a uniform random suspension of fibres,’

" Transactions of the Faraday Society, vol. 54, p. 1754, 1958.

[4]1 J.C. Giddings, E. Kucera, C.P. Russell, and M.N. Myers, " Statistical theory for the equilibrium distribution of rigid molecules in inert porous
networks. Exclusion chromatography," J. of Physical Chemistry, vol. 72, no. 13, p. 4397, Dec. 1968
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Patterned Periodic Potential-energy Landscape for Fast Continuous-flow

Biomolecule Separation

J. Fu, J. Han
Sponsorship: NSF, Singapore-MIT Alliance, NIH NIBIB

Manipulation of charged biomolecules through confining
environments has broad applications in life science. Recent
progress in fabricating well-defined spatial constraints
allows direct observation of novel molecular dynamic
behavior in molecular-sized confining structures. Further,
it shows exceptional promise for providing regular sieving
media with superior separation performance. Here we
demonstrate a continuous-flow, biomolecule-separation
device that makes use of a patterned anisotropic sieving
matrix consisting of a two-dimensional periodic array of
nanofilters. The electrophoretic drift of biomolecules in
the sieving medium involves a differential bidirectional
motion through two-dimensional, periodically modulated,
free-energy landscapes that results in a vectorial apparent
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A Figure 1: (a) Partitioning of rigid, rodHike molecules in a
slitlike nanofilter. (b) Free energy landscape of a nanofilter. (c)
An SEM images of a periodic array of nanofilters with alternating
thin and thick regions. (d-f) Separation of SDS-protein complexes
(d & e) and dsDNA molecules (f) in a one-dimensional nanofilter
array chip (dg: 55 nm, dg: 300 nm, L: 1 ym). Band assignment
for SDS-protein complexes: (1) cholera toxin subunit B (MW:
11.4 kDa); (2) lectin phytohemaglutinin-L (MW: 120 kDa); (3) low-
density human lipoprotein (MW: 179 kDa), for DNA: (1) 50 bp; (2)
150 bp; (3) 300 bp; (4) 500 bp; (5) 766 bp.

REFERENCES

electrophoretic mobility that directs molecules of different
sizes to follow radically different paths. This method
provides a novel basis for dispersing small fluid-borne
biomolecules into distinct fractions. A fluorescently labeled
dsDNA mixture (50-766 bp) used to characterize the device
was separated in 1 minute with a resolution of about 10%.
The patterned anisotropic sieve was also used for size-
fractionation of SDS-protein complexes of size ranging
from 11 to 200 kDa in 1 minute. By virtue of its gel-free and
continuous-flow operation, this device suggests itself as a
key component of an integrated microsystem that prepares
and analyzes biomolecule samples.
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A Figure 2: (a) Bidirectional transport of biomolecules
in the 2-D nanofilter arrays. (b) Fluorescence images of
pulsefield separation of SDS complexes inside the 2-D
nanofilter arrays. Different values of vertical and horizontal
fields can be applied with different durations. Band
assignments for SDS-protein are the same as in Figure 1.

[11 J. Fuand J. Han, “Nanofilter array chip for fast gel-free biomolecule separation,” Appl. Phys. Lett., vol. 87, no. 26, pp. 263902-263904, Dec.

2005.

[2]1 J.Fuand J. Han, “A nanofilter array chip for fast gel-free biomolecule separation,” in Proc. Ninth Con. on Miniaturized Systems for Chemistry
and Life Sciences (uTAS 2005), Boston, Massachusetts, pp. 1531-1533, Oct. 2005.



Fabrication of Massively-parallel Vertical Nanofluidic Membranes for

High-throughput Applications

P. Mao, J. Han
Sponsorship: KIST IMC, NSF

Nanofluidics has gained tremendous successes in the last few
years because they provide unique capability in biomolecular
manipulation and control. For nanofluidic applications,
one critical issue is the availability of reliable, reproducible
fabrication strategies for nanometer-sized structures. A
simple technique, without nanolithography or special tools,
has been developed to generate planar nanochannels with
precise control of depths to the nanometer scale for many
applications including separation [1] and preconcentration
[2]. However, one big issue with these planar nanofluidic
channels is the limited fluidic conductance that results in
low throughput.

Here we describe a novel fabrication approach to generate
massively-parallel vertical nanochannels with the well-
controlled gap size down to 100 nm [3]. We use anisotropic
wet etching (KOH) to make deep, vertical trenches on Si
(110) substrate (Figure 1A). Alternatively, conventional deep

(a) Photolithography (b) DRIE/wet anisotropic etching (c) Thermal oxide growth

gap size ~1um Nitride <100 nm oxide

] — i smooth Si (111) planes e

(d) CMP polishing (e) Anodic bonding (f) Vertical membrane

Luny O pumgy

100nm

A Figure 1: (A) Schematic diagram of fabricating massively-
parallel vertical nanofluidic membranes. (B) Cross-sectional
SEM micrograph of vertical nanochannels with lateral gap
sizes (widths) of 250 nm (left) and 30 nm (right).

REFERENCES

reactive 1on etching (DRIE) can be performed to produce
very deep trenches, and then the sidewalls can be smoothed
by a short KOH etching. Then the width of the trench
channel is further decreased to a desired thickness even
below 50 nm (Figure 1B), by growing thermal oxide. Also,
backside etching of the Si wafer can yield thin membranes
over a wide area (~ 6-inch wafer) with well-defined
membrane thickness, if needed. Our method requires
neither expensive nanolithography expertise nor other tools
and allows the integration of a large number of narrow,
vertical nanofluidic filters with fluidic conductance 10~100
times higher than planar nanochannels. Furthermore, we
have demonstrated efficient, high-throughput separation
of large DNA molecules in our vertical nanofilter array
device based on the entropic trapping mechanism (Figure
2). We believe that these membrane devices could be a key
to the high-throughput nanofluidic sample-preparation
microsystems.
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A Figure 2: (A) Separation of the mixture of A-DNA
and A-DNA digested by Hind Il in a lateral nanofilter array
chip under different electrical fields. Peak assignment:
(a) 48.5kbp,(b) 23kbp,(c) 9.4kbp,(d) 6.5kbp,and (e)
4.4kbp. (B) Direct observation of DNA bands separated
at 10 V/cm. The scale bar is 1 mm.

[11 J. Fu, P. Mao, and J. Han, “Nanofilter array chip for fast-gel-free biomolecule separation”, Appl. Phys. Lett., vol. 87, 263902, 2005
[2]1 Y. Wang, A. Stevens, and J. Han, “Million-fold preconcentration of proteins and peptides by nanofluidic filter”, Anal. Chem., vol. 77, pp. 4293-

4299, 2005

[31 P. Mao and J. Han, “Fabrication and characterization of planar nanofluidic channels and massively-parallel nanofluidic membranes”, in Proc.

of the MicroTAS 2005 Symposium, Boston, USA, Oct. 2005
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Continuous-flow pl-based Sorting of Proteins and Peptides in a
Microfluidic Chip Using Diffusion Potential

Y.-A. Song, J. Han

Sponsorship: NSF CAREER Award, KIST-IMC, CSBi/Merck Fellowship

In this work, we have developed a simple microfluidic chip
that can sort biomolecules based on their isoelectric point
(pI) values in a simple buffer system. The new method
differs from previous approaches such as transverse
1soclectric focusing [1] or free-flow electrophoresis [2] in
that this process involves no external power supply and no
special ampholyte. Instead, we utilize the diffusion potential
generated by the diffusion of different buffer ionic species
m situ at the laminar flow junction. The use of diffusion
potential in microfluidics was previously demonstrated
with the mass transport of dye molecules between the two
streams in [3]. However, they did not explicitly demonstrate
a separation of two species. In our device, we establish a
laminar flow junction between two buffers with different
pH and concentrations. A potential gradient is developed
across the liquid junction, generating a high-enough
electric field to mobilize and to collect biomolecules at
the boundary when their pI values fall between the two

Modeling parameters;

Deff=1.108*10"° m?/s for NaH,PO,,

Vv =33mm/s, ¢ gp,= 200mM, Cjo, = TMM

L=2000pum

M 0.0282

A Figure 1: A 3D steady-state concentration distribution in
a 2-mm-long microfluidic channel with a concentration ratio
of 200. Based on this concentration distribution, the diffusion
potential as well as the potential gradient can be calculated.

REFERENCES

buffer pH values. The computational modeling shows a
decreasing potential gradient from 17.1 V/cm t0 6.9 V/em
along the 2-mm-long microchannel (20 pm deep, 100 pm
wide), as the concentration gradient becomes shallower
toward the end of the channel due to mixing (Figure 1). In
our initial experiment, two pl-markers (Figure 2) as well as
two proteins were successfully sorted in this device, with a
flow rate of 5~10 puL/min. To characterize the accuracy
of this pl-based sorting process, we tested sorting behavior
of the device by changing the pH value of the sample
buffer in 0.1 pH step. It was shown that a peptide can be
sorted into a different output stream with a ~0.1pH unit
resolution. We are currently working on the development
of new buffer systems as well as on the hybrid approach
with a superimposed external electric field to increase the
sorting efficiency and resolution. Once fully developed, it
can potentially be a pI-based sample fractionation tool for
proteomic analysis of complex biomolecule samples.

phosphate buffer with
high concentration
(chigh 200 mM, pHhigh 8.0)

Phosphate buffer with
low concentration
(Clow 1.0 mM, pHjo, 6.0)

\/ \/‘ Sample (pl markers 5.1 and 7.2)

Diffusion i
potential @ i

distance x X

pl marker 5.1
(any molecules with pl < pH|oy 6.0)

pl marker 7.2 (any molecules with pHoy 6.0 < pl < pHhjgh 7.2)

A Figure 2: Schematic view of the pl-based sorting process
and separation of two pl markers with pl values of 5.1 and 7.2
using diffusion potential at a concentration difference of 200
and at a flow rate of 10 pl/min.

[11 K. Macounova, C.R. Cabrera, and P. Yager, “Concentration and separation of proteins in microfluidic channels on the basis of transverse IEF”

Anal. Chem., vol. 73, pp. 1627-1633, 2001.

[2]1 C. Zhang and A. Manz, “High-speed free-flow electrophoresis on chip” Anal. Chem., vol. 75, 2003, pp. 5759-5766.
[31 M. Munson, C. Cabrera, and P. Yager, “Passive electrophoresis in microchannels using liquid junction potentials” Electrophoresis, vol. 23, pp.

2642-2652, 2002.



Cell Stimulation, Lysis, and Separation in Microdevices

J. Albrecht, J. EIAli, S. Gaudet, K.F. Jensen
Sponsorship: NIH

Quantitative data on the dynamics of cell signaling induced
by different stimuli require large sets of self-consistent and
dynamic measures of protein activities, concentrations,
and states of modification. A typical process flow in these
experiments starts with the addition of stimuli (cytokines
or growth factors) to cells under controlled conditions
of concentration, time, and temperature, followed at
various intervals by cell lysis and the preparation of
extracts. Microfluidic systems offer the potential to do
this in a reproducible and automated fashion. Figure 1
shows quantification of the stimulation of a T-cell line
with antibodies performed in a microfluidic device with
integrated cell lysis. The device is capable of resolving
the very fast kinetics of the cell pathways, with protein
activation levels changing 4-fold in less than 15 seconds. The
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quantification of the lysate is currently performed off-chip
using electrophoretic separation. To extract meaningful data
from cellular preparations, many current biological assays
require similar labor-intensive sample purification steps to
be effective. Micro-electrophoretic separators have several
important advantages over their conventional counterparts
including shorter separation times, enhanced heat transfer,
and the potential to be integrated into other devices on-chip.
However, the high voltages required for these separations
prohibit metal electrodes inside the microfluidic channel. A
PDMS isoelectric focusing device with polyacrylamide gel
walls has been developed to perform rapid separations by
using electric fields orthogonal to fluid flow (Figure 2). This
device has been shown to focus low molecular weight dyes,
proteins, and organelles in seconds.
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A Figure 1: ERK and JNK signaling in Jurkat E6-1 cells stimulated with a-CD3 for different times. Stimulation and cell lysis were
performed with the microfluidic device (Chip stimulation) and with conventional methods (POS control). The error bars denote one

standard deviation.

a) Top View

b) Post Detail

c) Side View

<« Figure 2: Layout of transverse IEF device. Top view (a) shows the PDMS
device with the sample channel bordered by left and right gel regions (cross-
hatched areas) and anode and cathode, respectively.
gel sections by 40 pm x 40 um, 50 pm tall posts (b). The device presented
has a single inlet and single outlet. Side view (c) shows the device in cross-
section (not to scale).
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Thermal Management in Devices for Portable Hydrogen Generation

B. Blackwell, M.A. Schmidt, K.F. Jensen
Sponsorship: ARO MURI

The development of portable-power systems employing
hydrogen-driven solid oxide fuel cells continues to garner
significant interest among applied science researchers.
The technology can be applied in fields ranging from
the automobile to personal electronics industries. This
work focuses on developing microreaction technology
that minimizes thermal losses during the conversion of
fuels — such as light-end hydrocarbons, their alcohols, and
ammonia — to hydrogen. Ciritical issues in realizing high-
efficiency devices capable of operating at high temperatures
have been addressed, specifically, thermal management,
the integration of materials with different thermophysical
properties, and the development of improved packaging
and fabrication techniques.

A new fabrication scheme for a thermally insulated, high
temperature, suspended-tube microreactor has been
developed. The new design improves upon a monolithic
design proposed by Arana et al.[1]. In the new modular
design (Figure 1), a high-temperature reaction zone is
connected to a low-temperature (~50°C) package via the
brazing of pre-fabricated, thin-walled glass tubes. The
design also replaces traditional deep reactive ion etching
(DRIE) with wet potassium hydroxide (KOH) etching,
an economical and time-saving alternative. A brazing
formulation that effectively accommodates the difference in
thermal expansion between the silicon reactor and the glass
tubes has been developed.

A Figure 1: Suspended-tube microreactor showing 2 prefabricated SiO, tubes, a microfabricated Si reaction chip, and a
microfabricated Si frame. The modular design is assembled via a glass braze.

REFERENCES

[11 L.R.Arana, S.B. Schaevitz, A.J. Franz, Martin A. Schmidt, and K.F. Jensen, “A microfabricated suspended-tube chemical reactor for thermally-
efficient fuel processing,” J. Microelectromechanical Systems, vol. 12, pp. 600-612, 2003.



Autothermal Catalytic Micromembrane Devices for Portable High-Purity

Hydrogen Generation

K. Deshpande, M.A. Schmidt, K.F. Jensen
Sponsorship: ARO MURI

The high efficiency and energy density of miniaturized
fuel cells provide an attractive alternative to batteries
in the portable power generation market for consumer
and military electronic devices [1-3]. The best fuel cell
efficiency 1is typically achieved with hydrogen, but safety
and reliability issues remain with current storage options.
Consequently, there is continued interest in reforming
liquid fuels to hydrogen. The process typically involves high
temperature reforming of fuel to hydrogen combined with
a low temperature PEM fuel cell, which implies significant
thermal loss. Owing to its high hydrogen content (66%) and
case of storage and handling, methanol is an attractive fuel.
However, partial oxidation of methanol also generates some
CO, which may poison the fuel cell catalyst.

Previously [4] we successfully demonstrated hydrogen
purification using thin (~200 nm) Pd-Ag membranes using
clectrical heating. Further, integration of these devices with
LaNiCoO, catalyst allowed methanol reforming at 475°C

A Figure 1: Fabricated reformer-burner unit with palladium
membranes.

REFERENCES

with 47% fuel conversion [5]. Since microreactors possess
high surface area to volume ratio, minimizing heat loss is
important. Hydrogen flux across the Pd membranes is an
equilibrium controlled process. Thus to achieve thermal
management, the unextracted hydrogen, generated CO,
and unreacted methanol can be completely oxidized in a
separate reactor.

In the current work, we explore the realization of
autothermal hydrogen generation by fabricating silicon-
based reactors using bulk micromachining techniques. The
hydrogen generation unit comprises a 200-nm palladium-
silver membrane coated with a reformer catalyst while the
combustor is loaded with platinum catalyst. High thermal
conductivity of silicon ensures autothermal operation.
Upon thermal isolation using vacuum packaging [6], we
characterize the performance of thisintegrated, autothermal
hydrogen generation system in terms of energy efficiency
and hydrogen production.

A Figure 2: Plan of silicon wafer with multiple reformer-
burner units.

(1]

C.D. Baertsch, K.F. Jensen, J.L. Hertz, H.L. Tuller, S.T. Vengallatore, S.M. Spearing, and M.A. Schmidt, "Fabrication and structural
characterization of self-supporting electrolyte membranes for a micro solid-oxide fuel cell," J. Mater. Res., vol 19, no. 9, pp. 2604-2615,
2004.

[2]1 J.D.Morse, A.F. Jankowski, R.T. Graff, and J.P. Hayes, " Novel proton exchange membrane thin-film fuel cell for microscale energy conversion,"
J. Vac. Sci. Technol. A., vol. 18, no. 4, pp. 2003-2005, 2000.

[3]1 J.Fleig, H.L. Tuller, and J. Maier, " Electrodes and electrolytes in micro-SOFCs: A discussion of geometrical constraints," Solid State lonics,
vol. 174, nos. 1-4, pp. 261-270, 2004.

[4] B.A. Wilhite, M.A. Schmidt, and K.F. Jensen, "Palladium-based micromembranes for hydrogen separation: Device performance and chemical
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0.0503 /Al,05 catalyst for high-purity hydrogen generation," Adv. Mater., 2006, in press.
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Multiphase Transport Phenomena in Microfluidic Systems

A. Guenther, M.T. Kreutzer, K.F. Jensen

Sponsorship: Microchemical Systems Technology Center, ISN, Dutch Foundation for Applied Sciences (MTK)

Fluid interfaces provide unique opportunities for microfluidic
and nanofluidic systems. Applications range from microscale
heat exchangers and miniature fuel cells to microreactors for
materials synthesis. Multiphase flow in such devices can be
challenging, as the interfacial forces naturally favor axisym-
metric geometries that are difficult to microfabricate. The ad-
vantages of surface tension dominated microfluidics include
a much richer dynamic flow behavior and enhancement of
heat and mass transfer by creating secondary flows. These
advantages offer many uses beyond enabling gas-liquid and
fluid-solid reactions [1].

In particular, we are interested in segmented flow of gas and
liquid in hydrophilic channels. Figure 1 shows several key
features of this flow for reaction purposes. The presence of
bubbles reduces the amount of dispersion of liquid flowing
through the channels, ensuring that reactants and products
spend a uniform amount of time in the system. For nanopar-
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A Figure 1: Measurement of axial dispersion in single-
phase (green curve) and segmented flow (red curve)
through a 1.5 m long microchannel (300 pm wide, 300
pm deep) that is soft-lithographically patterned. To reduce
background fluorescence in the integrated spectroscopy
measurement, carbon black is dispersed in the PDMS, prior
to molding.
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ticle synthesis in microfluidic networks, a uniform residence
time distribution translates into narrowly distributed particle
sizes [2-3]. Liquid segments are efficiently mixed by circula-
tion motion and gas bubbles are separated from microchan-
nel walls by only a thin film (thickness < 1 um). Thin films re-
duce mass transfer resistance to components immobilized on
the walls, such as catalysts [4] or analytical reagents and anti-
bodies. We are also interested in the dynamics of multiphase
flow through microchannels that are populated with a forest
of micropillars (diameters: 50 pum — 100 pm). The observed
flow patterns (Figure 2) connect to fundamental studies of
flow in porous media and to catalysis. Gas-liquid and liquid-
liquid flow patterns and their dynamics are determined in
pulse-laser fluorescent micrographs and with microscale par-
ticle image velocimetry (PIV) measurements. Characteristics
of such three-phase systems, such as persistent static fractions,
axial dispersion and mixing, are compared with multiphase
flow in macroscopic unstructured beds and porous media.

A Figure 2: Microchannel (width 1 mm, depth 300 pm) popu-
lated with 100 pm wide micropillars. The left inset shows the
integrated gas-iquid feeding system. On the right side, fluores-
cent micrographs of instantaneous gas (dark) and liquid (bright)
flow patterns between pillars are shown.

[11 A. Guenther, S.A. Khan, F. Trachsel, M. Thalmann, and K.F. Jensen, “Transport and reaction in microscale segmented flow,” Lab on a Chip,
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temperature synthesis: The case of CdSe quantum dots,” Angewandte. Chemie — Int. Ed., vol. 44, pp. 5447-5451, 2005.
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in microchannels,” Chem. Eng. Sci., vol. 60, pp. 5895-5916, 2005.



Microfluidic Synthesis and Surface Engineering of Colloidal

Nanoparticles

S.A. Khan, K.F. Jensen
Sponsorship: Microchemical Systems Technology Center

Metal oxide colloidal particles such as silica (5i0,) and
titania (TiO,) have many diverse applications ranging
from catalysis, pigments and photonic band-gap materials
to health care products. There has also been considerable
rescarch interest over the last decade in fabricating core-
shell materials with tailored optical and surface properties.
Core-shell particles such as titania-coated silica often exhibit
improved physical and chemical properties over their single-
component counterparts and hence are potentially useful
over a broader range of applications. Newer methods of
engineering such materials with controlled precision are
required to overcome the difficulties with conventional
production techniques, which are limited to multi-step
batch processes. We have developed microfluidic routes for

icroreactor for overcoating

synthesis and surface-coating of colloidal silica and titania
particles.

The chief advantages of a microfluidic platform are precise
control over reactant addition and mixing and continuous
operation. Microfluidic chemical reactors for the synthesis
and overcoating of colloidal particles are shown in Iigure
la and Figure 1b, respectively [1-2]. Figure 2a is an SEM
micrograph of silica particles synthesized in a microreactor
(Figure la) operated in segmented gas-liquid flow mode.
Figure 2b shows a silica nanoparticle coated with a thick
shell of titania. We have also fabricated integrated devices
combining synthesis and overcoating to enable continuous
multi-step synthesis of core-shell particles.

600000000000 000000000000000000000000000000000000000000 0 ©0000000600000060000060600000606000006000006060000060600000060000000000s0 =
m

A Figure 1: Microfluidic reactor for (a) synthesis of A Figure 2: (a) Silica synthesized in microreactor and (b) =

colloidal silica, fabricated in PDMS, and (b) overcoating titania-coated silica.

thick titania shells on silica particles. 117
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Microreactor Enabled Multistep Chemical Synthesis

E.R. Murphy, H. Sahoo, J. Kralj, N. Zaborenko, K.F. Jensen
Sponsorship: Pacific Scientific

As a demonstration of how microsystems can enable
quantitative study and improved production of chemistries
that have been too hazardous to pursue via traditional
means, the kinetics of direct sodium nitrotetrazolate
(NaNT) synthesis were characterized and a microsystem
for its commercial production has been constructed (Figure
1). A PDMS modular microreactor system capable of both
multi-step synthesis and rapid scale-out was constructed.
This system minimized the necessary volume of the
unstable diazonium intermediate, enabling the study of
NaNT, an energetic material used in the construction of
fire suppression systems that was too dangerous to test with
traditional techniques. In the direct synthesis of NaN'T
S-aminotetrazole (5-AT) reacts with nitrous acid to produce
the diazonium intermediate that, in a second reaction,
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A Figure 1: Modular microsystem serial and parallel
micromixer modules.
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undergoes a Sandmeyer type reaction that displaces the
diazonium group by the nitrite ion. The rapid mixing and
safety advantages of microsystems were incorporated into
a flexible architecture, presenting an improved ability to
safely probe the conditions of the reaction. The modular
design of this system also enabled the same set of modules
to be rearranged as parallel reactor chains for small-
scale production. A second generation microsystem was
constructed from silicon micromixer modules (Figure 2);
this micro-system is not only more robust than the PDMS
design but also capable of accommodating higher flow rates
(>2 mL/min) and higher temperatures. This system allows
higher throughput and longer operational lifetimes and is
currently being optimized for use as a full-scale production
platform.

A Figure 2: Silicon micromixer module (top view).

[11 AF. Hegarty, “Kinetics and mechanisms of reactions involving diazonium and diazo groups,” in The Chemistry of Diazonium and Diazo

Groups, S. Patai, Ed. Chichester, New York: Wiley, 1978.
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AIAA/ASME/SAE/ASEE Joint Propulsion Conference and Exhibit, Tucson, Arizona, July 10-13, 2005.



Integrated Microreactor System

H.R. Sahoo, E.R. Murphy, A. Guenther, N. Zaborenko, K.F. Jensen

Sponsorship: Deshpande Center for Technological Innovation

The realization of integrated microchemical systems will
revolutionize chemical research by providing flexible tools
for rapid screening of reaction pathways, catalysts, and
materials synthesis procedures, as well as faster routes to new
products and optimal operating conditions. Moreover, such
microsystems for chemical production will require less space,
use fewer resources, produce less waste, and offer safety
advantages. The need for synthesizing sufficient quantities
of chemicals for subsequent evaluation dictates that
microchemical systems are operated as continuous systems.
Such systems require fluid controls for adjusting reagent
volumes and isolating defective units. The integration of
sensors enables optimization of reaction conditions as well
as the extraction of mechanistic and kinetic information.

Fluidic Separator

We are developing integrated microchemical systems
that have reactors, sensors, and detectors with optical
fibers integrated on one platform. We are exploring new
approachesfor connectingmodular microfluidic components
into flexible fluidic networks. Real-time control of reaction
parameters using online sensing of flowrate, temperature,
and concentration allows for precise attainment of
reaction conditions and optimization over a wide range of
temperatures and flow-rates. The multiple microreactors on
the system can be used together to give higher throughputs
or they can be used independently to carry out different
reactions at the same time. Figure 1 shows a schematic of an
integrated microreactor platform along with an early stage
microreactor “circuit board” [1].

Electrical

Optical

Fluidic

A Figure 1: Schematic of an integrated microreactor platform along with an early stage microreactor “circuit board” [1].
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Crystallization in Microfluidic Systems

M. Sultana, K.F. Jensen
Sponsorship: Merck, Lucent Technologies

Microfluidic systems offer a unique toolset for discovering
new crystal polymorphs and for studying the growth
kinetics of crystal systems because of well-defined laminar
flow profiles and online optical access for measurements.
Traditionally, crystallization has been achieved in batch
processes that suffer from non-uniform process conditions
across the reactors and chaotic, poorly controlled mixing
of the reactants, resulting in polydisperse crystal size
distributions (CSD) and impure polymorphs. This
reduces reproducibility and manufactures products with
inhomogencous properties. The short length scale in
microfluidic devices allows for better control over the process
parameters, such as the temperature and the contact mode
of the reactants, creating uniform process conditions. Thus,
these devices have the potential to produce crystals with a
single morphology and a more uniform size distribution. In
addition, microfluidic systems decrease waste, provide safety
advantages, and require only minute amounts of reactants,
which i1s most important when dealing with expensive
materials such as pharmaceutical drugs.

Figure 1 shows a microfluidic device used for crystallization
and Figure 2 shows optical images of different shapes and
sizes of glycine crystals produced in reactor channels.
A key issue for achieving continuous crystallization in
microsystems is to eliminate heterogenecous crystallization —
irregular and uncontrolled formation and growth of crystals
at the channel surface, which ultimately clogs the reactor
channel. We have developed a sheath flow microcrystallizer
using  microfabrication and hot embossing of
poly(dimethylsiloxane) (PDMS) and cyclic olefin copolymer
(COQ) to prevent heterogencous crystallization. We are
currently working on integrating an online spectroscopy
tool for m siu polymorph detection. Our ultimate goal is
to develop an integrated microfluidic system for continuous
crystallization with the ability to control polymorphism and
online detection.

2
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A Figure 1: Microfluidic reactor used for crystallization.

A Figure 2: Different sizes and shapes of glycine
crystals produced in reactor channel.



Microreactors for Synthesis of Quantum Dots

B.K.H. Yen, A. Giinther, M.A. Schmidt, M.G. Bawendi, K.F. Jensen
Sponsorship: Microchemical Systems Technology Center, NSF, ISN

We have fabricated a gas-liquid segmented flow reactor with
multiple temperature zones for the synthesis of quantum
dots (QDs). In contrast to single-phase flow reactors, the
segmented flow approach enables rapid mixing and narrow
residence-time distributions, factors which have a strong
influence on the ultimate QD size distribution. The silicon-
glass reactor accommodates a 1-m long reaction channel
(hydraulic diameter ~400-um) and two shallow side channels
for collecting reaction aliquots (Figure 1). Two temperature
zones are maintained, a heated reaction region (>260°C)
and a cooled quenching region (<70°C). As a model
system, monodisperse CdSe QDs with excellent optical
properties were prepared using the reactor. Cadmium and
selenium precursor solutions are delivered separately into
the heated section. Aninert gas stream is introduced further
downstream to form a segmented gas-liquid flow, thereby
rapidly mixing the precursors and initiating the reaction.

Precursor
Ar  solutions

Deep trench

Outlet Thermal
insulation

A Figure 1: Diagram of the reactor with heated reaction
and cooled outlet regions. A through-etch section ensures
that the two regions are thermally isolated. Channels
etched in silicon (0.65-mm thick) were first passivated with
an oxide layer (0.5-um) and then sealed with an anodically
bonded Pyrex wafer (0.76-mm thick).
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The reaction is stopped when the fluids enter the cooled
outlet region of the device. Under conditions for a typical
synthesis, the gas and liquid segments are very uniform
(Figure 2a-b), and the QDs produced in the reactor possess
narrow spectral features, indicative of monodisperse samples.
The narrow particle size distributions arise directly from the
enhanced mixing and narrow residence-time distribution
realized by the segmented flow approach. Furthermore, the
QD size can be tuned without sacrificing monodispersity
by varying the Cd and Se precursor flow rates. In Figure
2d, the Se/Cd molar ratio was varied while keeping the
total liquid and gas flow rates constant. Decreasing Se/Cd
results in a substantial red shift of the QD effective band-
gap (first absorption feature and photoluminescence peak),
corresponding to larger QD diameters.

o
-

Absorbance or PL Intensity

Thermal Insulation

350 450 550 650
A (nm)

A Figure 2: Images of the a) heated inlet and b) main channel
sections of device during synthesis. Red segments: CdSe QD
reaction solution. Dark segments: Ar gas. c) Time-exposure
image of the cooled outlet region under UV irradiation. At
reaction temperature (260°C), the QD photoluminescence (PL)
is completely quenched, but once the fluid reaches the cooled
region (<70°C), yellow PL is observed. d) The QD absorbance
(solid) and PL (dotted) spectra obtained by varying the precursor
feed ratio. The Se/Cd molar ratio is indicated.

[11 B.K.H. Yen, A. Giinther, M.A. Schmidt, K.F. Jensen, and M.G. Bawendi, “A microfabricated gas-liquid segmented flow reactor for high
temperature synthesis: The case of CdSe quantum dots,” Angew. Chem. Int. Ed., vol. 44, no. 34, pp. 5447-5451, Aug. 2005.

SNIN

121



September 2006

MTL ANNUAL RESEARCH REPORT

122

Polymer-based Microbioreactors for High Throughput Bioprocessing
Z. Zhang, G. Perozziello, Patrick Boyle, P. Boccazzi, A.J. Sinskey, K.F. Jensen

Sponsorship: DuPont-MIT Alliance

This project aims at developing high-throughput platforms
for bioprocess developments. Based on the membrane-
aerated microbioreactor [1], we have realized a microliter-
volume, actively-mixed, and polymer-based microbioreactor
by microfabrication and precision machining of PDMS
and PMMA for batch [2] and continuous cultures [3] of
microbial cells. Biological applications of microbioreactors,
such as global gene expression of yeast cells [4], were
demonstrated, and the parallel operation of multiple batch
fermentations was realized by a multiplexed system [5].

As a very important operation for bioprocess developments,
fed-batch processallows extensive control over environmental
conditions in fermentations. Fed-batch fermentations in
the microbioreactor were made possible by applying water
evaporation through the PDMS membrane as a fluidic
exit, and by combining passive feeding of water and active
feeding of base, acid, and glucose solutions. Commercial
microvalves were used to control pressure-driven liquid feeds
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to realize closed-loop pH control in the microbioreactor. For
Escherichia coli fermentations, the pH value was successfully
maintained within a certain range (Figure 1). Cells were
physiologically healthier and remained active for longer
periods of time (as shown by the dissolved oxygen curve),
which in return yielded significantly higher biomass
concentration at the end of experiments.

The microbioreactor was also integrated with the plug-n-
pump microfluidic connectors [6], as well as incorporation
of fabricated polymer micro-optical lenses and connectors
for biological measurements to realize “cassettes” of
microbioreactors (Figure 2). The fabrication process
included precision machining and thermal bonding of
PMMA devices. These integrations greatly simplified the
setup and operation procedure and increased the signal-to-
noise ratio for optical measurements for the cassettes, thus
made the microbioreactors more compatible with high-
throughput bioprocessing in multiplexed systems.

Fluidic connections Optical fiber Friction cork for
(inoculation, feeding, holder assembly
sampling, and waste) s L7

- Silicone G-ring

1
I
1

PDM\S membrane and
bonding and optical plugs gasket

A Figure 2. Top view photograph of assembled and bonded
microbioreactor “cassette.”

A Figure 1: Comparison of batch culture of E. coli
FB21591 in rich LB media containing 8g/L glucose and
0.1 mol/L MES.
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Micro-fluidic Bioreactors for Studying Cell-Matrix Interactions

S. Chung, P. Mack, V. Vickerman, J. Hsu, R. Kamm
Sponsorship: NIBIB, Draper Laboratories

Mechanical forces are important regulators of cell biology
in health and disease. Cells in the vascular system are
subjected to fluid shear stress, cyclic stretch, and differential
pressure [1]. Numerous investigations have revealed the vast
pathological and physical responses of endothelial cells to
fluid shear stress by culturing the cells on the rigid surfaces of
a flow chamber. This approach, however, fails to mimic the
true environment of cells & vivo that grow on flexible, porous
basement membranes with a defined microstructure [1-4]. In
order to create an improved model for this # vivo condition,
we developed a new microfluidic bioreactor system that
enables us to study cell-matrix interactions on soft substrates
made of gel under conditions of controlled shear stress and
pressure difference. A gel cage consisting of three thin layers
(Figure 1) is constructed from PDMS using a silicon master
made by the deep RIE process. Flow chambers, also made

microfluidic bioreactor ver. 1.0

* 3D schematics

flow inlet

top flow chamber /

S

cells are cultured on
exposed gel

pressure difference

bottom flow o shear stress
gel cage — gel i
bottom flow chamber
A Figure 1:  Schematic drawing of microfluidic

bioreactor. All layers are made of PDMS. Cells are cultured
on exposed surfaces of gel in the holes of the gel cage;
flows are induced in the channels above and below the
gel cage.
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of PDMS, are cured on an SU-8 patterned master. Separate
channels are included that allow for filling this central
chamber with a gel that mimics the extracellular matrix
and also allows for independent control over the flows in
the upper and lower channels. The assembled bioreactor is
shown in Figure 2. To conduct experiments, we introduce a
peptide solution into the gel cage, allow it to gel, and then
seed cells on the gel surface exposed through the holes of gel
cage. After cell adhesion, the flow chambers are sealed by
the application of a vacuum to the top and bottom sides of
the gel cage. Flows are then applied to each chamber with
controlled pressures and flow rates. With this system, we will
apply controlled shear stress and pressure on the cell layers.
We plan to study the process of angiogenesis that entails the
growth of vascular sprouts emanating from one endothelial

surface and connecting with the other.

microfluidic bioreactor ver. 1.0

 fabrication results '

KAMM Lab, MIT

A Figure 2: Photograph of the fabricated and bonded
bioreactor. The gel cage consists of 3 PDMS layers, bonded by
oxygen plasma. Flow chambers above and below the gel cage
are fixed by vacuum connected by silicon tubes.
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A Nanoscanning Platform for Biological Assays

S. Kim, S. Gouda, S.-G. Kim (P. So group)
Sponsorship: Intelligent Microsystems Center

An in-plane nanoscanning platform with switchable stiffness
being developed at the Micro & Nano Systems Laboratory
(MNSL) [1] can be an alternative to the existing atomic force
microscope (AFM) system. The nanoscanning platform has
a carbon nanotube (CNT) tip, which is known as one of
the ideal candidates for AFM tips because of their superior
mechanical and chemical properties. Raman Spectroscopy
has gained a lot of interest as a tool for single molecule
detection since it has easy and fast sample preparation and
measurement compared to the existing technologies, such
as X-ray crystallography and nuclear magnetic resonance.
Among the several approaches attempted in order to
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A Figure 1: Dependency of frequency on the permittivity
of silver. The negative sign of the real part of permittivity
contributes to the enhancement of the electric fields near
the metal surface.
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enhance the weak Raman signals is tip enhanced raman
spectroscopy (TERS). The enhancement of the electric field
due to the plasmon resonance on the coated metal surface
was predicted qualitatively [2]. The metal-coated CNT or
CNT filled with Ag, Au, or Cu with a small diameter tip
and high aspect ratio is ideal for TERS. The switchable
stiffness AFM can work as a tool for imaging and placing
the tip at the sub-nanometer proximity to a soft, molecular-
scale biological sample, which would enhance the Raman
signals.

Metal tip
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A Figure 2: Schematic of TERS showing the enhancement of
electric fields near the metal tip or metal-coated CNT tip.
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A Large Strain, Arrayable Piezoelectric Microcellular Actuator

Z.J. Traina, S.-G. Kim

Sponsorship: Korean Institute of Metallurgy and Manufacturing (KIMM)

To provide a competitive actuating solution, micro-
electromechanical-systems (MEMS)-based actuators need
low operating power and form factors. Piezoelectrics
provide substantially higher work-output/volume for a given
voltage, when compared to other actuating solutions. A
bow amplifier constructed of SU-8 beams and short length
flexural pivots has been designed [1] and has demonstrated
an amplification ratio of greater than 10:1. Current research
focuses on increasing this amplification ratio and achieving
the goal of 10% axial strain, while reducing parasitic out-of-
plane bending inherent in the current fabrication process.

The overall goal of this project is to array one such actuator
massively in series and in parallel in order to create a
macro-scale, muscle-like actuator. Such a device would have
widespread applications in mobile robotics, medicine, and
aero/astronautics, where low power, high efficiency, and
small form factors might be required.

A Figure 1. SEM image of three-unit cell bow actuators
developed by N. Conway and S.G Kim, fabricated in series. Peak
static displacement measured via microvision was 1.18 pm at
10V, with peak blocking force 55 pN.
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A Figure 2: Finite Element Analysis (FEA) of a second
revision micro-cellular actuator, showing axial strain in
excess of 10%, (up to 15 pm per cell), with an amplification
ratio greater than 14:1. Predicted blocking force is on the
order of 10 pN.

[11 N. Conway and S.-G. Kim, “MEMS Amplification of Piezoelectric Strain for In Plane Actuation,” Master's Thesis, Massachusetts Institute of
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Self-powered Wireless Monitoring System Using MEMS Piezoelectric

Micro Power Generator

R. Xia, C. Farm, W. Choi, S.-G. Kim
Sponsorship: NSF, Korean Institute of Machinery and Materials

A thin-film lead zirconate titanate Ph(ZrT1)O, (PZT),
MEMS Piezoelectric Micro Power Generator has been
integrated with a commercial wireless sensor, Telos, to
simulate a self-powered RF temperature monitoring system
(Figure 1). Such a system has many important applications,
ranging from structure to rotary system monitoring. Telos
consumes 2270 pJ for 221 ms per measurement. The PMPG
and power management module are designed to satisfy such
power requirements

The first prototype of PMPG provides an average 1 pW, with
a natural frequency of 13.9 kHz (Figure 2). It has an energy
density of 0.74 mW-h/cm?, which compares favorably to
lithium ion batteries [1]. The second generation PMPG
1s designed to provide 0.173 mW of power at 3 V with a
natural frequency of 150 Hz and maximum strain of
0.12% [2]. We increased the effective mass of the PMPG by
adding a Si substrate with thickness of 525 pm to the beam

PMPG + Power
Management

Telos A Module +Telos
Pipeline .
Base Station
Sensor
o PMPG
RF Tx
Pipeline

A Figure 1: Schematic of self-powered wireless
monitoring system.
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structure. The increase in the effective mass increases the
energy store in the device and its power output. The beam
length is also increased to achieve a low resonant frequency.
The third generation PMPG will use a serpentine structure,
which can achieve a low frequency with minimum volume.

Since PMPG offers limited power, a storage capacitor and
a power management module are implemented to power
the sensor node at discrete time intervals [3]. The PMPG is
first connected to a rectifier that converts AC to DC voltage.
Each cycle consists of a charging interval, in which PMPG
charges the capacitor, and operation intervals, in which Telos
uses the energy from capacitor. We developed a test bed,
which mimics that of a liquid gas pipe used in the Alaska
where the PMPG device will be used to generate power for
temperature sensors. Scaling/dimension factors as well as
cost and robustness are considered in the design.
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A Figure 2: First prototype for PMPG.

[11 Y.R. Jeon, Sood, J.H. Jeong, S.G. Kim, “Piezoelectric micro power generator for energy harvesting,” Sensors and Actuators A: Physical,

2005, in press.

[21 B.L. Wardle, N.E. DuToit, and S.G. Kim, “Design considerations for MEMS-scale piezoelectric variation energy harvesters,” Integrated

Ferroelectric, vol. 71, pp. 121-160, 2005.

[31 W.J. Choi, Y. Xia, J.A. Brewer, and S.G. Kim, “Energy harvesting MEMS device based on thin-film piezoelectric cantilevers,” in Proc. of INSS05,

San Diego, CA, June 27-28, 2005.



MEMS Pressure-sensor Arrays for Passive Underwater Navigation

V.. Fernandez, S.M. Hou, F.S. Hover, J.H. Lang, M.S. Triantafyllou

Sponsorship: NOAA: MIT Sea Grant College Program

MEMS pressure sensors have had broad applications
in fields such as mining, medicine, automobiles, and
manufacturing. Another application to be explored is in
underwater vehicular navigation. Objects within a flow
generate pressure variations that characterize the objects’
shape and size. Sensing these pressure variations allows
the unique identification and location of obstacles for
navigation (Figure 1). This concept is inspired by existing
biological systems. Iish have such a sensory lateral line,
which they use to monitor all aspects of their hydrodynamic
environment, including obstacles [2,5].

We propose to develop low-power sensors that passively
measure dynamic and static pressure fields with sufficient
resolution to detect objects generating the disturbance.
We will also develop processing schemes that use the
information from the sensors to identify objects in the
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flow environment. These sensors and processing software
emulate the capabilities of the lateral line in fish. While
active acoustic means can be used for object detection,
the process is power-intensive, and depends strongly on
the acoustic environment. A simpler alternative is to use
a passive system that can resolve the pressure signature of
obstacles. The system consist of arrays of hundreds or
thousands of piezoresistive pressure sensors fabricated on
etched silicon and Pyrex wafers [1,3,4,6] with diameters
around 1 mm; the sensors are arranged over a flat or curved
surface in various configurations, such as a single line,
a patch consisting of several parallel lines (Figure 2), or
specialized forms to fit the hull shape of a vehicle or its fins.
The sensors will be packaged close together at distances of
a few millimeters apart in order to resolve pressure and flow
features near the array spacing, which in turn can be used to
identify the overall features of the flow.

braan Iizmn =1 mm

A Figure 1: Pressure-sensor array applications. A Figure 2: Diagram of pressure-sensor array with basic
structure depicted.
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An Integrated Multiwatt Permanent Magnet Turbine Generator
B.C. Yen, M. Allen, F.F. Ehrich, A.H. Epstein, F. Herrault, L.C. Ho, S. Jacobson, J.H. Lang, H. Li, Z.S. Spakovszky,

C. Teo, D. Veazie
Sponsorship: ARL Collaborative Technology Alliance

There i1s a need for compact, high-performance power
sources that can outperform the energy density of modern
batteries for use in portable electronics, autonomous sensors,
robotics, and other applications. Previous research efforts
on a micro-scale, axial-flux, permanent-magnet turbine
generator [1-2] culminated in a spinning rotor test stand
that delivered 8 W DC output power through a diode bridge
rectifier with an overall generator system efficiency of 26.6%.
In these experiments, the generator rotor was mounted via
a steel shaft to an air-driven, ball-bearing supported spindle
and spun to the desired operational speed.

Currentresearch efforts aim to fully integrate the permanent-
magnet (PM) generator design into the silicon micro-turbine
engine fabrication process and create devices that can
deliver 10 W DC output power when driven by compressed
air. The integrated generator will couple energy from the
compressed air to the rotor through microfabricated turbine
blades attached to the backside of the rotor. One important
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Turbine
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A Figure 1: Conceptual schematic of the fully integrated
surface-wound permanent magnet turbine generator. The
bottom two wafers constitute the stator and coil winding of
the generator while wafers 3, 4, and 5 form the magnetic
rotor. A centerfed journal-bearing design is shown in the
schematic, but an axial-fed design is also possible.
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challenge in this integration process is the structural integrity
of the magnetic rotor spinning at a tip speed near 300 m/s,
or equivalently 450 krpm.

Based on power requirements, a 300-um thick circular
NdFeB PM with an inner radius of 2.5 mm and an outer
radius of 5 mm must be embedded into the silicon rotor on
top of a 150 um FeCoV back iron. FEA analysis shows that
the maximum principle stress at 450 krpm in the silicon rotor,
900-pum thick and 12 mm in diameter, with bonded annular
PM and back iron pieces, will be approximately 180 MPa
through the entire structure. This stress is well below the
tensile strength of silicon and FeCoV. However, because
the PM i1s brittle and has a typical tensile strength around
83 MPa, it is unclear whether the material will fracture.
Tests are currently underway to characterize the reference
strength and Weibull modulus of the PM, and from these
results, a working rotor design will be proposed.

0 000t 0002 m)

00005 00015

A Figure 2: An FEA simulation for the magnetic rotor structure
spinning at 450 krpm. Because of the fully-bonded boundary
conditions, most of the load is carried by the silicon hub. The
maximum principal stresses in the silicon, PM, and back iron are
176.7 MPa, 188.0 MPa, and 184.5 Mpa, respectively.

[11 D.P. Arnold, et al., “High-speed characterization and mechanical modeling of micro-scale, axial-flux, permanent-magnet generators,” in Digest
Tech. Papers Transducers '05 Conference, Seoul, South Korea, June 10-14, 2005, pp. 284-287.

[2]1 S. Das, “Magnetic machines and power electronics for power MEMS applications,” Ph.D. thesis, Massachusetts Institute of Technology,

Cambridge, MA, 2005.



Micro-scale Singlet Oxygen Generator for MEMS-based COIL Lasers

T. Hill, B. Wilhite, L. Velasquez, H. Li, A.H. Epstein, K.F. Jensen, C. Livermore

Sponsorship: DARPA, MDA

Conventional chemical oxygen iodine lasers (COIL) offer
several important advantages for materials processing,
including short wavelength (1.3 pm) and high power.
However, COIL lasers typically employ large hardware and
use reactants relatively inefficiently. This project is creating
an alternative approach called microCOIL. In microCOIL,
most conventional components are replaced by a set of
silicon MEMS devices that offer smaller hardware and
improved performance. A complete microCOIL system
includes micro-chemical reactors, micro-scale supersonic
nozzles, and micro-pumps. System models incorporating
all of these elements predict significant performance
advantages in the microCOIL approach [1].

Initial work focuses on the design, microfabrication, and
demonstration of a chip-scale singlet oxygen generator

A Figure 1: Photograph of completed microSOG device.

REFERENCES:

(SOG), a micro-chemical reactor that generates singlet
delta oxygen gas to power the laser. Given the extensive
experience with micro-chemical reactors over the last
decade [2-4], it is not surprising that a micro-SOG would
offer a significant performance gain over large-scale systems.
The gain stems from basic physical scaling; surface-to-
volume ratio increases as the size scale is reduced, which
enables improved mixing and heat transfer. The SOG chip
demonstrated in this project, shown in Figure 1, employs
an array of micro-structured packed-bed reaction channels
interspersed with micro-scale cooling channels for efficient
heat removal. Production of singlet oxygen has been
confirmed via spontaneous emission (as shown in Figure 2)
and mass spectrometry techniques. The yield (or fraction of
singlet oxygen produced) is estimated at 70%, making the
micro-SOG competitive with macro-scale alternatives.
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A Figure 2: The IR spectrum measured at the uSOG gas
outlet. The peak at 1268 nm indicates the spontaneous decay
of singlet oxygen into its triplet state.

[11 B.A. Wilhite, C. Livermore, Y. Gong, A.H. Epstein, and K.F. Jensen, “Design of a MEMS-based micro-chemical oxygen-iodine laser (mCOIL)
system,” IEEE J. of Quantum Electronics, vol. 40, pp. 1041-1055, 2004.
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on Microreaction Tech. (IMRET5) 2001.

[3]1 S.K. Ajmera, C. Delattre, M.A. Schmidt, and K.F. Jensen, “Microfabricated cross-flow chemical reactor for catalyst testing,” Sensors and

Actuators B (Chemical), vol. B82, pp. 297-306, 2002.

[41 MMW. Losey, M.A. Schmidt, and K.F. Jensen, “Microfabricated multiphase packed-bed reactors: Characterization of mass transfer and

reactions,” Ind. Eng. Chem. Res., vol. 40, pp. 2555-2562, 2001.
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Label-free Microelectronic PCR Quantification
C.-S. Johnson Hou, N. Milovic, M. Godin, P. Russo, R. Chakrabarti, S.R. Manalis

Sponsorship: AFOSR, Hewlett Packard, MIT Sea Grant Program

The introduction of real-time monitoring of the polymerase
chain reaction (PCR) represents a major breakthrough in
specific nucleic acid quantification. This technique employs
fluorescent intercalating agents or sequence-specific reporter
probes to measure the concentration of amplified products
after ecach PCR cycle. However, the need for optical
components can limit the scalability and robustness of the
measurement for miniaturization and field-uses. Moreover,
the addition of external fluorescent reagents can induce
inhibitory effects [1] and require extensive optimization

2.

We have developed a robust and simple method for direct
label-free PCR product quantification using an integrated
microelectronic sensor (Figure 1) [3]. The field-effect
sensor can sequentially detect the intrinsic charge of

|I

I I

A Figure 1: Cross-sectional drawing demonstrating

the basis of the device measurement. Binding of charged

molecules such as DNA on the sensor’s surface alters the

distribution of positive mobile charge carrier in silicon,

results in a modulation of the depletion depth (red arrow),

hence changing the capacitance. This change in capacitance

is monitored by measuring the AC current between the
sensor and the gold electrode.

REFERENCES

multiple unprocessed PCR products and does not require
sample processing or additional reagents in the PCR
mixture. The sensor measures nucleic acid concentration
in the PCR relevant range and specifically detects the
PCR products over reagents such as Taq polymerase and
nucleotide monomers. The sensor can monitor the product
concentration at various stages of PCR and can generate
a readout that resembles that of a real-time fluorescent
measurement using an intercalating dye but without its
potential inhibition artifacts (Figure 2). The device is mass-
produced using standard semiconductor processes, can be
reused for months, and integrates all sensing components
directly on-chip. As such, our approach establishes a
foundation for the direct integration of PCR-based i vitro
biotechnologies with microelectronics.
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A Figure 2: Comparison between steady state response of
electronic measurements (black), realtime monitoring of PCR
using Sybr Green | intercalating dye (red), and concentration
analysis of the products using DNA Labchip kits (blue). No
fluorescent labels were used for electronic detection and
concentration measurements. However the discrepancy with
the Sybr Green | measurement is likely due to partial inhibition of
the PCR reaction by the fluorescent reagent.

[11 K. Nath, J.W. Sarosy, J. Hahn, and C.J. Di Como, “Effects of ethidium bromide and SYBR Green | on different polymerase chain reaction
systems,” Journal of Biochemical and Biophysical Methods, vol. 42, no. 1-2, pp. 15-29, Jan. 2000.

[2] M. Boeckh, M. Huang, J. Ferrenberg, T. Stevens-Ayers, L. Stensland, W.G. Nichols, and L.J Corey, “Optimization of quantitative detection of
cytomegalovirus DNA in plasma by realtime PCR,” Journal of Clinical Microbiology, vol. 42, no. 3, pp. 1142-1148, Mar. 2004.

[31 C.J. Hou, N. Milovic, M. Godin, P.R. Russo, R. Chakrabarti, and S.R. Manalis, “Label-free microelectronic PCR quantification,” Analytical

Chemistry, Mar. 2006, to be published.



Atomic Force Microscopy with Inherent Disturbance Suppression for

Nanostructure Imaging

A. Sparks, S.R. Manalis
Sponsorship: AFOSR

Scanning probe imaging is often limited by disturbances, or
mechanical noise, from the environment that couple into
the microscope. We demonstrate on a modified commercial
atomic force microscope that adding an interferometer as
a secondary sensor to measure the separation between the
base of the cantilever and the sample during conventional
feedback scanning can result in real-time images with
inherently suppressed out-of-plane disturbances (Figure
1) [1]. The modified microscope has the ability to resolve
nanometer-scale features in situations where out-of-plane
disturbances are comparable to or even several orders of
magnitude greater than the scale of the topography. We
presentimages of DNA in air from this microscope in tapping
mode without vibration isolation, and show improved clarity
using the interferometer as the imaging signal (Figure 2). The
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A Figure 1. Experimental schematic. Zact (actuator)
is the signal that is used for conventional scanning probe
microscopy and includes a superposition of topography and
mechanical disturbances. However, Zint (interferometer)
reveals only topography and suppresses the mechanical
disturbances.
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inherent disturbance suppression approach is applicable to
all scanning probe imaging techniques.

We do not claim thatimage improvement will be comparable
to these results on all SPMs and in all imaging environments.
At present, this technique will be most effective in very noisy
environments, such as a microfabrication facility, where Z
disturbances overwhelm sample topography. However,
there are two significant implications of this work: 1)
vibration isolation, which is costly and consumes space,
can be rendered unnecessary for noisy environments; and,
2) this technique can potentially outperform vibration
isolation in any environment with further reduction of the
interferometer noise floor.

INTERFEROMETER

ACTUATOR

A Figure 2: Due to Z disturbance effects, the actuator image
appears streaked, and diagonal background stripes are present
which are likely due to a resonance of the microscope. The
interferometer image does not exhibit streaking and shows
suppressed background noise.

[11 A.W. Sparks and S.R. Manalis, “Atomic force microscopy with inherent disturbance suppression for nanostructure imaging,” Nanotechnology,

vol. 17, pp. 1574, 2006.
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Vacuum-Packaged Suspended Microchannel Resonant Mass Sensor for

Biomolecular Detection

T.P. Burg, A.R. Mirza, N. Milovic, C.H. Tsau, G.A. Popescu, J.S. Foster, S.R. Manalis

Sponsorship: AFOSR, NIH

Microfabricated transducers enable the detection of
biomolecules in microfluidic systems with nanoliter size
sample volumes. Their integration with microfluidic sample
preparation into lab-on-a-chip devices can greatly leverage
experimental efforts in systems biology and pharmaceutical
research by increasing analysis throughput while dramatically
reducing reagent cost. Microdevices can also lead to robust
and miniaturized detection systems with real-time monitoring
capabilities for point-of-use applications.

We have recently fabricated, packaged, and tested a
resonant mass sensor for the detection of biomolecules in a
microfluidic format [1]. The transducer employs a suspended
microchannel as the resonating element, thereby avoiding

A Figure 1. Suspended microchannel resonator (SMR).
In SMR detection, target molecules flow through a vibrating
suspended microchannel and are captured by receptor
molecules attached to the interior channel walls. What
separates the SMR from existing resonant mass sensors is
that the receptors, targets, and their aqueous environment
are confined inside the resonator, while the resonator itself
can oscillate at high Q in an external vacuum environment,
thus yielding extraordinarily high sensitivity.

REFERENCES

the problems of damping and viscous drag that normally
degrade the sensitivity of resonant sensors in liquid (Figure
1). Our device differs from a vibrating tube densitometer in
that the channel is very thin, which enables the detection
of molecules that bind to the channel walls; this provides a
path to specificity via molecular recognition by immobilized
receptors. The fabrication is based on a sacrificial polysilicon
process with low-stress LPCVD silicon nitride as the structural
material, and the resonator is vacuum packaged on the wafer
scale using glass frit bonding (Figure 2). Packaged resonators
exhibit a sensitivity of 0.8 ppm/(ngecm?) and a mechanical
quality factor of up to 700. To the best of our knowledge,
this quality factor is among the highest so far reported for
resonant sensors with comparable surface mass sensitivity in
liquid.

—
100

A Figure 2: Optical micrograph of a packaged cantilever
resonator. The 300um long beam contains a 1 x 20 um
microfluidic channel (a). An electrode on the glass surface
above the cantilever enables electrostatic actuation (b). Glass
frit conforms to the surface topography and does not collapse
the thin channel in location (c) during bonding.

[11 T.P. Burg, A.R. Mirza, N. Milovic, C.H. Tsau, G.A. Popescu, J.S. Foster, S.R. Manalis, “Vacuum-packaged suspended microchannel resonant
mass sensor for biomolecular detection,” IEEE Journal of Microelectromechanical Systems, to be published.



Microbial Growth in Parallel Integrated Bioreactor Arrays

H. Lee, R.J. Ram, P. Boccazzi, A. Sinskey
Sponsorship: DuPont-MIT Alliance

Bioprocesses with microbial cells play an important role
in producing biopharmaceuticals such as human insulin
and human growth hormone and other products such as
amino acids and biopolymers. Because bioprocesses involve
the complicated interaction between the genetics of the
microorganisms and their chemical and environmental
conditions, hundreds or thousands of microbial growth
experiments are necessary to develop and optimize them.
In addition, efforts to develop models for bioprocesses
require numerous growth experiments to study phenotypes
of microorganism.

We have designed and developed integrated arrays of
microbioreactors that can provide the oxygen transfer and
control capabilities of a stirred tank bioreactor in a high-
throughput format. The devices comprise a novel peristaltic
oxygenating mixer and microfluidic injectors (Figure
1), which are fabricated using a process that allows the
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A Figure 1: Photograph and schematic of parallel
integrated bioreactor array device. a) Photograph of
four reactors integrated into a single module. b) Cross-
section showing peristaltic oxygenating mixer tubes and
fluid reservoir with pressure chamber. c) Top view of
schematic showing optical sensors and layout of peristaltic
oxygenating mixer and fluid injectors. d) Cross-section
showing the fluid-injector membrane pinch valves.

combination of multiple scale (100 pm-1 ¢cm) and multiple
depth (100 pm-2 mm) structures in a single mold. The
microbioreactors have a 100 pL. working volume, a high
oxygen-transfer rate (k;a = 0.1s!), and closed loop control
over dissolved oxygen and pH (£0.1). Overall, the system
supports eight simultaneous batch cultures in two parallel
arrays with two dissolved oxygen thresholds, individual pH
set points, and automated near real-time monitoring of
optical density, dissolved oxygen concentration, and pH.

These capabilities allowed the demonstration of multiple
Escherichia coli acrobic fermentations with growth to high cell
densities (>12g-dew/L, Figure 2), and individual bioreactor
performance on par with bench scale stirred tank bioreactors.
The successful integration of diverse microfluidic devices
and optical sensors in a scalable architecture opens a new
pathway for continued development of parallel bioreactor
systems.
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A Figure 2: Four E. coli fermentations on a defined medium
performed in a single micro-bioreactor array module. The
heavy black line indicates the mean of the cell density and pH
replicates and the minimum of the dissolved oxygen replicates.
The pH was controlled at 6.9 until the base reservoirs
were depleted. Due to differences in the k a, the oxygen
concentration in three of the reactors did not remain near the
set point. The oxygen concentration of the mixer actuation gas
(bold magenta dashes) is shown by the orange dashed line and
approximately follows the exponential growth of the cells.
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Vacuum-Sealing Technologies for Micro-chemical Reactors

K. Cheung, K.F. Jensen, M.A. Schmidt
Sponsorship: ARO MURI

Current portable power sources may soon fail to meet the
demand for increasingly larger power densities. To address
this concern, our group has been developing MEMS power
generation schemes that are focused around fuel cells and
thermophotovoltaics. At the core of these systems is a
suspended tube micro-reactor that has been designed to
process chemical fuels [1]. Proper thermal management is
critical for high reactor efficiency, but substantial heat loss
is attributed to conduction through air. A straightforward
solution 1s to eliminate the heat-loss pathways associated
with air by means of a vacuum package. This work explores
a glass-frit bonding method for vacuum sealing

Optimization of pre-sintering and bonding parameters of
the glass frit produced a repeatable and robust hermetic
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seal.  Encounters with outgassing issues prompted an
alternate two-step packaging process illustrated in Figure
1. New capping dies were fabricated, test devices were
packaged, and the final seal-off was attempted with various
materials [2]. Several experimental results appear in Figure
2. The glass frits are undesirable since they produce holes
from material breakdown when heated in a vacuum. The
gold-indium solder appears promising but holes formed
due to internal outgassing. Extended heating to assist
outgassing resulted in the delamination of the solder from
the wetting metal. Recent work has been conducted to

evaluate oxidized caps and lead-tin solder as solutions to
these problems. Enhancements through the incorporation
of non-evaporable getters will be assessed once a vacuum
package is achieved.

A Figure 1: Basic concept of the two-step approach.
(a) Initial bond in box furnace (blue = frit, black = silicon,
yellow = metallization); (b) place solder/frit (orange)
into pump-out hole; and (c) final seal-off.

REFERENCES

A Figure 2: Experimental results of final seal-off attempts with
various materials and conditions (1) Diemat DM2700PF (2) Semcom
B-10105 (3) Semcom B-10127 (4) 82Au/18In (5) 80Au/20In (6)
80Au/20In extended outgassing.

[11 L.R.Arana, “Hightemperature microfluidic systems for thermally-efficient fuel processing,” Ph.D. thesis, Massachusetts Institute of Technology,

Cambridge, 2003.

[2]1 K. Cheung, “Die-level glass frit vacuum packaging for a micro-fuel processor system,” Master’s thesis, Massachusetts Institute of Technology,

Cambridge, 2005.



Direct Patterning of Organic Materials and Metals Using Micromachined

Printheads

V. Leblanc, J. Chen, D.M. Schut, P. Mardilovich, V. Bulovic, M.A. Schmidt

Sponsorship: Hewlett-Packard

Organic optoelectronic devices are promising for many
commercial applications if methods for fabricating them
on large-area, low-cost substrates become available. Our
projectinvestigates the use of MEMS in the direct patterning
of materials needed for such devices. By depositing the
materials directly from the gas phase, without liquid phase
coming in contact with the substrate, we aim to avoid the
limitations of inkjet printing such materials.

In our first demonstration, we used an electrostatically
actuated micromachined shutter integrated with an x-y-z
manipulator to modulate the flux of evaporated organic
semiconductors and metals and to generate patterns of the
deposited materials. We printed arbitrary patterns of organic
semiconductor Alq, (tris(8-hydroxyqunolinato) aluminum)
and metal silver on glass substrates. We also printed
pentacene/silver organic field effect transistor (OFET) and
arrays of organic light emitting devices (OLED), as shown
in Figure 1. This printing technique can pattern small-

A Figure 1: Patterns obtained using our direct patterning
method. Clockwise from top left: photoluminescence of
Alg3 pixels, electroluminescence of OLED array with 30-
micron pixels, and pictures of an OFET and a silver line
pattern.

REFERENCES

molecule organic light-emitting devices at high resolution

(800 dpi).

The next stage of this project investigates the use of
a microporous layer with integrated heaters for local
evaporation of the materials. The microfabricated device is
shown in Figure 2. The material to be printed is delivered to
the porous region in liquid or gas phase and deposits inside
the pores. Anintegrated heater then heats up the porous area
and the material is re-evaporated from the pores onto the
substrate. Compared to the first generation of printheads,
the problems of crashing and stiction are avoided, since
there is no moving part. Clogging is also limited since most
of the material is removed during each printing cycle. Other
advantages include the smaller quantity of organic material
used, and the reduced substrate heating. Such a printhead
would ultimately be integrated with an ink-jet printer for the
delivery of liquid phase material into the porous region.

Heater

A Figure 2: Left: Pictures of the pores seen from the front of
the device, top: fluorescent imaged after Alg3 was introduced
from the back; bottom: optical microscope picture after the
integrated heater re-evaporated the material. Right: Optical
microscope image and schematic of device.

[11 V. Leblanc, S.H. Kang, J. Chen, P.J. Benning, M.A. Baldo, V. Bulovi¢, and M.A. Schmidt, “Micromachined printheads for the patterning of
organic materials and metals,” in Proc. of Transducers 2005, Seoul, Korea, June 2005, pp. 1429-1432.

[2]1 J. Chen, V. Leblanc, S.-H. Kang, M.A. Baldo, P.J. Benning, V. Bulovi¢, and M.A. Schmidt, “Direct patterning of organics and metals using a
micromachined printhead,” in Proc. MRS Spring 2005, San Francisco, CA, Mar/Apr. 2005, pp. H1.8:1-7,
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A Thermophotovoltaic (TPV) MEMS Power Generator

0.M. Nielsen, K.F. Jensen, M.A. Schmidt
Sponsorship: ARO MURI

For a number of years, batteries have not kept up with the
fast development of microelectronic devices. Thelow energy
densities of even the most advanced batteries are a major
hindrance to lengthy use of portable consumer electronics
such as laptops and of military equipment that most soldiers
carry today. Furthermore, battery disposal constitutes an
environmental problem. Hydrocarbon fuels exhibit very
high energy densities in comparison, and micro-generators
converting the stored chemical energy into electrical power
at even modest levels are therefore interesting alternatives
in many applications. This project focuses on building
thermophotovoltaic (TPV) micro-generators, in which
photocells convert radiation from a combustion-heated
emitter into electrical power. TPV is an indirect conversion
scheme that goes through the thermal domain and therefore
does not exhibit very high efficiencies (10-15% max).

1 mm

©00000000000000000000000000000000000000000000000000000 ©

A Figure 1: Suspended micro-reactor (SpRE 1) for fuel
processing and TPV energy conversion heated to ~900°C.

REFERENCES

However, because of its simple structure and because the
combustor and photocell fabrication processes do not need
to be integrated, the system is simpler to micro-fabricate than
other generator types, e.g., thermoelectric systems and fuel
cells. Itis also a mechanically passive device that is virtually
noiseless and less subject to wear than engines and turbines.
In this TPV generator, a catalytic combustor, the suspended
micro-reactor (SURE) (Figure 1), is heated by combustion of
propane and air, and the radiation emitted is converted into
electrical energy by low-bandgap (GaSbh) photocells. Net
power production of up to I mW has been achieved [1],
constituting a promising proof of concept. A new version
of the SuRE is currently under fabrication. This new design
(Figure 2) aims to address several problems existing in the
earlier version, including fabrication difficulties, low burst
pressure of the tubes, and low emitter surface area.

A Figure 2: Three-dimensional model of the new suspended
micro-reactor (SuRE Ill).

[11 O.M. Nielsen, L.R. Arana, C.D. Baertsch, K.F. Jensen, and M.A. Schmidt, “A thermophotovoltaic micro-generator for portable power
applications,” in Proc. Transducers ‘03, Boston, MA, June 2003, pp. 714-717.



MEMS Vacuum Pump

V. Sharma, M.A. Schmidt
Sponsorship: DARPA

There are many advantages to miniaturizing systems for
chemical and biological analysis. Recent interest in this
area has led to the creation of several research programs,
including a micro gas analyzer (MGA) project at MIT. The
goal of this project is to develop an inexpensive, portable,
real-time, and low-power approach for detecting chemical
and biological agents. Elements entering the MGA are first
ionized, then filtered by a quadrupole array, and sensed
using an electrometer. A key component enabling the entire
process is a MEMS vacuum pump, responsible for routing
the gas through the MGA and increasing the mean free
path of the 1onized particles so that they can be accurately
detected.

There has been a great deal of research done over the past
30 years in the area of micro pumping devices [1, 2]. We
are currently developing a displacement micro-vacuum
pump that uses a piezoelectrically driven pumping chamber
and a pair of piezoelectrically driven active-valves; the
design is conceptually similar to the MEMS pump reported
by Li et al. [3]. We constructed accurate computer models

for all aspects of the pump’s operation: a compressible mass
flow model of the flow rates, the pressure, the density, and
the Mach number in the different parts of the pump in
both the sonic and subsonic regimes [4], and a nonlinear
plate deformation model of the stresses experienced by the
pistons, tethers, and walls of the pump during operation [5],
for any chosen dimensions and material properties.

Using these models we have defined a process flow for our
first-generation MEMS vacuum pump designed to meet
our first-term goals. A schematic of this pump that we
started fabricating is shown in Figure 1 below. For ease in
testing we have decided to fabricate only Layers 1-3 and
constructed a testing platform that will drive the pistons
pneumatically. This will allow for rapid characterization of
pumping performance as well as chamber and valve designs
for several dies at once without having to incorporate
piezos in each case. The final device will be driven using
low-voltage, low-loss, piezoelectric-stacks incorporated into
Layer 4 and will include Layer 5 for structural support.

Active Valve

Pump Chamber

Active Valve

L1

| — I gyy— | :

| | L3

L4

\
N
\

L5

Low Pressure .

Piezoelectric Elements

~ High Pressure

A Figure 1: Schematic of the MEMS vacuum pump. Layers 1 and 4 are glass, Layer 2 forms the chambers and channels using
double-side polished silicon, Layer 3 forms the pistons and tethers being silicon-on-insulator, and Layer 5 is single-polished silicon.
For testing and characterization, only Layers 1-3 are being fabricated.
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[11 D.J. Laser and J.G. Santiago, “A review of micropumps,” J. of Micromechanics and Microengineering, vol. 14, no. 6, pp. 35-64, 2004.
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[31 H.Q.Li, D.C. Roberts, J.L. Steyn, K.T. Turner, J.A. Carretero, O. Yaglioglu, Y.-H. Su, L. Saggere, N.W. Hagood, S.M. Spearing, M.A. Schmidt,
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Rapid and Shape-Controlled Growth of Aligned Carbon Nanotube

Structures
A.J. Hart, L.C. van Laake, A.H. Slocum

Sponsorship: Deshpande Center, NSF, Fannie and John Hertz Foundation

We present approaches for growth of aligned carbon
nanotube (CNT) structures on silicon substrates, based
on atmospheric pressure chemical vapor deposition
(CVD) using a Fe/AlO, catalyst film in C,H,/H,.
First, vertically-aligned films of small-diameter (5-10
nm) multi-walled CN'Ts (MWNT5) are grown to 0.9 mm
thickness in 15 minutes and 1.8 mm in 60 minutes, using
a conventional l-inch-diameter tube furnace [1]. The
catalyst is patterned by photolithography, and the growth
rate of CN'T microstructures depends on the local areal
density of catalyst, which is analogous to loading effects in
plasma etching process. Further, using a novel apparatus
where the silicon substrate 1s resistively heated, we achieve
CNT film thickness of 3 mm in just 20 minutes along with
rapid (100°C/s) control of the substrate temperature and
optically image the film during growth (Figure 1).

By placing a weight on the catalyst-coated substrate, we
measure the force which can be exerted by a growing CNT

film and demonstrate that the film thickness after a fixed
growth time and the alignment of CN'Is within the film
decrease concomitantly with increasing applied force [2].
We utilize this principle to fabricate three-dimensional
structures of CNT5 (Figure 2) that conform to the shape
of a microfabricated template. This technique is a
catalytic analogue to micromolding of polymer and metal
microstructures; it enables growth of nanostructures in
arbitrarily-shaped forms and does not require patterning
of the catalyst.

Finally, we perform combinatorial flow studies of CNT
growth using an array of parallel microchannels fabricated
by KOH etching of silicon [3]. We observe transitions
in CNT vyield and quality along the microchannels,
grow CNT structures that are aligned by gas flows in the
microchannels, and fabricate CNT-filled microchannels
for applications such as microfluidic filters.

A Figure 1: Growth of a CNT film on a resistively heated silicon
substrate: (a) suspended silicon substrate at 750°C; (b) optical
top-view image of CNT film during growth.

REFERENCES

A Figure 2: The CNT microforms fabricated by growth
under mechanical pressure: (a) Microforms fabricated using
KOH-etched microchannel template. (b) Cross-section of a
trapezoidal CNT microform.

[11 A.J.Hartand A.H. Slocum, “Rapid growth and flow-mediated nucleation of millimeter-scale aligned carbon nanotube structures from a thin-film
catalyst,” J. of Physical Chemistry B, vol. 110, pp. 8250-8257, 2006.

[2]1 A.J. Hart and A.H. Slocum, “Force output and micro-scale shape replication by aligned carbon nanotube growth,” Nano Letters, vol. 6, pp.

125460, 2006.

[31 A.J. Hart and A.H. Slocum, “Combinatorial glow studies of carbon nanotube growth using microchannel arrays,” presented at the Materials

Research Society Fall Meeting, 2005.



A Low Contact Resistance MEMS-Relay

A.C. Weber, J.H. Lang, A.H. Slocum
Sponsorship: ABB Corporate Research, Baden-Daettwil

A low contact resistance MEMS-relay featuring highly
parallel and planar oblique contacts has been fabricated and
is currently being tested. The contacts are etched in silicon
using a potassium hydroxide (KOH) solution. An offset
between the wafer-top and the wafer-bottom KOH masks
produces the oblique contact geometry schematically shown
in Figure 1A.

In contrast, many prior art MEMS devices [1-3] have rough,
non complementary contacts. As these surfaces touch, they
do so in a small number of high points, as shown in Figure
1B, which significantly reduces the effective contact area
and leads to a high contact resistance and a low current
carrying capacity. Additionally, vertical contacts are prone to
poor metallization, which further affects the device’s contact
resistance. Our MEMS-relay, shown in Figure 2, is composed
of a compliant mechanism (B), a pair each of engaging (C)
and disengaging (D) rolling-point “Zipper” actuators [4-5],
and a pair of planar and parallel contacts (E).The relay is
fabricated by a combination of deep reactive ion etching
(DRIE) and KOH etching. Nested masks are used to pattern

A) Oblique highly parallel and planar contacts:

A) Device as Fabricated

Contact area
B) Prior Art:

Y
=

Reduced contact area

A Figure 1: Schematic cross section
of oblique planar parallel contacts (A),
schematic cross section of prior art (B).
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both wafer-through etches. Low stress silicon nitride (Si;N,),
which will later be used as a KOH mask, is patterned initially
on both sides of the device wafer. A silicon oxide film is
deposited on the KOH mask. The compliant mechanism and
actuators are then etched through DRIE and a second Si;N,
film is deposited. The second Si;N, film is patterned using
a “shadow” (through-etched) wafer as a mask. The oxide
1s selectively etched to reveal the buried nitride mask. The
contacts are etched in KOH solution. Both Si;N, and oxide
films are stripped and a thermal oxide, which insulates both
the electrostatic actuators and the relay contacts from the rest
of the device, is grown. Gold is evaporated over both sides
of the insulated contacts and the device wafer is anodically
bonded to a Pyrex handle wafer. Experimental pull-in and
drop-out voltages of 70 V and 40 V, respectively, agree with
the model. Contact travel of 50 pm prevents arcing as the
load circuit is switched on and off. A contact resistance of
50 mQ was demonstrated by our group using an externally
actuated structure as a proof of concept for the contact design
[4]. Our group continues to develop these MEMS relays for
power applications.

B) Contact section A-A, as indicated in A

A Figure 2: Device as fabricated (A), SEM contact cross section A-A of oblique
contacts as shown in Figure 2A (B). The die saw causes the rough edge of the
static contact in (B).

[11 H. Lee et al., “Electrostatically actuated copper-blade microrelays,” Sensors and Actuators A, vol. 100, pp. 105-113, 2002.

Actuators and Microsystems, 2003, vol. 1, pp. 480-483.

2] J. Wong et al., “An electrostatically-actuated MEMS switch for power applications,” in Proc. IEEE MEMS '00, Miyasaki Japan, pp. 633-638.
31 W. Taylor et al., “Fully integrated magnetically actuated micromachined relays,” Journal of MEMS, vol. 7, pp. 181-191, 1998.

4] J. Li, “Electrostatic zipping actuators and their application to MEMS,” Ph.D. thesis, MIT, Cambridge, 2004.

51 J. Lietal., “DRIE fabricated curved-electrode zipping actuator with low pullin voltage,” 12t Int. Conf. on Transducers, Solid-State Sensors,
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Fast Three-Dimensional Electrokinetic Pumps for Microfluidics

J.P. Urbanski, J. Levitan, M. Bazant, T. Thorsen
Sponsorship: ISN

Electrokinetic pumps are attractive for portable and flexible
microfluidic analysis systems, since they operate without
moving parts using low (battery-powered) alternating
potentials. Since the discovery of AC electro-osmosis (ACEO)
in the late 1990s, there has been much work in designing
planar, periodic pumps, which exploit broken symmetry in
electrode spacing and width to produce a streaming flow
over a surface. Although surface-height modulation has
been suggested as another means of breaking symmetry[1],
it has never been numerically or experimentally pursued.
Recently, Bazant and Squires described more general
flows due to induced charge -electro-osmosis (ICEO)
around three-dimensional metal structures[2], which

A Fluid Flow

AccV "Spot Magn —_—
200kV 3.0 EE8 GS| mBar

A Figure 1: (A) Schematic diagram of fluid flow that
may be generated by an AC field between two electrodes
located on a substrate. This “fluid conveyor belt,” containing
partially raised electrodes, exploits naturally occurring fluid
rolls to pump fluid in microchannels with voltages < ~10 V.
(B) Electroplating is used to create the raised geometry on
repeated periods of planar patterned electrodes.
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has since been realized experimentally in microfluidic
systems[3]. Motivated by ICEO around raised electrodes,
we are developing a variety of new three-dimensional AC
electrokinetic pumps capable of much faster directional flows
than planar ACEO pumps (for the same applied voltage and
minimum feature size) by an order of magnitude according
to the usual low-voltage model. This phenomena and an
example microfabricated device are illustrated in Figure 1.
We test and improve our theoretical designs experimentally
in a microfluidic loop[4], as shown in Figure 2. Our pumps
involve interdigitated planar electrodes with raised metal
structures from a simple electroplating step, which leads to
greatly enhanced pumping.

A Figure 2: A microfluidic device featuring a closed loop
channel is used to test AC electrokinetic pump designs. The
PDMS chip, which caps the electrodes, provides fluid inputs
and outputs, and isolates the working pump from external
pressure perturbations.  This approach enables systematic
characterization of pump performance as a function of input
voltage and frequency. The scale bar indicates 1 mm.

[1]1 A. Ajdari, “Pumping liquids using asymmetric electrode arrays,” Physical Review E, vol. 61, pp. R45-R48, 2000.
[21 M.Z. Bazant and T.M. Squires, “Induced-charge electrokinetic phenomena: Theory and microfluidic applications,” Physical Review Lett., vol.

92, 2004.

[31 J.A. Levitan, S. Devasenathipathy, V. Studer, Y.X. Ben, T. Thorsen, T.M. Squires, and M.Z. Bazant, “Experimental observation of induced-charge
electro-osmosis around a metal wire in @ microchannel,” Colloids and Surfaces A: Physicochemical and Engineering Aspects, vol. 267, pp.

122-132, 2005.

[4] V. Studer, A. Pepin, Y. Chen, and A. Ajdari, “An integrated AC electrokinetic pump in a microfluidic loop for fast and tunable flow control,”

Analyst, vol. 129, pp. 944-949, 2004.



BioMEMS for Control of the Stem-cell Microenvironment

L. Kim, A. Rosenthal, S. Sampattavanich, J. Voldman
Sponsorship: NIH

The stem-cell microenvironment is influenced by several
factors including cell-media, cell-cell, and cell-matrix
interactions. Although conventional cell-culture techniques
have been successful, they offer poor control of the cellular
microenvironment. To enhance traditional techniques, we
have designed a microscale system to perform massively
parallel cell culture on a chip.

To control cell-matrix and cell-cell interactions, we use
dielectrophoresis (DEP), which uses non-uniform AC
electric fields to position cells on or between electrodes [1].
We present a novel microfabricated DEP trap designed to
pattern large arrays of single cells (Figure 1, left). We have
experimentally validated the trap using polystyrene beads
and cells, showing excellent agreement with our model
predictions [2]. In addition, by placing interdigitated
electrodes between the traps, we can prevent cells from
sticking to the substrate outside the traps (Figure 1, right).

A Figure 1: Single DEP trap (upper left). 3 x 3 array
of murine fibroblast cells loaded in the DEP traps (lower
left). Single DEP trap with interdigitated electrodes (upper
right). 3 x 3 array of Hela cells loaded in the DEP traps,
with interdigitated electrodes between traps to prevent cell
sticking (lower right).

REFERENCES

To control cell-media interactions, we have developed
a microfluidic device for culturing adherent cells over a
logarithmic range of flow rates (Figure 2, left) [3]. The
device controls flow rates via a network of geometrically-
set fluidic resistances connected to a syringe-pump drive.
We use microfluidic perfusion to explore the effects of
continuous flow on the soluble microenvironment. We
have demonstrated logarithmically-scaled perfusion culture
of mouse embryonic stem cells over 4 days, with flow rates
varying > 300x across the array. Cells cultured at the slowest
flow rate did not proliferate while colonies at higher flow
rates demonstrated healthy round morphology (Figure 2,
upper and lower right) and expressed the stem-cell marker
Oct-4. These microfabricated platforms will enable precise
and unique control over the cellular microenvironment,
allowing novel cell biology experiments at the microscale.

Cellcculture chamber

1.1 uLfmin -

A Figure 2: Microfluidic 1 x 4 array of cell culture chambers
for creating a logarithmic range of flow rates (left). Mouse
embryonic stem cell colonies exhibit healthy morphology as they
grow from Day 1 to Day 4 (right) [4].

[11 H.A. Pohl, “Dielectrophoresis: The Behavior of Neutral Matter in Nonuniform Electric Fields,” New York, NY: Cambridge University Press,

1978.

[2]1 A. Rosenthal and J. Voldman, “Dielectrophoretic Traps for Single-Particle Patterning,” Biophysical Journal, vol. 88, pp. 2193-2205, 2005.
[31 L.Y.Kim, M.D. Vahey, H.Y. Lee, and J. Voldman. “Microfluidic arrays for logarithmically perfused embryonic stem cell culture,” Lab on a Chip,

vol. 6, pp. 394-406, 2006.

[4]1 L.Y. Kim, H.Y. Lee, and J. Voldman, "Logarithmically perfused cell culture arrays," presented at the Biomedical Eng. Soc. Annual Meeting,
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Microfluidic/Dielectrophoretic Approaches to Selective Microorganism

Concentration

H.-Y. Lee, K.A. Puchala, J. Voldman
Sponsorship: Draper Laboratories, NASA, MIT

This project focuses on the development of microfabricated
microfluidic/dielectrophoretic ~ devices  capable  of
concentrating micron-size particles from complex liquids, for
example water containing contaminants such as dust, sand,
protein or soot. The concentrated particles of interest, such
as pathogenic bacteria and spores, can then be delivered in
small aliquots to the appropriate sensor for identification.

The micro-concentrator exploits the phenomenon of
dielectrophoresis—the force on polarizable particles
in spatially non-uniform electric field [l]-to trap the
particles from the flow stream in order to subsequently
concentrate them by release into a smaller volume of liquid.
Dielectrophoresis does not negatively affect the liquid or the
particles on which it operates. In our device the non-uniform
electric field is created by interdigitated electrodes (IDE) at
the bottom of the channel through which the contaminated
solution 1s passed (Figure 1).

To maximize the exposure of particles to the DEP field, we
mix the liquid using passive micro-fluidic mixers (Figure 1).
Preliminary results with different fabricated micro-fluidic
mixers exhibit up to 70% improvement in trapping efficiency
as compared to devices without mixers (Figure 2). Although

CHAOTIC

— MIXER ‘
INTERDIGITATED // N2 /7 /
ELECTRODES \// / j7/
CHANNEL i

A Figure 1: Overhead and isometric view of the device. A
channel molded in poly(dimethylsiloxane) caps a glass wafer
lined with gold electrodes. Electrodes create the field that
traps particles from flow when sample liquid passes through
the channel.
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both the herringbone mixer (HM) and slanted groove mixer
(SGM) show notable improvements over smooth channel
configurations, the staggered herringbone mixer (SHM)
provides the greatest enhancement in trapping efficiency.
We believe that the chaotic mixing associated solely with
the SHM exposes more particles to the concentrator’s bank
of IDEs, thus resulting in higher trapping efficiency when
compared to other mixer types.

The magnitude and direction of the dielectrophoretic
(DEP) force depends on the particle’s dielectric properties
(i.e., conductivity and permittivity); therefore, when the
operating frequency of the field and the conductivity of the
medium are chosen, the DEP force can be selectively applied
to trap and concentrate some particles (bacterial spores of
interest) and not others (dust, soot, sand or protein). In
our device, initial banks of interdigitated electrodes are
driven to maximize interferent trapping, while final stages
capture spores from a purified solution. Using this mode of
operation, we demonstrated selective trapping of B. subtilis
spores while rejecting interferents such as pollen, chitin,
sand and depleting interferents such as soot and dust.
Future work will focus on improving purity and efficiency
of trapping

30%

25%
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0%
HM SHM

SMOOTH SGM

Trapped percentage

A Figure 2: Experimental results of the percentage of beads
trapped in the channel with different types of micromixers.
By using a staggered herringbone mixer (SHM), we can trap
a greater percentage of particles as compared with a plain
smooth channel. Other mixers, such as the herringbone
mixer (HM) and slanted groove mixer (SGM), give intermediate
performance.

[11 H.A. Pohl, Dielectrophoresis. Cambridge, UK: Cambridge University Press, 1978, pp. 17-43.



Microfabricated Approaches for Sorting Cells Using Complex

Phenotypes
B. Taff, S. Desai, J. Kovac, N. Mittal, J. Voldman

Sponsors: NSF Graduate Research Fellowship, NIH NCRR, Singapore-MIT Alliance

We are developing microfabricated approaches to create
sorting cytometers for genetic screening of complex
phenotypes in biological cells. Our goal is to create
technologies that combine the ability to observe with the
ability to isolate individual mutant cells from a population
under study. Such cytometry merges benefits of microscopy
and flow-assisted cell sorting (FACS) to offer unique
capabilities on a single platform. Biologists will be able to
use these technologies to isolate cells based upon dynamic
and/or intracellular responses, permitting creation of new
types of genetic screens.

We currently are developing optical and electrical approaches
to enable image-based sorting. Omne of our current
approaches uses an array of switchable traps (Figure 1) that
rely upon the phenomena known as dielectrophoresis (DEP)
[1]. The DEP-enabled traps allow for capturing and holding
cells in defined spatial locations and then subsequently
releasing a desired subpopulation for further study. The
traps in our device are controlled using a series of row and
column electrical connections. This setup avoids any need
for separate connections to each of the traps in our arrays.
Our chip-to-world interconnect needs thus scale only as
2 for any n X n trap footprint. This condition enables
site-specific addressing within arrays sized appropriately for
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A Figure 1: A sorting cytometer for screening complex
phenotypes. The cytometer consists of a two-dimensional
array of traps, each of which holds a single cell. After
loading the traps, the array is optically interrogated, and
cells with phenotypes of interest are sorted.

REFERENCES:

bio-relevant assays (10,000 sites) using a minimal number of
electrical ties (200 wires). To date, we have captured, held,
and sorted small populations of individual HLL60 human
leukemia cells using a demonstrative 4 X 4 trap array [2].
Figure 2 shows a proof-of-concept assay where orange- and
green-stained HL60 cells are first held in the 16-site array
and then we sorted each of the green cells from the grid.

Developing and scaling such a platform for screening
applications requires performance characteristics that are
easily met only by using quantitative modeling [3]. Usingsuch
an approach, we have developed updated trap geometries
and system configurations for use in larger 20 X 20 array
structures. Currently we are fabricating these enhanced
devices, their affiliated control and automation systems,
and specific RIP-tagged cell lines for planned complex
phenotype-based sorting assays. In tandem with this design
cycle, we are investigating the effects of DEP trapping on
cell health and the impact that it may have on our ability
to assess specific phenotypic behaviors. Complementary
and alternative approaches for implementing these sorting
functionalities are similarly under study in an attempt to
lower the threshold for acceptance and use in biological
laboratories.

[A]

Cell

100 pm

A Figure 2: Image-based cell sorting. (A) shows an image
from an assay where mixtures of orange and green CellTracker-
stained HL-60 cells are loaded into a 4 x 4 array. Though the
initial placement of the green and orange cells is random in
nature, the addressable traps enable selective sorting for all
cells of a prescribed color in (B).

[11 R. Pethig, “Dielectrophoresis: Using inhomogeneous AC electrical fields to separate and manipulate cells,” Critical Reviews in Biotechnology,

vol. 16, no. 4, p.331-348, 1996.

[2]1 B. Taff, et al., "A scalable addressable positive-dielectrophoretic cell-sorting array,” Analytical Chemistry, vol. 77, no. 24, pp. 7976-7983,

2005.

[31 A. Rosenthal, et al., “Quantitative modeling of dielectrophoretic traps,” Lab on a Chip, vol. 6, pp. 508-515, 2006.
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A Continuous, Conductivity-Specific Micro-organism Separator

M.D. Vahey, J. Voldman

Sponsorship: NIH NIBIB, MIT Buschbaum Fund, CSBi/Merck Graduate Fellowship

Increased throughput in the techniques used to engineer
new metabolic pathways in unicellular organisms demands
similarly high throughput tools for measuring the effects of
these pathways on phenotype. For example, the metabolic
engineer is often faced with the challenge of selecting the
one genomic perturbation that produces a desired result
out of tens of thousands of possibilities [1]. We propose
a separation method-iso-dielectric separation, or IDS—
which separates microorganisms continuously based on
their dielectric properties. This technology would enable
high-throughput screening of cells based upon electrically
distinguishable phenotypes.

Decreasing >
Conductivity

Increasing >
Conductivity

Iso-dielectric separation uses dielectrophoresis (DEP) and
media with spatially-varying conductivity to separate cells
by their effective conductivity. It is similar to iso-electric
focusing, except that it uses DEP instead of electrophoresis,
and 1is thus applicable to uncharged particles, such as cells
[2]. We apply this method to the separation of polystyrene
beads (based on surface conductance), vesicles (based on
the conductivity of the internal fluid), and cells (based on
viability). Current efforts are focused on the separation of
Escherichia coli based upon the amount of the intracellular
polymer poly(hydroxybutyrate) that each cell contains.

Electrodes

1.6um beads

1.9um beads

1.6um beads
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A Figure 1: (A) Trial separation of polystyrene beads using nDEP. The smaller, more conductive beads separate out into
higher conductivity, as would be expected. The 1.9 pm particles reach their IDP in-frame, where they are seen passing over the
electrodes. (B) Using pDEP, the smaller beads still separate into higher conductivity, corresponding to a further displacement
(from left to right) to reach the IDP than that for the larger beads.

REFERENCES
[11 G. Stephanopoulos, “Metabolic fluxes and metabolic engineering,” Metab. Eng., vol. 1, no. 1, pp. 1-11, 1999.
[21 H.A. Pohl and J.S. Crane, “Dielectrophoresis of cells,” Biophysical Journal, vol. 11, no. 3, pp. 711-727, 1971.



MEMS Vibration Harvesting for Wireless Sensors
A. Mracek, W.S. Kim, Y. Maniouloux, S. Tonn, H. Wong, B.L. Wardle (in collaboration with S.-G. Kim)

Sponsorship: Cambridge-MIT Institute, NSF

The recent development of “low power” (10’s-100’s of pW)
sensing and data transmission devices, as well as protocols
with which to connect them efficiently into large, dispersed
networks of individual wireless nodes, has created a need for
a new kind of power source. Embeddable, non-life-limiting
power sources are being developed to harvest ambient
environmental energy available as mechanical vibrations,
fluid motion, radiation, or temperature gradients [1]. While
potential applications range from building climate control
to homeland security, the application pursued most recently
has been that of structural health monitoring, particularly
for aircraft.

This SHM application and the power levels required favor
the piezoelectric harvesting of ambient vibration energy.
Current work focuses on harvesting this energy with
MEMS resonant structures of various geometries. Coupled
clectromechanical models for uniform beam structures have
been developed to predict the electrical and mechanical
performance obtainable from ambient vibration sources.

Top
View

Proof mass

Side

Inlerdlgitatec\E\ectrodes
View

Substrat Piezoelectric layer

lllustration: Not to scale

SEM of prototype device

A Figure 1: lllustration of MPVEH unimorph configuration (left)

and SEM of a prototype device (right, courtesy of S.-G. Kim).
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The uniform models have been validated by comparison
to prior published results [2] and verified by comparison
to tests on a macro-scale device [5]. Models of a uniform
harvester with proof mass are currently undergoing macro-
scale testing and validation. A non-optimized, uni-morph
beam prototype (Figure 1) has been designed and modeled
to produce 30 pW/cm?® [3]. A MEMS fabrication process
for a prototype device is presented based on past work at
MIT [4]. Dual optimal frequencies with equal peak powers
and unequal voltages and currents are characteristic of the
response of such coupled devices when operated at optimal
load resistances (Figure 2). Design tools to allow device
optimization for a given vibration environment have been
developed for both geometries.

Future work will focus on fabrication and testing of
optimized uni-morph and proof-of-concept bi-morph
prototype beams. System integration and development,
including modeling the power electronics, will be included.
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A Figure 2: Power vs. normalized frequency with
varying electrical load resistance [3].
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Fabrication and Structural Design of Ultra-thin MEMS Solid Oxide Fuel

Cells

N. Yamamoto, D. Quinn, P. Capozzoli, N. Wicks, S. Wicks, S.M. Spearing, B.L. Wardle (in coll. with B.A. Wilhite, J. Hertz, J. Cui,

K. Deshpande, K.F. Jensen, H. Tuller, M.A. Schmidt)
Sponsorship: ARO

Microfabricated solid oxide fuel cells are being investigated
for portable power applications requiring high energy
densities [1-2]. Reducing the thickness of the fuel cell
stack (anode, electrolyte, and cathode) improves the
electrochemical performance over that of traditional
devices. This motivation for thinner structures, combined
with significant temperature excursions during processing
and operation (~600-1000 °C), leads to a major challenge
of thermomechanical stability of such membranes. Figure
1 shows a buckled electrolyte/SiN thin film. To predict
and control structural stability and failure, the structural
characterization of thin films is being investigated.

Our group has characterized the residual stress and
microstructure of the electrolyte layer. Complete studies
were done on residual stress in sputter-deposited yttria-
stabilized zirconia (YSZ) thin films (5 nm-1000 nm
thickness) as a function of substrate temperature [3]. The
results indicate variations in intrinsic stress from ~-0.5GPa
to ~50 MPa as in Figure 2. Changes in microstructure are
characterized using x-ray diffraction of as-deposited and
annealed films and correlated with relevant mechanisms/

% Yttria Stabilized Zirconia: Y 09 Zroer O1os

models of residual stress evolution. Based on the design
frameworks using the data above, a large-area full fuel cell
stack (anode, electrolyte, and cathode) has been fabricated
and tested to be thermomechanically stable at high
operating temperatures. Tri-layers (Pt-YSZ/YSZ/Pt-YSZ,
50-200-um wide, each 250-nm-thick) were sputter-deposited
at high temperature (500-600C). Devices are being tested
for electrochemical performance and power generation. In
addition, proton-conducting electrolytes, typically capable
of significant power generation at temperatures lower
than YSZ are also being investigated in ultra-thin film
form. Crack-free barium cerium-yttrium-oxide (BaCeYO)
films with uniform thickness (300-500-nm thick) have
been successfully sputter-deposited. Electrochemical and
residual stress characterization for this material is currently
underway.

Additional ongoing work includes bulge-testing to determine
the electrolyte’s elastic/thermal/fracture properties in
ultra-thin membrane form, investigation of the mechanical
and chemical properties of anode cathode materials, and
nonlinear modeling of film postbuckling and failure.

-600

Thickness (nm)

A Figure 1: Postbuckled YSZ/SIN membranes

A Figure 2: The YSZ electrolyte film stress as a function of film

on Si. Displacement contour plot. thickness.
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Studies of Field lonization Using PECVD-grown CNT Tips

B. Adeoti, A.l. Akinwande
Sponsorship: DARPA

The Micro Gas Analyzer project aims to develop the
technology for portable, real-time sensors intended for
chemical warfare and civilian air-purity control. For the
analyzer, we are developing a field ionizer array based on
gated CN'Ts. We plan to use arrays of CNTs because their
small tip radii and high aspect ratio yield high fields at low
voltage. One possible configuration for the device is to bias
the CNTs to the highest potential and the collecting anode
to the lowest potential. The electrons in the outer shell of
the molecules tunnel out due to the ambient high electric
fields, which serve to lower the unperturbed potential
barrier seen by the electrons (Figure 1). The tunneling effect
is a purely quantum-mechanical process whose probability
of occurrence 1s strongly dependent on the applied electric
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A Figure 1: Representative picture of potential barrier
faced by electron in a single molecule when the molecule is
close to a tip biased at a high potential.
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fields [1]. We optimize the electron current by varying
structural parameters in our device. The most relevant
parameters include the radius of curvature, height, base
radius and base angle of the grown tip; height and thickness
of the tip; and the gate aperture. Varying the gate (or oxide)
height without updating the height of the CNT yields the
derivable result that the electric field is maximized with the
tip peaks at about the same height as the gate. When the tip
height is varied in sync with the height of the gate (or oxide),
we see that an independent optimum height exists (Figure 2).
The value of this height will depend, among other variables,
on the electrostatic properties of the insulating material and
the actual dimensions of the rest of the structure. These
simulation results are being verified by experiment.
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A Figure 2: Field factor B for various heights of gate.
Tip height was varied in sync with gate height so that the
tip remained within the range of the gate width. A field
ionization configuration was used. [CNT] : roc = 5.01 nm
| Base: angle=85 , radius=101 nm [GATE] : Aperture=1.01
=-150V

[11 R. Gomer, Field Emission & Field lonization, Cambridge: Harvard University Press, 1961.



Combinatorial Sensing Arrays of Phthalocyanine-based

Field-effect Transistors
M. Bora, D. Schut (HP), M.A. Baldo

Of the millions of molecular species floating in air or
dissolved in water, a substantial fraction can be smelled
and uniquely discriminated[1]. Biological systems
achieve this functionality with a multitude of non-specific
receptors. In this project, we are developing gas sensors
based on combinatorial arrays of organic transistors. The
combinatorial approach reduces the need to develop specific
receptors for each and every molecule of interest. Rather,
our sensors are based on exploiting the wide variation in
interactions between molecules and metal ions[2], an
approach previously employed in colorimetric sensors|[3].

We have fabricated gas-sensitive organic transistors each
consisting of an approximately 10-nm-thick polycrystalline
layer of a metallophthalocyanine (MPC) with gold source
and drain contacts. The width and length of the channel for
cach transistor is 2 mm and 50 pm, respectively. The charge-
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A Figure 1: The linearity of MPC
sensors is tested by modulating the solvent
concentration (Vyg=-20V, V,=-20 V).

A Figure 2:
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carrier mobility is typically between 103 and 10 cm?/Vs.
But the transconductances of various MPC transistors
(CoPC, CuPC, ZnPC, and NiPC) are observed to vary when
exposed to different gases (acetonitrile, tetrahydrofuran,
and toluene); channel current in MPC transistors decreases
linearly with increasing solvent concentration (Figure 1).
The transient response of the current modulation (Figure
2) is chemically selective and depends on the interaction
between the solvent and the central metal atom in the
MPC. The linear dependence of channel current on solvent
concentration, the steady state current modulation, and the
transient response of the MPC transistors are all consistent
with the disruption of percolation pathways leading to
modulation of transistor channel currents. Since the
sensors can be manufactured simply by inkjet printing on a
patterned substrate, they may find application as single-use
diagnostic aids.

THF Toluene

The transient rate of channel current recovery, ko after

removal of solvent vapor in units of minl, summarized for various MPC-solvent
combinations. Transistor bias conditions are Vy,=-20 V, V,=-20 V.

[11 P. Mombaerts, “Seventransmembrane proteins as odorant and chemosensory receptors,” Science, vol. 286, pp. 707-711, 1999.
[21 J.Wang, Z.A. Luthey-Schulten, and K.S. Suslick, “Is the olfactory receptor a metalloprotein?” in Proc. of the Nat'l. Academy of Sciences of the

United States of America, vol. 100, pp. 3035-3039, 2003.

[3]1 N.A. Rakow and K.S. Suslick, “A colorimetric sensor array for odor visualization,” Nature, vol. 406, pp. 710-713, 2000.
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Nanoelectromechanical Switches and Memories

K.M. Milaninia, M.A. Baldo
Sponsorship: MARCO MSD, ISN

The ability to change shape is a compelling attraction of
molecular semiconductors. Compared to rigid inorganic
materials, molecules are soft and malleable, and their
conformational changes are essential to the functionality of
biological systems. Applications of nano-electro-mechanical
(NEM) molecular devices include memories and transistors.
Information can be stored in the conformation of molecules,
potentially leading to very high density memories; molecular
transistors that change shape under bias could exhibit sub-
threshold slopes of << 60 mV/decade[l]. Indeed, as an
example of the potential of NEMs, voltage gated ion channels
possess subthreshold slopes of approximately 15 mV/decade

(2].

Although many materials are available for NEM
applications, carbon nanotubes exhibit low resistance
and good mechanical properties. In this project, we are
constructing a NEM testbed. The proposed design for our

relay is shown in Figure 1. Nanotubes are directly grown
at the bottom of an electron-beam defined trench etched
in Si. This offers better control over nanotube growth and
removes the need for additional steps that are required for
the removal of surfactants and organics from the surface
of the nanotubes. Because the nanotubes are vertically
oriented, we are able to take advantage of the smallest size
feature of the carbon nanotube - its diameter. This allows
us to create dense arrays of relays for applications such as
memory or logic devices. The vertical orientation allows
NEM structures with very large aspect ratios. Theoretical
results[3] have shown that increasing the aspect ratio of
a carbon nanotube reduces the voltage needed to pull in
the nanotube and thereby reduces the power requirement.
Furthermore, because of the ability to easily functionalize
the surface of nanotubes, we can functionalize the tube with
charge to lower the pull-in voltage even further.

05

P ——
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A Figure 1: Initial results were obtained by introducing a
(a) carbon nanotube mounted to a tungsten probe between
two (Au/SiO2/Si) contacts. (b),(c), and (d) are schematics
of the device in state 1 (its initial state), state 2, and state
3, respectively.

A Figure 2: An |-V of device being switched from state 1—2
by applying a bias between Contact 1 and CNT, then switched
from state 2— 3 by applying a bias between Contact 2 and CNT,
and finally from state 3—2 by applying a bias between Contact
1 and CNT.
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Growth of Carbon Nanotubes for Use in Origami Supercapacitors

H.J. In, S. Kumar, Y. Shao-Horn, G. Barbastathis
Sponsorship: MARCO IFC, ISN, NSF SGER

The Nanostructured Origami™ 3D fabrication and
assembly process can be used to create nanostructured,
three-dimensional (3D) devices exclusively through existing
2D micro- and nano-fabrication techniques. Previously,
the folding method was used in fabricating an origami
supercapacitor with carbon electrodes [1]. The carbon
electrode material was composed of 99 wt% Super P
carbon black and 1 wt% polyvinylidene fluoride binder in N-
methyl-2-pyrrolidone. This mixture was highly porous with
a very high specific surface area and resulted in microscale
supercapacitors with a high specific capacitance. However,
the material had to be deposited manually using a probe
tip, and its exact properties, e.g., surface area and variations

A Figure 1: Low-density growth of carbon nanotubes.
Each tube is approximately 2 microns long.

REFERENCES

in pore size could not be determined precisely. To enable
i situ deposition of the electrode material, multi-walled
carbon nanotubes (CN'Ts) were grown through a plasma-
enhanced chemical-vapor deposition (PECVD) method in
place of the manually deposited carbon paint. Morcover,
as Figures 1 and 2 partially illustrate, growth conditions of
the nanotubes determine their density, length, diameter, etc.
Being able to control the nanotube properties will allow us to
more carefully characterize the electrochemical properties
of the origami supercapacitors. All nanotubes were grown
using S. Kim group’s PECVD CNT deposition equipment.

A Figure 2: High-density growth of carbon nanotubes.

[11 H.J. In, S. Kumar, Y. Shao-Horn, and G. Barbastathis, “Origami fabrication of nanostructured, three-dimensional devices: Electrochemical
capacitors with carbon electrodes,” App. Phys. Lett., vol. 88, no. 8, pp. 083104:1-3, Feb. 2006.

[21 TA. ElAguizy, J.-H. Jeong, Y.-B. Jeon, W.Z. Li, Z.F. Ren, and S.-G. Kim, “Transplanting carbon nanotubes,” App. Phys. Lett., vol. 85, no. 24,

pp. 5995-5997, Dec. 2004.

[31 Z.F.Ren, Z.P. Huang, J.W. Xu, J.H. Wang, P. Bush, M.P. Siegal, and P.N. Provencio, “Synthesis of large arrays of well-aligned carbon nanotubes

on glass,” Science, vol. 282, pp. 105-1107, Nov. 1998.
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Self-Alignment of Folded, Thin-Membranes via Nanomagnet Attractive

Forces

A. Nichol, W.J. Arora, F.J. Castano, G. Barbastathis
Sponsorship: ISN, MARCO IFC

We are developing a thin-membrane self-alignment
technique based on the attractive force between arrays
of nano-patterned magnetic material (nanomagnets).
The alignment scheme shown in Figure 1 will be applied
in the Nanostructured Origami™ fabrication method [1],
which involves first nano-patterning membranes using
2D lithography and then folding the membranes in a 3D
configuration. We have shown that the scaling of the attractive
force between magnets is favorable for this application. The
research is moving towards a completely self-assembling, 3D
nanofabrication method with better than 50-nm accuracy
of feature placement for use in 3D photonics, 3D integrated
circuits, and other 3D hybrid devices.

Nanomagnets with preferred magnetization in-plane can
be patterned on thin-membranes with nano-scale precision
using e-beam lithography, e-beam evaporation for the
metallization steps, and liftoff’ processing.  The alignment
system uses a large array of nanomagnets to increase
force and to average out the local errors in magnetic pole

positions. A dynamic model of the system has shown a
l<1
....... Membrane A/T A
v.
<5um
Membrane B
t Nanomagnets
Membrane A
\ ]
; ; ¥ ; ;) Nanomagnets
]
Membrane B
A Figure 1: Schematic of the alignment system of

nanomagnets. The two membranes are patterned with magnetic
material that is magnetized in-plane by using an external
magnetic field. When the coarse alignment brings them close
enough, self-alignment occurs.
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significant dependency on the number of magnets for the
precision of the final alignment.

The magnetic alignment scheme i1s most effective when
the folding takes place in an external magnetic field
that holds a common magnetization direction for the
nanomagnets. The addition of an external field allows the
use of soft magnetic material operating at saturation. This
reduces processing constraints because hard permanent
nanomagnets at this scale are more difficult to fabricate than
soft magnets. Furthermore, the torque due to the external
field provides alignment about two axes of rotation. Using
a dipole approximation along with finite element magnetic
modeling (FEMM) [2], we have determined the alignment
forces that can be achieved with this method. A plot of the
forces between two 100 nm x 1 pm x 3 um saturated iron
nanomagnets appears in Figure 2. We are characterizing the
alignment force experimentally using sensitive 300 nm-thick
silicon nitride flexures that have been e-beam-patterned
with iron nanomagnets.

Force on magnetic dipole
M;=2T, A=0.1 pm?, L=3 pm

100
x FEA

10 | —— Calculated

14

0.1 1

Force Between Magnets (nN)

0.01 T r ‘

0 2 4 6 8
Separation between membranes (pm)

A Figure 2: The force exerted on a single 100 nm x 1 pm
x 3 pm magnetically saturated iron nanomagnet by similarly-
sized magnets on the other membrane. The force is highly
dependent on the separation between the membranes.

[1] S.M. Jurga, “Nanostructured Origami,” Third IEEE Conference on Nanotechnology, vol. 2, pt. 2, 2003, pp. 220-223.
[2]1 D. Meeker. (2005.) Finite Element Method Magnetic v.3.4. [online]. Available: http://femm.foster-miller.net/



Control System Design for the Nanostructured Origami™ 3D

Nanofabrication Process

P. Stellman, G. Barbastathis
Sponsorship: NSF, MARCO IFC, ISN

Nanostructured Origami™ is the 3D nanomanufacturing
process that folds patterned membranes into useful 3D
structures. Since the origami segments must be accurately
aligned in the 3D folded state, the actuation mechanisms
for Nanostructured Origami must be both controllable and
repeatable. Accurate analytical models of the actuation
are therefore necessary to expedite the design of complex
origamis. We borrow techniques from the robotics
community to simulate the motion of the origami as it
folds from 2D to its 3D shape. The dynamics of the folding
process are computed using wrench calculus [1] and are
used to design a control scheme for folding the segments
in the laboratory. A PD position control scheme is briefly
described here.

To date, we have modeled the dynamics of two classes of
origamis: accordions and single-vertex origamis [2]. In this
abstract, we describe the analysis of a single-vertex origami
referred to as the corner cube. The creases are modeled as

Angular Position of Each Joint over Time
180

160
140+

1201

Thetal - deg
= o oo a
o o o o

[N
=]
T

Time - 5

A Figure 1: Dynamic response of driving joint of corner
cube when subject to an input torque following the PD
control law.
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revolute joints, which represent the generalized coordinates
of the systems. The segments of the origami are assumed to
remain rigid throughout the origami’s motion. This allows
us to use screw calculus [1] to describe the geometry and
kinematics of the corner cube. Since the corner cube has a
closed chain kinematic topology, the motion of the segments
is interdependent. The dependencies are manifested
through holonomic equality constraints. The corner
cube is then virtually cut at an unactuated joint, and the
dynamics of the resulting one degree-of-freedom system are
computed. The equations of motion of the system are then
formed according to the principles outlined in [1]. These
nonlinear equations can be integrated in time to simulate
the trajectory of the origamis. The dynamic response of the
corner cube subject to a PD controller is shown in Figure 1,
and its trajectory is illustrated in Figure 2. The final folded
state of the corner cube is also guaranteed to be stable for a
stress actuation method since the stiffness matrix is positive
definite.

0 min 23.8 min
Step 2 fold

Y

47.5 min

A Figure 2: Trajectory of corner cube as it folds from the flat
to the folded state.

[11 R.M. Murray, Z.Li, and S.S. Sastry, A Mathematical Introduction to Robotic Manipulation. Boca Raton, FL: CRC Press, 1994, Ch. 2-5.
[21 P. Stellman and G. Barbastathis, “Design and Control of Nanostructured Origami,” in Proc. of 3¢ Annual Int'l. Symp. on Nanomanufacturing,

Limassol, Cyprus, November 2005.
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Tomographic Interferometry for Detection of Nafion® Membrane

Degradation in PEM Fuel Cells

L. Waller, J. Kim, G. Barbastathis, Y. Shao-Horn
Sponsorship: DuPont-MIT Alliance

At present, membrane degradation and failure are the main
limitations on the lifetime of proton exchange membrane
(PEM) fuel cell systems [1]. Nafion® membranes, produced
by DuPont, have excellent proton conductivity and relatively
good chemical stability. However, fundamental studies of
the degradation mechanisms of Nafion membranes are
needed in order to optimize membrane design. Our goal
is to correlate indirect and ex-situ measurements with i siu
monitoring of membrane microstructural changes in order
to better understand how the membrane thins or forms
pinholes and voids.

We are conducting atomic force microscopy (AFM) studies of
both fresh and degraded ex-situ Nafion samples to study the
changes in the microstructure of the Nafion as it degrades.
These studies will be used to guide optical characterization
of the Nafion® membrane  situ. The goal of the i situ
optical studies is to construct a refractive index profile of the
membrane while the fuel cell is in use. We place the fuel
cell system inside one leg of a Mach-Zehnder interferometer
(Figure 1). The membrane, which has an average refractive
index of 1.35 (room temperature, 20%RH) [2], will act as

a phase object, and the phase delay at any point in the x-y
plane is proportional to the refractive index at that point.
Thus, a 2D map of the refractive index in the membrane
can be constructed from the interference pattern, which
is recorded on a CCD camera (Figure 2). The refractive
index is related to membrane density at each point by the
Lorentz-Lorentz relation. We focus on density changes
due to temperature, pressure, and humidity, which occur
on different orders of magnitude. Simulations are used to
solve the forward problem through the optical system and
to compute the inverse problem, which can then be used to
estimate the refractive-index profile of the membrane from
the measured interference pattern.

In situ profiling of the Nafion membrane will allow us to
observe exactly where and how the membrane degrades.
Our approach is non-invasive and provides a 2D distribution
of water uptake, stresses, and micropores in the membrane.
The technique can be extended to 3D with tomographic
techniques. A better understanding of the mechanisms of
membrane failure will give insight into membrane and fuel
cell design.

A Figure 1:
cell within a Mach-Zehnder interferometer. Fringe
patterns yield a map of the refractive index of the
fuel cell membrane.

Experimental set-up of PEM fuel
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20 a0 B0 80 100
tirme (sec)

A Figure 2: Measured fringe pattern (right) and the corresponding
intensity vs. time plot for several specific points (left) for a Nafion®
membrane as it cools.
temperature.

Chirped sinusoid is a result of decreasing

[11 A.B.LaConti, M. Hamilton, and R.C. McDonald, “Mechanisms of membrane degradation,” Handbook of Fuel Cells — Fundamentals, Technology,

and Applications, vol. 3. New York: John Wiley & Sons, Inc., 2003.

[21 M.N. Weiss, R. Srivastava, and H. Groer, “Experimental investigation of a surface plasmon-based integrated-optic humidity sensor,” Electronics

Letters, vol. 32, no. 9, pp. 842-843, Apr. 1996.



Modelling the Optical Properties of Superconducting Nanowire Single-

photon Detectors

V. Anant, A.J. Kerman, J.K. Yang, E.A. Dauler, K.M. Rosfjord, K.K. Berggren

Sponsorship: United States Air Force

Polarization-sensitive  single-photon  detectors can be
useful for high-speed optical and quantum communication
where one can encode information in the polarization
of the photon. We have observed that superconducting
nanowire single-photon detectors (SNSPD) fabricated at
MIT exhibit sensitivity to polarization. Tor this project, we
will investigate the polarization sensitivity for devices with
various geometries and conduct numerical simulations
that explain the sensitivity. Our SNSPDs consist of a
nanowire in a meandering pattern that acts as an optical
wire-grid polarizer. In order to corroborate our model
with experimental results, we approximated the meander
geometry with wire arrays characterized by two parameters:

8
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2
3
g
<
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©
3
<
0.9 - - -
200 400 600
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A Figure 1: Plot showing the expected ratio of

absoptances for electric fields polarized parallel and
perpendicular to the nanowires as a function of cavity
thickness for a SNSPD with an integrated optical cavity.
The nanowire detector is modelled as an array of 100-nm-
wide parallel wires at a 200 nm pitch. The material set and
relavent optical constants are given in [1].
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pitch (periodicity) and fill-factor (the ratio of wire-width
to pitch). We conducted finite-element-method (FEM)
simulations of the absorptance of polarized radiation to
wire grids. The simulations show that meanders with small
pitch and small fill-factors will exhibit larger sensitivity to
photon polarization than meanders with large pitch and fill-
factors. We intend to use our results to design SNSPDs that
are optimized for enhanced sensitivity to polarization. The
FEM simulations also show this sensitivity of SNSPDs with
integrated optical cavities that have been reported to exhibit
detection efficiencies of 57% at 1550 nm wavelength and
67% at 1064 nm [1].

i 3 : : : 4 F :

A Figure 2: Scanning electron micrograph of a microfabricated
structure on a sapphire substrate. The structure is composed
of 50-nm-wide wires at a pitch of 100 nm. After the underlying
NbN is etched, this structure (and others with different fill-factors
and wire widths) can be used to measure the dependence of
polarization on absorptance.

[11 K.M. Rosfjord, J.K.W. Yang, E.A. Dauler, A.J. Kerman, V. Anant, B.M. Voronov, G.N. Gol'tsman, and K.K. Berggren, “Nanowire single-photon
detector with an integrated optical cavity and anti-reflection coating,” Optics Express, vol. 14, no. 2, pp. 527-534, Jan. 2006.
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Using Optical Mixtures of Materials to Control Index, Speed of Light, and

Transparency

V. Anant, A.F. Abouraddy, K.K. Berggren
Sponsorship: United States Air Force

Recent achievements in optical physics have dramatically
redefined the limits of attainable optical properties
in  materials. Novel optical phenomena, including
electromagnetically induced transparency [1], slow light
[2], and superluminal speed [3] have been demonstrated
in diverse physical implementations. Building on our
previous work [4], we have developed a unified approach to
engineering optical materials that exhibit these phenomena
by using mixtures of simple optical materials near resonances.
In addition, this approach can be used to realize large and
small (much less than 1) indices of refraction and negative
permittivity (€ < 0), all while maintaining transparency and
without relying on quantum coherence.

Previous work in this field has largely been associated with
exploiting quantum-optical effects in a single carefully
chosen atomic species. In many cases the complexities of
this implementation has prevented further application
of these effects. Additionally, the strong association with
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A Figure 1: Plot of real (y’) and imaginary (x”) components
of susceptibility as a function of detuning frequency, A for
active and passive resonances. Plots (a) and (b) are spectra
for a passive resonance, while (c) and (d) show an active
resonance.
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quantum-coherence has suggested that these optical effects
are somehow achievable only using multi-level atomic
interactions. Finally, the lack of robustness of these methods
has meant that, while these effects may be interesting, they
are of little practical utility to robust, real-world devices.

All of the interesting optical effects mentioned above can be
produced using a simple mixture of materials composed of
population-inverted (“active”) and conventional (“passive”)
resonances. By using the fact that an incoherent mixture of
materials with different optical properties exhibits an optical
characteristic that is a superposition of the characteristics of
its components, we propose materials that exhibit a number
of optical effects, e.g., large refractive index or a large change
in index with respect to frequency, without absorption or
amplification. Additionally, this approach is independent
of the underlying physical origin of the resonances in the
system, so may be applied in a variety of atomic, optical,
and nonlinear optical systems.

lta 1fc 1
0\/ \//\ VS

detuning (a.u.)

A Figure 2: Plot of real () and imaginary (x”) components of
susceptibility as a function of detuning frequency for mixtures
of active and passive resonances shown in Figure 1. Plots
(a) and (b) depict a material with an equal mixture of passive
and active resonances chosen so that one gets a positive y’,
zero dy’/dw, accompanied with transparency (x”=0). Plots (c)
and (d) depict a material where y” < 0 and dy’/do = O at the
transparency point. The dashed lines in (b) and (d) show x” for
the constituent active and passive resonances.

[11 M. Fleischhauer, A. Imamoglu, and J.P. Marangos, “Electromagnetically induced transparency,” Rev. Mod. Phys., vol. 77, no. 2, pp. 633-673,

2005.

[2]1 L.V.Hau, Z. Dutton, C.H. Behroozi, and S.E. Harris, “Light speed reduction to 17 meters per second in an ultracold atomic gas,” Nature, vol.

397, no. 6720, p. 594, Feb. 1999.

[31 L.J. Wang, A. Kuzmich, and A. Dogariu, “Gain-assisted superluminal light propagation,” Nature, vol. 406, no. 6793, p. 277, July 2000.
[4] V. Anant, M. Radmark, A.F. Abouraddy, T.C. Killian, and K.K. Berggren, “Pumped quantum systems: Immersion fluids of the future?”, J. Vac.

Sci. Technol. B, vol. 23, no. 6, pp. 2662-2667, Nov. 2005.



Increasing Detection Efficiency of Superconducting Nanowire Single-

photon Detectors

K.M. Rosfjord, J.K.W. Yang, E.A. Dauler, A.J. Kerman, V. Anant, K.K. Berggren

Sponsorship: United States Air Force

Superconducting NbN-nanowire single-photon detectors
(SNSPDs) [1] are an enabling technology for high-
performance single-photon optical systems. Examples of
these systems include ultra-long range communications [2],
integrated circuit testing [3] and quantum cryptography
[4]. These systems require the detectors to have high
detection efficiency and photon-counting rates, and low
dark-count rates and jitter. This work has aimed to increase
the detection efficiency of SNSPDs.

The SNSPDs are limited in their efficiency of detection due
to transmission through and reflection from the device. To
combat these losses we integrated optical enhancements in
the form of an anti-reflection coating and optical cavity.
These enhancements enabled us to achieve a detection
efficiency of 57% at 1550 nm wavelength [5]. This detection
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efficiency contrasts with previously reported detection
efficiencies of 17% at 1550 nm wavelength [6]. A schematic
cross-section and transmission electron micrograph of the
detector integrated with an optical cavity are shown in
Figure 1.

The SNSPDs are also limited in their efficiency of detection
by the dimensions of the nanowire they employ. We are
currently developing a process, utilizing slant evaporation,
which will enable us to lower the width of the nanowire and
increase the fill factor of the meander. By changing these
physical properties of the meander and coupling this process
with our now established optical enhancements, we aim to
again increase the detection efficiency of these devices.

<« Figure 1: a) Schematic cross-section of photodetector
(not to scale) integrated with an optical cavity and anti-
reflection coating to reduce loss of photons from reflection
and transmission. b) Transmission electron micrograph of
cross-section of fabricated device with optical cavity. The
cavity shown here was fabricated for calibration purposes
and was thicker than those used to increase the detection
efficiency.

[11 G.N. Gol'tsman, O. Okunev, G. Chulkova, A. Lipatov, A. Semenov, K. Smirnov, B. Voronov, A. Dzardanov, C. Williams, and R. Sobolewski,
“Picosecond superconducting single-photon optical detector,” App Phys Lett, vol. 79, no. 6, pp. 705-707, Aug. 2001.

[21 D.M. Boroson, R.S. Bondurant, and J.J. Scozzafava, “Overview of high rate deep space laser communications options,” in Free-Space Laser

Communication Technologies XVI, Proc. SPIE 5338, pp. 37-49, 2004.

[31 S. Somani, S. Kasapi, K. Wilsher, W. Lo, R. Sobolewski, and G. Gol'tsman, “New photon detector for device analysis: Superconducting single-
photon detector based on a hot electron effect,” J. of Vacuum Science and Technology B, vol. 19, no. 6, pp. 2766-2769, Dec. 2001.

[4] C.H.Bennett and G. Brassard, “Quantum cryptography: Public key distribution and coin tossing,” in Proc. IEEE Int. Conf. Computers, Systems
and Signal Processing (Insitute of Electrical and Electronics Engineers, India, 1984) pp. 175-179.

[6] K.M. Rosfjord, J.K.W. Yang, E.A. Dauler, A.J. Kerman, V. Anant, B.M. Voronov, G.N. Gol'tsman, and K.K. Berggren, “Nanowire single-photon
detector with an integrated optical cavity and anti-reflection coating,” Optics Express, vol. 14, no. 2, pp. 527-534, Jan. 2006.

[6] A. Korneev, V. Matvienko, O. Minaeva, |. Milostnaya, |. Rubtsova, G. Chulkova, K. Smirnov, V. Voronov, G. Goltsman, W. Slysz, A. Pearlman,
A. Verevkin, and R. Sobolewski, "Quantum efficiency and noise equivalent power of nanostructured, NbN, single-photon detectors in the
wavelength range from visible to infrared," IEEE Transactions on App Superconductivity, vol. 15, no. 2, pp. 571-574, June 2005.
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Enhancing Etch Resistance of Nanostructured Spin-on-Glass Electron
Resist via Post-Develop Electron Curing

J.K.W. Yang, V. Anant, K.K. Berggren
Sponsorship: Lincoln Laboratory

Hydrogen silsesquioxane (HSQ) has been used recently as
a high-resolution, negative-tone, electron-beam resist[1].
Although HSQ) is a good etch mask in chlorine reactive-ion
etching (RIE), its poor etch resistance in fluorine RIE makes
it undesirable as a mask for etching materials that etch only
in fluorine. In this work, we increased the etch-resistance
of hydrogen silsesquioxane (HSQ) in CF, chemistry
via electron-beam curing at high doses. We observed a
decrease in the HSQ) etch rate by as much as 40% after
resist exposure to electron doses of 85 mC/cm? (Figure
1). This property of the resist was exploited to fabricate
15-nm-wide superconducting NbN nanowires. We achieved
this result by subjecting HSQ) to an exposure-develop-
exposure step prior to pattern transfer into NbN. The first
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A Figure 1: Plot of HSQ etch rate with respect to electron
exposure dose. We successfully decreased the etch rate
of HSQ by exposing the resist to high doses of electrons.
Reactive-ion etch (RIE) conditions were 100-W rf power, 15-
V DC self-bias potential, and 15 mT with 15 sccm CF,.
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electron beam exposure defined the nanowires at doses of
~400 uC/cm?. This step was followed by resist development
in Shipley Microposit MF CD-26, resulting in 15-nm-wide
HSQ structures. The nanostructures were then re-exposed at
50 mC/cm? before RIE to toughen the resist, which would
otherwise not survive the etch. Electron exposures were
performed at 30-kV acceleration voltage using a Raith 150
electron-beam lithography tool. We demonstrated that the
second electron exposure does not decrease the resolution of
the nanostructures by comparing images of 15-nm-diameter
HSQ nano-pillars before and after re-exposure (Figure 2).
This process will enable nanofabrication with thinner resist,
therefore avoiding problems such as resist collapse and reduced
resolution that are associated with thicker resist layers.

A Figure 2: Scanning electron micrograph (SEM) images of
HSQ nano-pillars arranged in a hexagonal close-packed structure
on Si substrate before (a) and after (b) curing with 50-mC/cm?
electron dose. There was no observable degradation in the
resist shape or dimension due to the second exposure at these
dimensions.

[11 H. Namatsu, Y. Takahashi, K. Yamazaki, T. Yamaguchi, M. Nagase, and K. Kurihara, "Three-dimensional siloxane resist for the formation of
nanopatterns with minimum linewidth fluctuations," J. Vac. Sci. Technol. B, vol. 16, no. 1, pp. 69-76, Jan. 1998.



Robust Shadow-Mask Evaporation via Lithography-Controlled Undercut

B. Cord, C. Dames, J. Aumentado (NIST), K.K. Berggren
Sponsorship: QuaCGR Fellowship, AFOSR

Suspended shadow-mask evaporation is a simple, robust
technique for fabricating Josephson junctions using
electron-beam lithography. The basic process entails the
fabrication of an undercut structure in a resist bilayer
to form a suspended “bridge,” followed by two angle
evaporations of superconducting material with a brief
oxidation step in between, resulting in two overlapping
wires separated by a thin oxide layer. Josephson junctions
with sub-20-nm diameters are of particular interest in a
variety of superconductive devices, including quantum
bits.  Unfortunately, standard shadow-mask fabrication
techniques are unreliable at line widths below 100 nm.

While most previous processes used PMMA for the top
(imaging) layer and a PMMA/MAA copolymer for the
bottom (support) layer, our process uses a PMMA/PMGI
bilayer.

This resist system allows the two layers to be

developed separately, ensuring that the imaging layer 1s not
biased during development of the undercut and allowing
the process to achieve the full resolution of the PMMA layer.
Additionally, the extent of the undercut in the support layer
can be precisely controlled by defining it lithographically,
making it possible to repeatedly fabricate undercut regions
as large as 600 nm.

Extensive modeling of both the exposure and development
processes was used to verify our results. Using Monte Carlo
and mass transfer simulations, we produced a model that
closely matches experimental data. With the process fully
characterized, it is possible to produce a wide range of line
width/undercut combinations. This robustness, combined
with the high resolution of PMMA, will allow the reliable
fabrication of sub-20-nm Josephson junctions.
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A Figure 2: Contrast curve plots for PMGI using two different
dilutions of CD-26 developer. Contrast data for PMMA developed
in a 3:1 IPA:MIBK solution is shown for reference.
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A Figure 1: Scanning electron micrograph of a 16-nm-
wide, 10-nm-thick evaporated titanium-gold line fabricated
using the PMMA/PMGI process.
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Pattern Generation Using Multi-Step Room-Temperature Nanoimprint

Lithography

S. Harrer (Technische Universitat Minchen, Munich, Germany), J.K.W. Yang, F. llievski, C.A. Ross, K.K. Berggren

Sponsorship: AFOSR, Karl Chang Innovation Fund at MIT

We have demonstrated multi-step room-temperature
nanoimprint lithography (RTNIL) using polystyrene (PS,
average molecular weight 97 kg/mol) as the polymer layer
for imprinting complex patterns. Our motivation in pursuing
multi-step RTNIL is to create a new pattern-generation
method, able to create complex and arbitrary patterns
without requiring a custom template for each new pattern.
Avvariety of different forms of NIL have been demonstrated
in the past: thermal NIL [1], UV-cured NIL [2], and room-
temperature NIL (RTNIL) [3-6]. All of these existing
techniques focus on pattern replication using one, or at
most two, imprint steps. In our approach, the extent of each
of the starting templates is only a fraction of the extent of
the desired final pattern (i.e., each template is much smaller
than the final pattern). In separate experiments, single,
double, and multiple (up to 10) sequential imprint steps
were performed at imprint pressures between 3 to 30 MPa.
To accomplish this demonstration, we designed and built a
tool that controllably and repeatedly translated and pressed
a sample into a stationary mold. The demonstrated inter-
step alignment accuracy of this tool was ~ 500 nm. To
illustrate this capability, we imprinted the letters “MIT” by
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using ten sequential imprint steps, translating the sample a
programmable distance along a single direction in between
steps (Figure 1). The molds used in these experiments
consisted of rectangular structures of varying aspect ratios,
ranging from 150 to 300 nm wide. Before this technique
can be used as it i1s ultimately intended, as a method for
the generation of complex patterns across a wide variety
of length scales using only a simple set of generic template
structures, the imprint polymer distortion and deformation
must be minimized and inter-step alignment must be
optimized. However, the work suggests that RI'NIL may be
a useful pattern-generation tool. This development can be
thought of as analogous to the development of the typewriter
after the printing press. While a printing press can replicate
large-scale molds (entire pages of books) at high rates, in the
typewriter, the smallest mold unit was a single letter. The
typewriter sacrificed throughput in return for flexibility and
low cost. Similarly, by removing the difficult and slow step
of custom-template manufacturing from the process, our
work represents a shift in the way some nanoimprint work
might be performed in the future.

<« Figure 1: Results of a 10-step RTNIL imprint cycle for
different mold dimensions: (a) graphical representation of
desired final pattern to be printed out. The numbers indicate
the order in which parts of the final pattern are imprinted.
After the 5th imprint step the pattern is complete; steps 6-10
create further identical patterns, yielding a total number of 6
completed patterns after the 10th imprint step. We performed
several 10-step RTNIL cycles using molds with different feature
sizes: The linewidth of the imprinted pattern in (b) is 300nm,
the linewidth in (c) is 200 nm, and (d) shows an imprint result
for a pattern composing a linewidth of 150 nm. The observed
vertical and horizontal misalignment was ~ 500 nm.

[11 S.Y. Chou, P.R. Krauss, and P.J. Renstrom, "Imprint lithography with 25-nanometer resolution," Science, vol. 272, no. 5258, pp. 85-87,

1996.

[2] M. Colburn, S. Johnson, M. Stewart, S. Damle, T. Bailey, B. Choi, M. Wedlake, T. Michaelson, S.V. Sreenivasan, J. Ekerdt, and C.G. Willson,
Step-and-flash imprint lithography: a new approach to high-resolution patterning," SPIE Conf. on Emerging Lithographic Technologies Ill, vol.

3676, pp. 379-389, 1999.

[3] D.Y. Khang, H. Yoon, and H.H. Lee, "Room-temperature imprint lithography," Adv. Mater., vol. 13, no. 10, pp. 749-752, 2001.

[4]1 D. Pisignano, L. Persano, P. Visconti, R. Cingolani, G. Gigli, G. Barbarella, and L. Favaretto, "Oligomer-based organic distributed feedback
lasers by room-temperature nanoimprint lithography," Appl. Phys. Lett., vol. 83, no. 13, pp. 2545-2547, 2003.

[6] E. Mele, D. Pisignano, M. Mazzeo, L. Persano, and G. Gigli, "Room-temperature nanoimprinting on metallo-organic complexes," J. Vac.Sci.

Technol. B, vol. 22, no. 3, pp. 981-984, 2004.

[6] E. Mele, F. Di Benedetto, L. Persano, R. Cingolani, and D. Pisignano, "Multilevel, room-temperature nanoimprint lithography for conjugated
polymer-based photonics," Nano Letts, vol. 5, no. 10,pp. 1915-1919, 2005.



Modeling of Electrical and Thermal Response of Superconducting
Nanowire Single Photon Detectors (SNSPD)

J.K. Yang, K.K. Berggren
Sponsorship: Lincoln Laboratory

The response time of superconducting nanowire single-
photon detectors (SNSPD) is in the order of several
nanoseconds [1-2]. This detector works by the formation of
a photon-induced resistive barrier across a superconducting
nanowire that is biased close to its critical current. Detected
photons result in measurable voltage pulses with very fast rise
times and a slower decay. We modeled the full electrical and
thermal response of a NbN SNSPD to the absorption of a
single photon. The thermal response was modeled by a one-
dimensional, time-dependent heat equation incorporating
power dissipated by Joule heating in the resistive segment
of the wire and heat conduction along the wire and into
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A Figure 1: Plot of simulation data showing the

temperature evolution in a short segment (1.5 pm) of a
longer nanowire (with a total kinetic inductance of 200 nH)
after a photon-induced resistive barrier forms across the
nanowire at t = 0, x = 750 nm Temperature information
is depicted in the color with a corresponding color-map
shown on the right in units of Kelvin. The temperature
increases quickly and reaches a maximum at about ~50 ps
after photon absorption.

REFERENCES:
[11 AJ. Kerman, E.A. Dauler, W.E. Keicher, JKW. Yang,

K.K. Berggren,

a sapphire substrate. The electrical model consists of the
SNSPD, modeled as an inductor in series with a time-varying
resistor shunted by a 50 ohm transmission line and a current
bias. This model predicts the growth of the normal region
leading to the increase in the total electrical resistance with
time as more of the wire heats up and switches into the
normal state as shown in Figure 1. However, the resistance
does not build up indefinitely since the current flowing
through the wire drops as it is diverted into the transmission
line once resistance develops in the wire as shown in Figure
2. The model will also enable us to predict performances of
devices made of different materials.
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A Figure 2: Plot of simulation data showing the total
resistance built up across a superconducting nanowire after the
formation of a resistive barrier for wires of different total kinetic
inductances.

G. Goltsman, and B. Voronov, “Kinetic-inductance-

limited reset time of superconducting nanowire photon counters,” Appl. Phys. Lett., vol. 88, pp. 111116-111119, 2006.

[21 K.M. Rosfjord, J.K.W. Yang, E.A. Dauler, A.J. Kerman, V. Anant, B.M. Voronov, G.N. Gol'tsman, and K.K. Berggren, "Nanowire Single-photon
detector with an integrated optical cavity and anti- reflection coating," Optics Express, vol. 14, pp. 527-534, 2006.
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Quantum Dot Photodetectors Deposited via Microcontact Printing

A.C. Arango, D.C. Qertel, M.G. Bawendi, V. Bulovi¢
Sponsorship: ISN

Solution processable colloidal quantum dot systems exhibit
many of the special optical and electronic properties
associated with epitaxially grown quantum confined systems.
Their tunable band gap and higher absorption relative
to the bulk make quantum dots particularly attractive as
photogeneration materials. At the same time, colloidal
quantum dots offer greater material system flexibility than
epitaxial quantum dots because deposition on any substrate
is possible. The prevailing deposition method, however, is
spin casting [1], which introduces limitations such as solvent
incompatibility with underlying films and the inability to
pattern side-by-side pixels for multispectral photodetector
arrays. We employ a non-destructive microcontact printing
method that allows for deposition of a thin (20 nm) quantum
dot film onto a wide band gap organic hole transport layer,
N,N’-bis-(3-methylphenyl)-N,N’-bis-(phenyl)-benzidine
(TPD), thus producing an inorganic/organic heterojunction
which serves to enhance charge separation in the device.
The use of ITO electrodes provides the top and bottom
contacts, allowing for near-transparency.

(a) (b)
CdSe . [IT0" (100 nm)
TPD (100 nm)
PEDOT (100 nm)
ITO (100 nm)
‘ glass |
(c)
TPD
\_/\k_‘ N (d)
e I QO

N~ Y
= IR &

A Figure 1: Schematic of photodetector device structure
(a). An AFM of the surface of the printed quantum-dot film
demonstrates that the film is not continuous (b). The energy
band diagram (c) illustrates the photogeneration process.
The molecular structure of the hole- transport material,
TPD, is shown in (d).

REFERENCES:

Current-voltage characteristics show low dark currents in
reverse biasand good rectification. Excitation of the quantum
dots yields a strong, saturated photoresponse; open circuit
voltages of +0.5V; and a fill factor of 0.4. Measurement
of the locked-in photocurrent under bias reveals a strong
photocurrent signal extending out to +1.4V (Figure 2), in
excess of the built-in acceptor-donor energy level offset
of approximately 0.8V. We attribute the photocurrent
voltage dependence to efficient charge extraction and low
recombination rates at the heterojunction and top ITO
contact. Changing the size and material properties of
the quantum dots can tune the response spectrum of the
device across the visible and near infrared spectrum. The
present focus is on improving the device performance and
optimizing the photodetection response in the 1 um to 2
pm wavelength region by using different quantum dot film
chemistries.
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A Figure 2: Plot of the quantum efficiency versus applied bias
for the photodetector and a control device without quantum dots.
The CdSe device is measured with a 532-nm laser at 2, 20 and
200 uW/cm? (light grey, grey, and black squares, respectively).
The TPD control device is measured at 408 nm at 2, 20 and 200
uW/cm2 (light grey, grey, and black triangles, respectively).

[11 D.C. Qertel, M.G. Bawendi, A.C. Arango, and V. Bulovic. “Photodetectors based on treated CdSe quantum-dot films,” Appl. Phys. Lett., vol.

87, no. 21, pp. 213505:1-3, Nov. 2005.



Microcontact Printing of J-Aggregate Thin Films for Photonic Devices

M.S. Bradley, J.R. Tischler, V. Bulovi¢
Sponsorship: DARPA, NDSEG, MIT NSF MRSEC

Thin-film J-aggregates of cyanine dyes enable the
observation of strong coupling between light and matter at
room temperature, potentially allowing for the development
of an entirely new class of optoelectronic devices [1].
Previously, J-aggregate deposition methods have required
the exposure of a device in fabrication to the solvents of
a J-aggregate solution that can potentially damage other
optically or electrically active materials and restrict the steps
involved in fabricating devices. In this work, we demonstrate
a new stamping technique for depositing J-aggregate thin
films that decouples the formation of J-aggregates from the
placement of J-aggregate thin films into device structures.

Combining  research in  polyelectrolyte  layer-by-
layer deposition of J-aggregates [2] with stamping of
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A Figure 1: Complex index of refraction of PAH

(polyallylamine hydrochloride)/TDBC (J-aggregating cyanine
dye) film formed on a PDMS (polydimethylsiloxane) stamp
and deposited on glass using microcontact printing,
calculated from reflectance measurements using Kramers-
Kronig regression and a thin film dielectric model. The
peak extinction coefficient corresponds to an absorption
constant of 1.2 x 106 cm'!,

REFERENCES

polyelectrolyte thin films, we show how to form thin films
of J-aggregates on a stamp and then stamp those films into
device structures [3]. We show the optical and morphological
properties of stamped J-aggregate films and calculate the
optical constants of the films (Figure 1), which we use to
determine the density of J-aggregated dye molecules in the
final thin film. Additionally, we investigate device structures
enabled by stamping of J-aggregate thin films, including
J-aggregate organic light-emitting devices and patterned J-
aggregate devices made via stamp pattern transfer (Figure
2). Lastly, we explore the extension of J-aggregate thin-
film stamping to other methods of depositing J-aggregate
thin films, including Langmuir-Blodgett-type deposition
methods.

A Figure 2: Photoluminescence of patterned PAH/TDBC film
using green light excitation. Patterned PDMS stamps were
made by curing PDMS on a silicon mold. The J-aggregate
thin films were grown on patterned PDMS stamps, and in the
microcontact printing process only the raised portions of the film
were transferred to the glass substrate.

[11 J.R. Tischler, M.S. Bradley, V. Bulovi¢, J.H. Song, and A. Nurmikko, “Strong coupling in a microcavity LED,” Phys. Rev. Lett., vol. 95, no. 3,

pp. 036401-036404, 2005.

[21 M.S. Bradley, J.R. Tischler, and V. Bulovi¢, “Layer-by-layer J-aggregate fhin fims with a peak absorption constant of 106 cm1,” Advanced

Materials, vol. 17, no. 15, pp. 1881-1886, 2005.

[31 M.S. Bradley, J.R. Tischler, S.K. LaiHing, and V. Bulovi¢, “Deposition of J-aggregate thin films via stamping for use in optoelectronic devices,”

presented at the Materials Research Society Fall Meeting, 2005.
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Measuring Thermal and Thermoelectric Properties of Single Nanowires

and Carbon Nanotubes

C. Dames, C.T. Harris, A. Muto, G. Chen (in coll. with M.S. Dresselhaus, MIT, Z.F. Ren, Boston College)

Sponsorship: JPL, NSF

Knowledge of nanowire and carbon nanotube thermal and
thermoelectric properties will be important for the thermal
management of nanoscale devices that have recently been
demonstrated (optoelectronic, sensing, and computing) and
essential for the design of nanostructured thermoelectric
materials.  For nanowire diameters smaller than the
bulk mean-free path of heat carriers (electrons and/or
phonons), theory predicts that the thermal conductivity of
these structures will be reduced when compared to similar
bulk materials [1]. In order to experimentally verify these
predictions, we are exploring several systems to measure
the properties of single nanowires and carbon nanotubes.

Current work includes a basic platform to measure the
thermal conductivity and specific heat of electrically
conductive nanowires, such as the silicon nanowire
shown below. Electron-beam lithography was used to
pattern  the leads of a four-point probe aligned to the
ends of the nanowire. Joule heating of a suspended

nanowire with thermally clamped ends results in a
temperature rise of the nanowire due to its finite thermal
resistance. This temperature rise can be measured by
resistance thermometry (again using the nanowire) and
used to calculate its thermal conductivity and specific
heat. This technique is being adapted for an i situ
TEM measurement, to enable high-throughput physical
property measurements of many nanowires of various
geometries and morphologies, and allow correlations with
their atomic structure as determined by TEM.

Microfabricated metal lines can also be employed to
measure electrically insulating nanowires. Using electron
beam lithography, a metal heater line is fabricated such that
a target nanowire crosses the center of the line. With the
ends of the nanowire and heater thermally anchored, the
nanowire removes a fraction of heat from the heater line,
reducing the heater’s temperature rise, and thus making it
possible to calculate the thermal resistance of the nanowire.

N

©00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

A Figure 1: Contacts for a four-point probe measurement of a single silicon nanowire.
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[11 G. Chen, Nanoscale Energy Transport and Conversion: A Parallel Treatment of Electrons, Molecules, Phonons, and Photons, New York: Oxford
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Nanocomposites as Thermoelectric Materials
H. Lee, Q. Hao, M. Tang, M.S. Dresselhaus, G. Chen (in coll. with Z.F. Ren, Boston College, J.-P. Fluerial, JPL, P. Gogna, JPL)

Sponsorship: NASA, Intel, Nanolab SBIR

Direct energy conversion between thermal and electrical
energy based on thermoclectric effects is attractive
for potential applications in waste heat recovery and
environmentally-friendly refrigeration [1-2]. The energy
conversion efficiency depends on the dimensionless figure
of merit of the thermoelectric materials, Z'T, which is
proportional to electrical conductivity, square of the Seebeck
coeflicient, inverse of the thermal conductivity, and absolute
temperature. At the current stage, the low ZT values of
available materials restrict the efficient applications of this
technology.  Recently, significant enhancements in ZT
were presented through the use of nanostructures such as
superlattices. Previous works done by our group show that
such improvement in superlattices is mainly attributed to the
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A Figure 1. Measurements of temperature-dependent ZT.
Nanostructured sample SGMAO4 shows higher ZT than typical
bulk alloy, “RTG SiGe.”
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increased interfacial diffuse phonon scattering [3-4]. These
studies lead us to pursuing the nanocomposite approach as
a cost-effective alternative in developing high ZT materials.

Previously, we reported thermal conductivity reduction in
SiGe nanocomposites. Through collaboration with Boston
College group and Jet Propulsion Lab, we realized significant
improvement in the ZT over that of SiGe used in the past
NASA flights (Figure 1). We are also working on Bi, Tey and
PbTe nanocomposites. Our preliminary results on Bi,Te,
nanocomposites also show reduced thermal conductivities.
Work is in progress to optimize the structures for further
improving the ZT values.
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A Figure 2: Temperature-dependent thermal conductivi-
ties of Bi,Te; nanocomposite samples. Data of bulk mate-
rials are plotted for comparison.
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Flux and Force due to Near-field Thermal Radiation

D. Chen, L. Hu, A. Narayanaswamy, G. Chen (in coll. with J.D. Joannopoulos)

Sponsorship: ONR, MURI (through UC Berkeley)

Fluctuating electromagnetic fields of thermal origin lead to
surprising results in the near-field. For instance, the radiative
energy transfer between bodies that can support surface
polaritons can be increased by a few orders of magnitude
compared to far-field thermal radiation predicted by
Planck’s law. These fluctuating fields, even at absolute
zero temperature, also lead to the Casimir force between
objects. We have previously shown that the enhancement in
radiative transfer can be used to improve the performance
of thermophotovoltaic (TPV) [1] as well as thermoelectric
devices [2].

Surface polaritons, which are involved in enhancing out-of-
plane radiative transfer, can also lead to significant increase
in in-plane thermal “conductivity.” We model the in-plane
energy transfer due to these surface polaritons as a diffusive
process in an absorbing medium. Due to the well-known
very long propagation length of the anti-symmetric mode,
we find that the surface polaritons can make a significant

contribution to the effective thermal conductivity along thin
films. In particular, for a 40 nm thick film of amorphous
silicon dioxide, we calculate a total thermal conductivity of
4 W m! K-!at 500 K, which is an increase of ~100% over
the intrinsic phonon thermal conductivity [3], as shown in
Figure 1. In addition to thermal in-plane transport, we are
in the process of measuring near-field thermal radiation
transfer and forces between two spherical micro-particles as
well as between spheres and planar substrates.

We are developing a 2-D structure that features micro-sized
interdigitized hot and cold fingers, as shown in Figure 2. The
objective is to increase both power density and efficiency of
TPV devices by exploiting the increased radiative surface/
volume ratio, photon recycling, and photonic band gap in
one compact device structure. We have fabricated the finger
structures and successfully aligned the two mating structures.
Thermal characterization of the device is in progress.
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A Figure 1: Amorphous silicon dioxide A Figure 2: (a) llustration of the testing rig for the interdigitized

(glass) thermal conductivity due to phonons
and surface phonon polaritons as a function of
film thickness at 500 K.
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thermophotovoltaic device structure. (b) Top-view of one set of the finger
structures. (c) Aligned finger structures.
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CNT Assembly by Nanopelleting

S.D. Gouda, S. Kim, S.-G. Kim
Sponsorship: Intelligent Microsystems Center

We have developed a novel method of manufacturing and
assembling process termed nano-pelleting [1-2], which
refers to large-scale handling and long-range order assembly
of individual carbon nanotubes (CNTs). The nano-pelleting
concept overcomes the limitation of very small-scale order
by embedding carbon nanotubes into micro-scale pellets.
This technique includes vertically growing single strand
CNTs, embedding a CN'T into a polymeric pellet, separating
a pellet, and transplanting a CN'T. The CNTs are grown
vertically, both individually and in bunches, on the patterned
catalytic metal using a plasma enhanced chemical vapor
deposition (PECVD) machine (Figure 1) built by us at MI'T.
The machine’s key feature is the control of the substrate
temperature during the growth process. At the bottom of
the ceramic heater, three thermocouples are connected to
measure the temperature, which is controlled by the heater
controller. Plasma is formed between anode and cathode by

A Figure 1: The PECVD machine for growing CNTs
at MIT.
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applying a DC voltage, which then decomposes acetylene
into carbon that deposits below the Ni catalyst and leads to
the formation of carbon nanotubes. The process sequence
to make pellets is the following: coating PMMA on the
silicon wafer, exposing the photo-resists using Raith 150
to obtain the desired patterns by varying the aperture size,
dose, electric field, developing the photo-resist, depositing
Ti/Ni (25nm), and lifting-off the resist to obtain Ni-catalyst
nano-dots. Single stranded CGNTs are grown in the PECVD
machine with optimized process conditions as shown in
Figure 2. On these isolated CN'Ts, SU-8 is spin-coated to
form a thickness of 25 micro-meter. This SU-8 layer is
exposed to UV light using an appropriate mask and then
developed to form nano-pellets. The nano-pellets are
released from the silicon substrate by manually breaking
them with a spark needle. We are developing an in-plane
AFM probe [3] with mechanically assembled CNT tips.
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A Figure 2: Single strand CNTs grown by the PECVD machine.
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AD0TONHOILONVYN % d¥YINOITON

169



September 2006

MTL ANNUAL RESEARCH REPORT

170

Integrated Carbon Nanotube Sensors

K.-J. Lee, T.S. Cho, A.P. Chandrakasan, J. Kong
Sponsorship: Intel, MARCO IFC

Single-walled carbon nanotubes (SWNT) exhibit unique
mechanical and electrical properties that make them attractive
fornanoelectronicapplications. In particular, the conductance
of a semiconducting SWNT is known to change significantly
when exposed to certain gases [1]. The high sensitivity
and fast response time make carbon nanotubes (CN'T) very
attractive for chemical sensing applications. However, the
underlying sensing mechanism of CNT sensors is quite
different from Si-based chemical transistors, and fabrication
methods generally yield devices with large variations. Device
variations and technology integration issues must be resolved
before any CN'T sensor devices can become practical [2].

In this project, we grow carbon nanotubes through chemical
vapor deposition (CVD) and fabricate devices for an ultra

REFERENCES

low-power wireless sensing system. This work is done in
collaboration with T. S. Cho in Professor A. Chandrakasan’s
group from the Department of Electrical Engineering and
Computer Science at MI'T, whose back-end circuitry will
provide an interface to our CNT sensor array. The main
goals of this project are to build a CN'T sensor array with
high yield of semiconducting SWNT5, high sensitivity and
selectivity of gases, and low variability in the performance
of the device. Through statistical characterization of the
device, we attempt to get a better grasp of the underlying
CNT sensing mechanism and find enhanced fabrication
methods to reduce performance variability. In addition,
chemical functionalization of CNT sensors will allow the
target application to detect different types of toxic gases for
environmental and industrial applications.

[11 J. Kong, N.R. Franklin, C. Zhou, M.G. Chapline, S. Peng, K.J. Cho, and H. Dai, “Nanotube molecular wires as chemical sensors,” Science, vol.
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nanotube sensors for highly sensitive and selective molecular detection,” Nano Lett., vol. 3, no. 3, pp. 347-351, Feb. 2003.



Templated Assembly by Selective Removal

S. Jung, F. Eid, C. Livermore
Sponsorship: NSF, 3M Corporation

In this project, an effective technique for site-selective,
multicomponent assembly at the nano- and micro-scale
has been created and quantitatively modeled.  This
approach offers great promise for assembling arbitrary (not
necessarily periodic) systems of multiple different types of
nanoscale components, such as electronics (memory, logic,
interconnects, displays) and sensor systems.

The key elements of the approach follow. First, the
topography of the substrate is modified to match the
components’ 3D shapes.  Then the substrate and
components are coated with an adhesion promoter, such
as a hydrophobic SAM for adhesion in a water-based
environment. The components and substrate are placed
in a fluid environment for the assembly process, and
megahertz frequency ultrasound is applied to the fluid
bath. Components contact the substrate randomly and
adhere wherever they land; however, components that
are not in shape-matched sites are removed by fluid forces
initiated by the high frequency ultrasound. Components
in shape-matched sites are selectively retained because

A Figure 1: Optical micrograph of 600 nm and 2 um
spheres assembled into designated sites on a surfaces.

their adhesive force is stronger than the removal forces.
Figure 1 i1s an optical micrograph showing the successful
assembly of 600 nm and 2 um diameter silica microspheres
into designated sites on the substrate. Figure 2 shows how
measured assembly yield of spheres into holes of slightly
different sizes increases with the contact area between
spheres and substrate.

This approach to assembly is inherently selective; since each
component will adhere only in a shape- and size-matched
site, geometrically distinct components will assemble
only into their designated assembly sites. This allows the
organizing information to be stored in the template initially,
and permits components that may not be compatible
with top-down manufacturing techniques to be added to
the system later, with high positional precision. Work is
underway to demonstrate this approach at smaller size
scales and to create practical systems using this technology.
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A Figure 2: Plot of assembly yield (number of filled holes/total
number of holes) vs. contact area between sphere and hole.
Assembly yield increases from 0% to 100% as quality of the
shape match improves.
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Vibrational, Thermodynamic, and Transport Properties of Carbon
Nanotubes from Density-functional Perturbation Theory

N. Bonini, N. Marzari
Sponsorship: MARCO IFC, ISN

Carbon nanotubes present unique physical properties,
which make them promising materials for applications in
high-performance nanoscale devices. Indeed, because of
their high thermal and electrical conductivities, carbon
nanotubes are excellent candidates both as interconnects
in integrated circuits and as heat-management materials
in silicon chips. Unfortunately, due to the challenge in
nanoscale experiments, the thermodynamics of these
materials as well as the origin and the limits of their
transport properties are still unclear. In this project we use
a combination of density-functional theory and density-
functional perturbation theory to study the vibrational
properties of carbon nanotubes. In particular we investigate
anharmonic effects, such as thermal expansion and phonon
lifetimes, which are key quantities to understanding the
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A Figure 1: The ab initio phonon dispersion of graphite
(solid lines). The inset shows an enlargement of the low-
frequency T-A region. The experimental data are also
shown (color marks).

thermodynamical and transport properties of these systems.
The thermal expansion coefficients are calculated from the
minimization of the vibrational free energy in the quasi-
harmonic approximation. This same approach provides
excellent agreement with experimental data for the case,
e.g., of graphite. Our results show that carbon nanotubes
contract both in the axial and radial directions at low and
room temperature, while they expand athigher temperatures.
Anharmonic phonon lifetimes are evaluated from the cubic
terms in the interatomic potential, using density-functional
perturbation theory and the 2n+1 theorem. We plan to
use these quantities to predict the transport properties of
carbon nanotubes using the Boltzmann transport equation—
in particular how inelastic excitation of phonons further
reduces the ballistic transport of electrons.
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Graphite in-plane coef. of linear thermal

expansion from our GGA-QHA study

Graphene in-plane coef. of linear thermal
exp. from our GGA-QHA study
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A Figure 2: Inplane coefficient of thermal expansion as a
function of temperature for graphite and graphene.



Static Dielectric Response of Single-wall and Multi-wall Carbon

Nanotubes from First-principles

B. Kozinsky, N. Marzari
Sponsorship: MARCO IFC, NSF

We characterize the response of isolated single-wall (SWNT)
and multi-wall (MWNT) carbon nanotubes and bundles to
static electric fields using first-principles calculations and
density-functional theory. The longitudinal polarizability
of semiconducting SWNTs scales as the inverse square
of the band gap (Figure 1). Because of the absence of
depolarization effects in the longitudinal direction, nearby
parallel tubes have very weak dielectric interaction, so in
MWN'T5s and bundles the longitudinal polarizability is given
by the sum of polarizabilities of the constituent tubes.

The transverse polarizability of SWNTs is insensitive
to band gaps and chiralities and is proportional to the
square of the radius (Figure 2). The electric field applied
perpendicular to a SWN'T is screened by a universal factor
of about 4.5, independent of the nanotube’s radius. This
property is inherited from the anomalous scale-invariant
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A Figure 1: Log scale plot of the longitudinal polarizability
(per unit length) of zigzag semiconducting SWNTs as a
function of the band gap. The dashed line has slope -2.
The inset shows the values for large-gap zigzag SWNTs as
a function of radius divided by band gap squared.
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in-plane response of a sheet of graphene. The transverse
response 1is thus intermediate between metallic and
insulating. We construct a simple electrostatic model based
on a scale-invariance relation that captures accurately the
first-principles results for transverse response of SWNTs
and MWNTs. Because of strong screening and radius
dependence of polarizability, the outer few layers dominate
the response in MWNTs.

Using the results of our calculations, we analyze the feasibility
of separating semiconducting and metallic nanotubes using
uniform and non-uniform static electric fields in vacuum
and 1n solutions. We also find that the dielectric response of
non-chiral SWNT5s in both directions remains linear up to
very high values of the applied field.
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A Figure 2: Transverse polarizabilities (per unit length) of
armchair and zigzag nanotubes as a function of radius squared.
The solid line corresponds to an ideal metallic cylinder, and the
dashed line is the best fit of the first-principles results. This figure
shows that transverse polarizabilities of SWNTs of different band
gaps and chiralities lie on the same line.

[11 B. Kozinsky and N. Marzari, “Static dielectric properties of carbon nanotubes from first principles,” Phys. Rev. Lett., May 2006, to be

published.
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Niobium Superconducting Persistent-Current Qubits with Deep

Submicron Josephson Junctions

D.M. Berns, W.D. Oliver, S.0. Valenzuela, T.P. Orlando, V. Bolkhovsky, E. Macedo

Quantum computation holds the potential to solve problems
currently intractable with current computers. The basic
component of a quantum computer is the “qubit,” the
quantum analog to today’s bits. Any two-level quantum
system could serve as a qubit; however, the qubit must
satisfy two major criteria for practical quantum computing:
long coherence times and the ability to scale to thousands
of qubits. Persistent-current (PC) qubits are promising
candidates for realizing such a large-scale quantum
computer. The PC qubit is a superconducting circuit with
Josephson junction (JJ) elements that can be effectively
operated as a two-level quantum system [1].
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A Figure 1: IV traces taken at 4K for a few different test
junctions, from 0.75 um down to O.1um. Blown up in the
inset is the 0.1 um junction IV and we see a knee current of
40 nA and a very large subgap resistance.
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With a tri-layer process using optical lithography, we can
create the deep-submicron JJs required to realize large
qubit tunnel-couplings, which allow improved immunity to
dielectric-induced decoherence, and there is no foreseeable
barrier to large-scale integration. We have recently begun
measuring and characterizing the PG qubits designed with
these deep-submicron JJs fabricated with the Nb-Al/AlOx-
Nb trilayers. Initital testing of the JJs shows excellent
performance down to sizes necessary for long decoherence
times (Figure 1), and first studies of how the ground state of
the new qubits changes as the applied DC flux is swept show
the large tunnel-couplings we were aiming for (Figure 2).

SQUID sample current (a.u.)

DC Flux Detuning (md,)

A Figure 2: Qubit step taken at dilution refrigerator
temperatures with the device seen in the inset, where the larger
junctions are 250 nm on a side. One can clearly see that as the
applied dc magnetic flux is changed, the ground state changes
from one circulating current state to the other.

[11 T.P. Orlando, J.E. Mooij. L. Tian, C.H. van der Wal, L.S. Levitov, S. Lloyd, J.J. Mazo, “Superconducting persistent-current qubit,” Phys. Rev. B:
Condensed Matter and Materials Physics, vol. 60, no. 22, pp. 15398-15413, December 1999.



Mach-Zehnder Interferometry in a Persistent-Current Qubit
W.D. Oliver, Y. Yu, J.C. Lee, K.K. Berggren, L.S. Levitov, T.P. Orlando

We have demonstrated Mach-Zehnder (MZ)-type
interferometry with a niobium superconducting persistent-
current qubit. These experiments exhibit remarkable
agreement with theory, and they will find application to non-
adiabatic qubit control methods. The qubit is an artificial
atom, the ground and first-excited states of which exhibit an
avoided crossing. Driving the qubit with a large-amplitude
harmonic excitation sweeps it through this avoided crossing
two times per period. The induced Landau-Zener (LZ)
transitions at the avoided crossing cause coherent population
transfer between the eigenstates, and the accumulated phase

>

Energy (a.u.)

Detuning (gqg/ hv)
= N W Hh 01 O N © ©

between LZ transitions varies with the driving amplitude.
This is analogous to a MZ interferometer, in which the
LZ transition is the beamsplitter and the relative phase
accumulated between LZ transitions is the optical path-
length difference between the arms of the interferometer.
Over the entire length of the microwave driving pulse, we
have a sequence of MZ interferometers. We have observed
MZ quantum interference fringes as a function of the
driving amplitude for single- and multi-photon excitations.
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A Figure 1: (a) Energy of the two-level system. Starting at the marker, the qubit state is swept through the avoided crossing
twice, accumulating a phase between the LZ transitions that occur. (b) The corresponding energy variation over a few pulse
periods. The sequence of LZ transitions and phase accumulation are analogous to a sequence of Mach-Zehnder interferometers.
(c) Qubit population as a function of driving amplitude. We see the Bessel dependence to the Mach-Zehnder-like quantum

interference for n-photon transitions.
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[11 W.D. Oliver, Y. Yu, J.C. Lee, K.K. Berggren, L.S. Levitov, T.P. Orlando, "Mach-Zehnder interferometry in a strongly driven superconducting

qubit," Science, vol. 310, no. 5754, pp. 1653 - 1657, Dec. 2005.
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Coherent Quasi-classical Dynamics of a Niobium Persistent-Current

Qubit

D.M. Berns, S.0. Valenzuela, W.D. Oliver, L.S. Levitov, T.P. Orlando

We have recently demonstrated Mach-Zehnder-type
interferometry in the persistent-current qubit, in the
strong driving limit [1]. We have now extended this
work to much lower driving frequencies. By driving our
system at frequencies smaller than our linewidth, we have
observed a new regime of quasi-classical dynamics within

DC Flux Detuning (m®,)

0 175

350 0 125

RF Source Voltage V.. (mV)
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the strong driving limit. Now a transition at a DC flux
detuning resonant with n photons is assisted by neighboring
resonances. In this regime we find remarkable agreement
with theory by assuming the population transfer rate for
the n'" photon resonance is the sum of rates from all other
resonances.

<« Figure 1: Qubit population as a
function of driving amplitude. (a) Driving
frequency = 270 MHz. We see the
Bessel dependence to the Mach-Zehnder-
like quantum interference for n-photon
transitions.  (b) Driving frequency = 90
MHz. Individual resonances are no longer
distinguishable but we still see coherent
quantum interference.
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[11 W.D. Qliver, Y.G. Yu, J.C. Lee, K.K. Berggren, L.S. Levitov, and T.P. Orlando, "Mach-Zehnder interferometry in a strongly driven superconducting

qubit," Science, vol. 310, no. 5754, pp. 1653-1657, Dec. 2005.



Resonant Readout of a Persistent Current Qubit

J.C. Lee, W.D. Oliver, T.P. Orlando
Sponsorship: DURINT, ARDA, NSF

The two logical states of a persistent current (PC) qubit
correspond to oppositely circulating currents in the qubit
loop. The induced magnetic flux associated with the current
either adds to or subtracts from the background flux. The
state of the qubit can thus be detected by a DC SQUID
magnetometer inductively coupled to the qubit.

We have implemented a resonant technique that uses a
SQUID as a flux-sensitive Josephson inductor for qubit
readout. This approach keeps the readout SQUID biased

at low currents along the supercurrent branch and is more

©00000000000000000000000000000000000000000000000000000 ©

A Figure 1: a) The SQUID inductor is incorporated
in a resonant readout circuit. It is inductively
coupled to a PC qubit to detect its state.
b) A transition of the qubit state changes the Josephson
inductance of the SQUID and can be sensed as a shift in the
resonant frequency of the readout circuit.

REFERENCES

desired for quantum computing applications in reducing the
level of decoherence on the qubit. By incorporating the
SQUID inductor in a high-Q) on-chip resonant circuit, we
can distinguish the two flux states of a niobium PC qubit by
observing a shift in the resonant frequency of the readout
circuit. The nonlinear nature of the SQUID Josephson
inductance, as well as its effect on the resonant spectra of
the readout circuit, was also characterized.
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A Figure 2: Experimental results at 300 mK: the lower plot
(left axis) shows the modulation of the resonant frequency
with external magnetic field. Qubit steps corresponding to
transitions between opposite flux states were observed at every
1.3 periods of the SQUID lobe. The upper plot (right axis) shows
the corresponding peak amplitude of the resonant spectrum.
The dip in peak power coincides with the qubit step.

[11 J.C. Lee, W.D. QOliver, T.P. Orlando, and K.K. Berggren, “Resonant readout of a persistent current qubit,” IEEE Transactions on App.

Superconductivity, vol. 15, no. 2, pp. 841-844, June 2005.

[2]1 J.C. Lee, “Magnetic flux measurement of superconducting qubits with Josephson inductors,” Master's thesis, Massachusetts Institute of

Technology, Cambridge, 2002.
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Type-ll Quantum Computing Using Superconducting Qubits
D. Berns, W.M. Kaminsky, B. Cord, K.K. Berggren, W.D. Oliver, T.P. Orlando (in coll. with J. Yepez, Air Force Laboratories)

Sponsorship: AFOSR, Fannie and John Hertz Foundation

Most algorithms designed for quantum computers will not
best their classical counterparts until they are implemented
with thousands of qubits. Tor example, the factoring of
binary numbers with a quantum computer is estimated to
be faster than a classical computer only when the length of
the number is greater than about 500 digits [1]. In contrast,
the factorized quantum lattice-gas algorithm (FOQLGA) [2]
for fluid dynamics simulation, even when run on a quantum
computer significantly smaller than the one just discussed,
has significant advantages over its classical counterparts.

The FOLGA is the quantum version of classical lattice-
gases (CLG) [3]. CLGs are an extension of classical cellular
automata with the goal of simulating fluid dynamics
without reference to specific microscopic interactions. The
binary nature of the CLG lattice variables is replaced for
the FQLGA by the Hilbert space of a two-level quantum
system. The results of this replacement are similar to that
of the lattice-Boltzmann model, but with a few significant

differences [4]. The first is the exponential decrease in
required memory. The second is the ability to simulate
arbitrarily small viscosities.

We have recently developed two implementations of the
algorithm for the 1D diffusion equation using the PC
Qubit [5]. The first consists of initializing the qubits while
keeping them in their ground state, and then performing the
collision by quickly changing their flux bias points and then
performing a single 7/2 pulse (Figure 1). This initialization
technique could prove quite useful, since relaxation effects
are avoided, but the way we have implemented the collision
is not easily generalized to other collisions. A more
general collision implementation was then developed by
decomposing the unitary collision matrix into a sequence
of single qubit rotations and coupled free evolution. The
single qubit rotations then also serve to initialize the fluid’s
mass density.
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A Figure 1: Simulation of the FQLGA for 1D diffusion is pictured(o) alongside simulation of the first proposed
implementation(+). The expected diffusion of a gaussian is observed.
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Scalable Superconducting Architecture for Adiabatic Quantum

Computation

W.M. Kaminsky, S. Lloyd, T.P. Orlando
Sponsorship: Fannie and John Hertz Foundation

Adiabatic quantum computation (AQC) i1s an approach
to universal quantum computation in which the entire
computation is performed in the ground state of a suitably
chosen Hamiltonian [1].  As such, AQC offers intrinsic
protection againstdephasing and dissipation [2,3]. Moreover,
AQC naturally suggests a novel quantum approach to the
classically intractable constrained minimization problems
of the complexity class NP Namely, by exploiting the
ability of coherent quantum systems to follow adiabatically
the ground state of a slowly changing Hamiltonian, AQC
promises to bypass automatically the many separated local
minima occurring in difficult constrained minimization
problems that are responsible for the inefficiency of classical
minimization algorithms. To date, most research on AQC
[4-8] has focused on determining the precise extent to which
it could outperform classical minimization algorithms. The
tantalizing possibility remains that—at least for all practical
purposes—AQC offers at least a large polynomial, and often
an exponential, speedup over classical algorithms. However,
it may be the case that in the same way the efficiency of
many practical classical algorithms for NP problems can
be established only empirically, the efficiency of AQC on
large instances of classically intractable problems can be
established only by building a large-scale AQC experiment.

REFERENCES

To make feasible such a large-scale AQC experiment, we
have proposed a scalable architecture for AQC based on
the superconducting persistent-current (PC) qubits [9, 10]
already under development here at MIT. As first proposed
in [11], the architecture naturally incorporates the terms
present in the PC qubit Hamiltonian by exploiting the
isomorphism [12] between antiferromagnetic Ising models
in applied magnetic fields and the canonical NP-complete
graph theory problem Max Independent Set. Such a design
notably removes any need for the interqubit couplings
to be varied during the computation. Moreover, since
Max Independent Set remains NP-complete even when
restricted to planar graphs where each vertex is connected
to no more than 3 others by edges, a scalable programmable
architecture capable of posing any problem in the class NP
may simply take the form of a 2D, hexagonal, square, or
triangular lattice of qubits.  Finally, the latest version of
the architecture [13] permits interqubit couplings to be
limited to nearest-neighbors and qubit measurements to be
ineflicient.

[11 D. Aharonov, W. van Dam, J. Kempe, Z. Landau, S. Lloyd, and O. Regev, “Adiabatic quantum computation is equivalent to standard quantum
computation,” The Quantum Physics E-Print Archive, no. 0405098, Mar. 2005; available: http://arxiv.org/abs/quant-ph/0405098.

[21 A.M. Childs, E. Farhi, and J. Preskill, “Robustness of adiabatic quantum computation,” Physical Review A: Atomic, Molecular, and Optical

Physics, vol. 65, no. 1, pp. 012322:1-10, Jan. 2002.

[31 J. Roland and N.J. Cerf, “Noise resistance of adiabatic quantum computation using random matrix theory,” Physical Review A: Atomic,
Molecular, and Optical Physics, vol. 71, no. 3, p. 032330:1-9, Mar. 2005.

[4] E. Farhi, J. Goldstone, S. Gutmann, J. Lapan, A. Lundgren, and D. Preda, “A quantum adiabatic evolution algorithm applied to random
instances of an NP complete problem,” Science, vol. 292, pp. 472-475, Apr. 2001.

[56] A.M. Childs, E. Farhi, J. Goldstone, and S. Gutmann, “Finding cliques by quantum adiabatic evolution,” Quantum Information and Computation,

vol. 2, no. 3, pp. 181-191, May 2002.

[6] W. van Dam, M. Mosca, and U. Vazirani, “How powerful is adiabatic quantum computation?” 42nd Annual Symposium on Foundations of

Computer Science , Las Vegas, NV, pp. 279-287, Oct. 2001.

[71 E. Farhi, J. Goldstone, and S. Gutmann, “Quantum adiabatic evolution algorithms versus simulated annealing,” The Quantum Physics E-Print
Archive, no. 0201031, Jan. 2002; available: http://arxiv.org/abs/quant-ph/0201031.
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W.M. Kaminsky, S. Lloyd, and T.P. Orlando, “Scalable superconducting architecture for adiabatic quantum computation,” The Quantum Physics
E-Print Archive, no. 0403090, Mar. 2004; available: http://arxiv.org/abs/quant-ph/0403090.
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Fabrication Methods for Adiabatic Quantum Computing Devices

B. Cord, W. Kaminsky, T.P. Orlando, K.K. Berggren

Sponsorship: Quantum Computing Graduate Research Fellowship, AFOSR

Adiabatic quantum computing devices (AQCs) have been
implemented successfully in several types of systems,
including ion traps, nuclear spins, and photon cavities.
However, we find implementing AQCis in superconductive
circuits offers several key advantages. Primarily, using
standard techniques adapted from the semiconductor
industry, we can fabricate very large numbers of
superconductor-based qubits in  CMOS-compatible
materials [1]

The stringent resolution and uniformity requirements for
AQC devices present an interesting fabrication challenge.
In order to perform certain AQC experiments, Josephson
junctions with diameters of ~50 nm are useful. While
previous quantum computing experiments at MIT used
devices fabricated using optical projection lithography, sub-
100-nm dimensions require alternate techniques, such as
clectron-beam lithography and suspended shadow-mask
evaporation. Additionally, the uniformity of these nanoscale
junctions must be high and the areas of the Josephson

A Figure 1: An SEM of an array of 60-nm-diameter
features in photoresist.

REFERENCES

junctions within a single device must exhibit very low
variation.

No readily available lithographic technology meets these
requirements, so research is being conducted on methods
of defining arbitrary features as small as 50 nm with the
precision required for adiabatic quantum computing
Current experiments have focused on improving the
resolution and uniformity of the scanning electron-beam
lithography (SEBL)system in the Nanostructures Laboratory,
particularly in investigating the effects of different pattern
geometries on the uniformity of very small features. Parallel
work is also being done on a reliable, automated method
of measuring the dimensions of very small structures for
the purposes of determining uniformity, using scanning
electron microscope (SEM) images and image-processing
software.

A Figure 2: An SEM of an 0.007-um? Al/AlIOx/Al Josephson
junction fabricated via shadow-mask evaporation.

[11 K.K. Berggren, “Quantum computing with superconductors,” Proceedings of the IEEE, vol. 92, no. 10, pp. 1630-1638, October 2004.



Probing Decoherence with Electromagnetically Induced Transparency in

Superconductive Quantum Circuits

K. Murali, W.D. Oliver, T.P. Orlando (in coll. with Z. Dutton, Naval Research Laboratory)

Sponsorship: DURINT, ARDA

Superconductive quantum circuits (SQCs) comprising
mesoscopic Josephson junctions, quantized flux, and/or
charge states are analogous to the quantized internal levels
of an atom [1]. This SQC-atom analogy can be extended
to the quantum optical effects associated with atoms, such as
electromagnetically induced transparency (EIT) [2, 6].

The three-level A-system for our S-EIT system (Figure 1a)
is a standard energy-level structure utilized in atomic EI'T. It
comprises two meta-stable states | 1) and |2), each of which
may be coupled to a third excited state |3). In an atomic
EIT scheme, a strong “control” laser couples the |2)—|3)
transition, and a weak resonant “probe” laser couples the
| 1)= | 3) transition. By itself, the probe laser light is readily
absorbed by the atoms and thus the transmittance of the
laser light through the atoms is very low. However, when
the control and probe laser are applied simultancously,
destructive quantum interference between the atomic states
involved in the two driven transitions causes the atom to
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A Figure 1: a. Energy level diagram of a three-level A system. EIT can
occur in atoms possessing two long-ived states |1>, |2>, each of which
is coupled via resonant laser light fields to a radiatively decaying state

become “transparent” to both the probe and control laser
light [2-4]. Thus, the light passes through the atoms with
virtually no absorption. In this work, we propose to use EI'T
in SQCs to sensitively probe decoherence.

The SQC (Figure 1b) can be biased to resultin an asymmetric
double-well potential as shown in Figure 2. The three states
in the left well constitute the superconductive analog to the
atomic A-system [5]. States |1) and |2) are “meta-stable”
qubit states, with a tunneling and coherence time much
longer than the excited “readout” state |3). State |3) has
a strong inter-well transition when tuned on-resonance to
state |4). Thus, a particle reaching state |3) will tend to
tunnel quickly to state |4), causing the circulating current to
switch to the other direction, an event that is detected with a
SQUID. Knowing how long the SQC remains transparent,
i.e., does not reach state |3), in the S-EIT experiment
provides an estimate of the decoherence time.
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A Figure 2: One-dimensional double-well
potential and energy-level diagram for a three-

level SQC.

|3>. b. Circuit schematic of the persistent —current qubit and its readout

SQUID.
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[3]1 K.J. Boller, A. Imamoglu, and S.E. Harris, “Observation of electromagnetically induced transparency,” Phys. Rev. Lett., vol. 66, no. 20, pp.

2593-2596, May 1991.

[4] C.J. Cohen-Tannoudji, J. Dupont-Roc, and G. Grynberg, Atom-photon intereactions, New York: John Wiley & Sons, Inc., 1992.
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pp. 1036-1039, Aug. 1999.

[6] K.V.R.M.Murali, Z. Dutton, W.D. Oliver, D.S. Crankshaw, and T.P. Orlando, “Probing decoherence with electromagnetically induced transparency
in superconductive quantum circuits,” Phys. Rev. Lett.,vol. 93, no 8, 087003 Aug. 2004.
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Magnetoelastic Behavior of Magnetic Nanostructures

E. Friend, C.A. Ross, R.C. O’'Handley
Sponsorship: NSF

Previous researchers have investigated the magnetic
properties of multilayer thin-film sandwiches of copper/
nickel/ copper epitaxially grown on silicon [1]. In this
system, the magnetic properties of the nickel layer change
drastically as the thickness (and therefore the amount
of strain) of the nickel layer varies, and it does so over a
thickness range that is uniquely broad. This effect is due
to both the large magnetoelastic energy and to the surface
magnetocrystalline anisotropy energy of the nickel film.

Our research focuses on understanding the effects of
patterning these Cu/Ni/Cu films into nanoscale lines. Once
patterned, the strained films can relax at the edges, with the
strain relief being a function of line width and thickness.
The ultimate aims are to elucidate the relationship between
stress and magnetic properties in nanoscale features, to
understand and control the effects of stress on magnetic
nanostructures, and to exploit this effect to achieve desired
magnetic properties. Understanding this relationship is a

LT
R
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A Figure 1: Strain relief simulation for 100-nm-wide
stripe of epitaxial Cu (50 A)/Ni (206 A)/Cu (20.6 A) on Cu
(~2000 A)/Si. The top panel shows the mesh of the model
while the lower panel shows the amount of strain relaxation,
which is greater at the edges of the stripe.
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key part of the development of future magnetic recording
technologies such as patterned recording media and read/
write heads.

Magnetic characterization of Cu/Ni/Cu nanolines (Figure
2) has shown that, contrary to the expectations from
shape anisotropy, the preferred magnetization direction is
transverse to the line direction in the sample plane [2]. This
preference is due to strain relief in the nanoline across its
width. Simulations of strain in these structures (Figure 1)
have shed further light on the relation between the nanoline
cross-section aspect ratio and strain relief, showing that strain
1s relaxed at the edges of the lines over a distance of about
1.5 times the film thickness. Therefore narrower lines show
a greater magnetic anisotropy parallel to their width. Strain
relief is even greater in the case of overetch into the copper
substrate. Magnetic anisotropy data is being analyzed to
understand how the net anisotropy of the nanolines agrees
with theoretical models.

A Figure 2: An SEM image of Cu (50 A)/Ni (206 A)/Cu (2000
A)/Si nanolines with 500-nm-period. The facetted layer on the
lines is the remains of the hard-etch mask.

[11 G. Bochi, C.A. Ballentine, H.E. Inglefield, C.V. Thompson, and R.C. O'Handley, “Evidence for strong surface magnetoelastic anisotropy in
epitaxial Cu/Ni/Cu(001) sandwiches,” Phys. Rev. B., vol. 53, no. 4, pp. R1729-R1732, Jan. 1996.

[2]1 E.S. Lyons, R.C. O'Handley and C.A. Ross, “Magnetic anisotropy of epitaxial Cu/Ni/Cu nanolines,” J. Appl. Phys. vol. 95, no. 11, p. 6711-

6713, June 2004.

[31 E.S.Lyons, R.C. O'Handley and C.A. Ross, “Effect of nano-patterning on anisotropy of Cu/Ni/Cu nanolines” J. Appl. Phys. vol. 99, p. 08R105,

Apr. 2006.



Templated Self-assembly of Block Copolymers for Nanolithography

C.A. Ross, H.I. Smith, F. llievski, V. Chuang, Y.S. Jung
Sponsorship: NSF, CMSE, Singapore-MIT Alliance, SRC

Large-area, periodic nanoscale structures are interesting for
understanding fundamental material properties as well as
for developing novel applications, such as the fabrication
of magnetic media or contacts to nano-sized devices. Self-
organizing systems provide a simple and low-cost method of
fast fabrication of periodic nanoscale structures. One such
system 1s the family of compounds called block-copolymers
that we have been using. Block copolymers consist of two
covalently bound polymer chains of chemically distinct
polymer materials. The chains can self-assemble to form
small-scale domains whose size and geometry depend on
the molecular weights of the two types of polymer and
their interaction[l]. The domains have a very uniform
distribution of sizes and shapes. We have been using block
copolymers as templates for the formation of structures
such as magnetic particles, by selectively removing one type
of domain and using the resulting template to pattern a

nanostructured magnetic film. We have successfully applied
this patterning process to the fabrication of magnetic dots
from Co, NilFe[2] and multilayer CoFe/Cu/Nile[2] films.
One drawback of this technique is that the as-cast block
copolymer forms a short-range ordered structure, whereas
many applications require long-range ordered structures. It
1s therefore necessary to guide the microphase separation
of the block copolymer by a process called templating. This
can be done by using a substrate with shallow grooves as
guides for a single layer of spheres[3] or cylinders that
could be utilized in fabrication of nanorods and nanowires.
Deep v-shaped grooves provide an interesting model for
analyzing the ordering in 3 dimensions (Figure 1). Lastly,
by combining this technique with nanoimprint lithography
(Figure 2), we can achieve large-scale alignment and avoid
additional steps for removal of the guiding template.

A Figure 1: Self-assembled block copolymer in a v-shaped
groove. For imaging, one of the blocks was removed
by oxygen plasma etching to reveal the structure of the
other block. The number of rows of spheres increases in a
quantized manner from the bottom up (one row of spheres,
then two, etc.) Half-spheres and other transitions do not
form.
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A Figure 2: Initial results in templated block copolymers
using nanoimprint lithography. A 1-um- period mold was
pressed into a thin layer of block copolymer on a flat substrate
and both were annealed to induce the phase separation. The
polymer was pushed out of regions where the mold was in
contact with the substrate. If transferred into a magnetic
layer, similar dots could be used as storage units for single
bits in magnetic media. We are currently working on methods
of improving the long-range order.

[11 E.L. Thomas and R.L. Lescanec, “Phase morphology in block copolymer systems,” Phil. Trans. R. Soc. Lond. A, vol. 348, pp. 146-164,

1994.

[21 J.Y. Cheng and C.A. Ross, “Magnetic nanostructures from block copolymer lithography: Hysteresis, thermal stability and magnetoresistance,”

Phys. Rev. B, vol.70, pp. 064417, 2004.

[3] J. Cheng, C.A. Ross, and A. Mayes, “Nanostructure engineering by templated self-assembly,” Nature Materials 3, pp. 823-828, 2004.
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Scanning Beam Interference Lithography
M. Ahn, C.-H. Chang, R. Heilmann, J. Montoya, Y. Zhao, M.L. Schattenburg

Sponsorship: NASA, Plymouth Grating Laboratory

Traditional methods of fabricating gratings, such as
diamond tip ruling, electron and laser beam scanning, or
holography, are generally very slow and expensive and
result in gratings with poor control of phase and period.
More complex periodic patterns, such as gratings with
chirped or curved lines, or 2D and 3D photonic patterns,
are even more difficult to pattern. This research program
seeks to develop advanced interference lithography tools
and techniques to enable the rapid patterning of general
periodic patterns with much lower cost and higher fidelity
than current technology.

Interference lithography (IL) is a maskless lithography
technique based on the interference of coherent beams.
Interfering beams from an ultra-violet laser generates
interference fringes which are captured in a photo-sensitive
polymer resist. Much of the technology used in modern
IL practice is borrowed from technology used to fabricate
computer chips. Traditional IL. methods result in gratings
with large phase and period errors. We are developing new
technology based on interference of phase-locked scanning

A Figure 1: Photograph of the Nanoruler lithography and
metrology system built by MIT students. This unique tool is
the most precise grating patterning and metrology system
in the world.

REFERENCES

beams, called scanning beam interference lithography
(SBIL). The SBIL technique has been realized in a tool
called the MIT Nanoruler, which recently won an R&D
100 award (Figure 1). Large gratings can be patterned in a
matter of minutes with a grating phase precision of only a
few nanometers and a period error in the ppb range (Figure

2).

Current research efforts seek to generalize the SBIL concept
to pattern more complex periodic patterns, such as variable
period (chirped) gratings, 2D metrology grids, and photonic
patterns [1]. Important applications of large, high fidelity
gratings are for high-resolution x-ray spectroscopes on
NASA x-ray astronomy missions, high energy laser pulse
compression optics, and length metrology standards. We are
in the process of a major upgrade of the Nanoruler optical
and mechanical system which will allow rapid variation and
control of grating pitch and fringe orientation, which will
enable a new mode of operation of the Nanoruler that we
call variable-period SBIL.

A Figure 2: A 300mm-diameter silicon wafer patterned with
a 400-nm-period grating by the Nanoruler. The grating is
diffracting light from the overhead fluorescent bulbs.

[11 G.S. Pati, R.K. Heilmann, P.T. Konkola, C. Joo, C.G. Chen, E. Murphy, and M.L. Schattenburg,“A generalized scanning beam interference
lithography system for patterning gratings with variable period progressions,” J. Vac. Sci. Technol. B, vol. 20, pp. 2617-2621, 2002.

[21 P. Konkola, C. Chen, R.K. Heilmann, C. Joo, J. Montoya, C.-H. Chang, and M.L. Schattenburg, “Nanometer-level repeatable metrology using
the Nanoruler,” J. Vac. Sci. Technol. B, vol. 21, pp. 3097-3101, 2003.

[31 J. Montoya, C.-H. Chang, R.K. Heilmann, and M.L. Schattenburg, “Doppler writing and linewidth control for scanning beam interference
lithography,” J. Vac. Sci. Technol. B, vol. 23, pp. 2640-2645, 2005.

[4] C.-H. Chang, R.K Heilmann, and M.L. Schattenburg, “Advanced heterodyne fringe-locking system using multiple frequency shifts,” Proc. of the
20th Annual Meeting of the Am. Soc. for Precision Eng., vol. 37, pp. 375-378, 2005.



Nanofabricated Reflection and Transmission Gratings
M. Ahn, C.-H Chang, R. Heilmann, J. Montoya, Y. Zhao, M.L. Schattenburg

Sponsorship: NASA

Diffraction gratings and other periodic patterns have
long been important tools in research and manufacturing,
Diffraction is due to the coherent superposition of waves—
a phenomena with many useful properties and applications.
Waves of many types can be diffracted, including visible
and ultraviolet light, x-rays, electrons and even atom beams.
Periodic patterns have many useful applications in fields such
as optics and spectroscopy, filtering of beams and media,
metrology, high-power lasers, optical communications,
semiconductor manufacturing, and nanotechnology
rescarch in nanophonics, nanomagnetics and nanobiology.

The performance of a grating is critically dependant on
the geometry of individual grating lines. Lines can have
rectangular, triangular or other geometries, depending
on the application. High efficiency requires control of
the geometric parameters which define individual lines,
c.g,, width, height, smoothness, sidewall angle, ectc., in
the nanometer or even sub-nanometer range. For some
applications control of grating period in the picometer
to femtometer range is critical. Traditional methods of
fabricating gratings, such as diamond tip ruling, electron
and laser beam scanning, or holography, generally result in

A Figure 1: Scanning electron micrograph of a deep-
UV blocking grating used in atom telescopes on the NASA
IMAGE and TWINS missions. The grating blocks deep-UV
radiation while passing energetic neutral atoms.

REFERENCES

gratings which fall far below theoretical performance limits
due to imperfections in the grating line geometry. The main
goal of our research is to develop new technology for the
rapid generation of general periodic patterns with control
of geometry measured in the nanometer to sub-nanometer

range in order to achieve near-theoretical performance and
high yields.

Fabrication of gratings is generally accomplished in two
main steps, (1) lithographic patterning into a photosensitive
polymer resist, followed by (2) pattern transfer. A companion
research program in this report entitled “Scanning Beam
Interference Lithography” (previous page) describes progress
in advanced grating patterning. In this abstract we report
on research in pattern transfer technology. Development of
a variety of grating geometries and materials is ongoing.
Advanced gratings have been fabricated for 10 NASA
missions, and further advances are sought for future missions
[1]. TFigure 1 depicts a gold wire-grid transmission grating
designed for filtering deep-UV radiation for atom telescopes,
while Figure 2 depicts a nano-imprinted sawtooth reflection
grating for x-ray spectroscopy.

z (nm)

200

X (nm) 0

A Figure 2: AFMimage of 200-nm-period nano-imprint grating
with 7° blaze angle developed for the NASA Constellation X
mission. The groove surfaces are extremely smooth with a RMS
surface roughness of <0.2 nm.

[1] M.L. Schattenburg, “From nanometers to gigaparsecs: the role of nanostructures in unraveling the mysteries of the cosmos,” J. Vacuum Sci.

Technol. B, vol. 19, pp. 2319-2328, 2001.

[21 C.H. Chang, R.K. Heilmann, R.C. Fleming, J. Carter, E. Murphy, M.L. Schattenburg, T.C. Bailey, R.D. Frankel and R. Voisin, “Fabrication of
saw-tooth diffraction gratings using nanoimprint lithography,” J. Vac. Sci. Technol. B, vol. 21, pp. 2755-2759, 2003.

[31 C.H. Chang, J.C. Montoya, M. Akilian, A. Lapsa, R.K. Heilmann, M.L. Schattenburg, M. Li, K.A. Flanagan, A.P. Rasmussen, J.F. Seely, J.M.
Laming, B. Kjornrattanawanich and L.I. Goray, “High fidelity blazed grating replication using nanoimprint lithography,” J. Vac. Sci. Technol. B,

vol. 22, pp. 3260- 3264, 2004.

[4] M.P. Kowalski, R.K. Heilmann, M.L. Schattenburg, C.-H. Chang, F.B. Berendse and W.R. Hunter, “Near-normal-incidence extreme-ultraviolet
efficiency of a flat crystalline anisotropically etched blazed grating,” App. Opt., vol. 45, pp. 1676-1679, 2006.
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Nanometrology

R. Heilmann, J. Montoya, Y. Zhao, D. Trumper, M.L. Schattenburg

Sponsorship: NSF

Manufacturing of future nanodevices and systems will require
accurate means to pattern, assemble, image and measure
nanostructures. Unfortunately, the current state-of-the-art
of dimensional metrology, based on the laser interferometer,
1s grossly inadequate for these tasks. While itis true that when
used in carefully-controlled conditions interferometers can
be very precise, they typically have an accuracy measured in
microns rather than nanometers. Achieving high accuracy
requires extraordinarily tight control of the environment
and thus high cost. Manufacturing at the nanoscale will
require new technology for dimensional metrology which
enables sub-1 nm precision and accuracy in realistic factory
environments.

A recently formed MIT-UNC—Charlotte team is developing
new metrology technology based on large-area grating
patterns that have long-range spatial-phase coherence and
ultra-high accuracy. Our goal is to reduce errors in gratings
by 10-100 times over the best available today. These
improved gratings can be used to replace interferometers
with positional encoders to measure stage motion in a new
nanomanufacturing tools, and to calibrate the dimensional
scales of existing nanofabrication tools. This increased

precision and accuracy will enable the manufacturing of
nanodevices and systems that are impossible to produce
today. Improved dimensional accuracy at the nano-
to-picometer scale will have a large impact in many
nanotechnology  disciplines including semiconductor
manufacturing, integrated optics, precision machine tools
and space research.

As part of this effort, we will utilize a unique and powerful
tool recently developed at MIT called the nanoruler that
can rapidly pattern large gratings with a precision well
beyond other methods. Another unique high-precision
tool, the UNCC-MIT-built sub-atomic measuring machine
(SAMM), is being brought to bear to research new ways to
quantify and reduce errors in the gratings.

Recent work at MIT is focused on improving the thermal
controls in the Nanoruler lithography enclosure and
developing an improved interferometer system to reduce
errors in the stage metrology frame. At UNCC the SAMM
1s undergoing extensive refurbishment and improvements
designed to boost interferometer accuracy.

A Figure 1: Photograph of the Nanoruler lithography and
metrology system built by MIT students. This unique tool is
the most precise grating patterning and metrology system
in the world.
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A Figure 2: Photograph of reference block/sample holder for
the Sub-Atomic Measuring Machine at the University of North
Carolina — Charlotte.
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Building Three-dimensional Nanostructures via Membrane Folding

W.J. Arora, A.J. Nichol, G. Barbastathis, H.l. Smith
Sponsorship: ISN

Nanostructured Origami™ describes a method of
manufacturing three-dimensional (3D) nanostructures on a
silicon wafer. Nanometer-scale structures are best fabricated
with various two-dimensional (2D) lithography techniques.
This project addresses the problem of building 3D structures
using only 2D lithography. The general method of the
Nanostructured Origami™ approach involves three steps:
lithographically define micrometer-scale membranes and
hinges; lithographically pattern nanostructures on these
membranes; and release the membranes and actuate the
hinges to fold into a 3D shape. Presently, we envision this
technology to be well suited for fabrication of 3D photonic
crystals and 3D diffractive optical devices.

We have developed a process to fold thin membranes of
silicon nitride using stressed chromium hinges [1]. To date,
these membranes have been patterned with gratings prior to
being folded into 3D. However, arbitrary nanoscale features

N L = b)

A Figure 1: a) A 200-nmSiN, membrane folded to 45° with a grating etched into the
center. The grating was patterned by interference lithography and the period is 200 nm.
The membrane is folded near the base by a strip of chromium. The fold radius is 34 pm.
b) Three identical hinges (63-um long) each folded to 1200 to form a triangular shape
out of a long SiN, strip. The membranes are patterned with interference lithography

inside the circular regions. The fold radius is 32 pm.
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can be etched into or deposited onto the membranes.
Experimental results are shown in Figures 1 and 2.

Current work focuses on reducing the radius of the folds.
With the stressed chromium metal approach, we have
demonstrated 30-um-radius folds and by thinning the
membrane at the hinge area, we predict that it is possible to
achieve 5-pm-radius folds. However, it is desirable to have
fold radii on the order of the membrane thickness, usually
lpum or less. We are developing a new folding approach that
uses the stress gradient created by ion implantation. The
maximum strain generated is proportional to the implanted
ion concentration, which can be much larger than that
generated by the stressed chromium. Additionally, as the ion
implantation takes place, the hinge area is sputtered and can
be controllably thinned. The combination of these effects
results in a much smaller radius. Preliminary experimental
results are shown in Figure 2.

A Figure 2: Single pixel lines
written with a focused ion beam
source (Ga* ions, 30keV) folded a
200-nm-thick SIN membrane with a
500-nm radius. The folding strongly
depends on the implanted dose; the
line on the right had half the dose of
the folded line on the left.

[11  W.J. Arora, A.J. Nichol, H.I. Smith, and G. Barbastathis. “Membrane-folding to achieve three-dimensional nanostructures,” Appl. Phys. Lett.,

vol. 88, p. 053108, 2006.
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Fabrication of Nanostructured Optical Fiber-to-Chip Couplers
R. Barreto, M. Defosseux, T. Barwicz, A.M. Khilo, M. Fan, M.A. Popovic, P.T. Rakich, M. Dahlem, E.P. Ippen,

F.X. Kaertner, H.l. Smith
Sponsorship: Pirelli S.p.A

Efficient fiber-to-chip coupling is a significant problem
for high-index contrast micro-photonics due to the large
difference in size and refractive index between the core of
an optical fiber (several microns in diameter) and the core of
a high-index-contrast waveguide (less than a micron wide).
An efficient fiber-to-chip coupler is thus needed to match the
mode of the fiber and transform it to a propagation mode
inside the chip waveguide while minimizing signal loss.
Our research simultaneously investigates and fabricates two
different designs to accomplish the coupling. In the first
design, called a horizontal coupler, alarge polymer waveguide
sits on a small silicon waveguide whose width tapers from 30
to 450 nm. This way, light is gradually transferred from the
polymer waveguide to the silicon waveguide over the length
of the tapered region. Figure 1 shows a cross-sectional area

overcladding g

i0,

Si

A Figure 1: Cross section of horizontal coupler.

of the horizontal coupler. Fabrication is done on silicon-
on-insulator wafers, so that the buried oxide functions as an
under-cladding and prevents optical modes from reaching
into the substrate. An over-cladding layer is also added to
the structure to make the coupler compatible with other
photonic devices, such as micro-ring-based reconfigurable
optical add-drop filters. The second design, the vertical
coupler, is based on a grating array composed of nanoscale
tooth-sets that allow coupling from a vertically oriented
fiber to a horizontally oriented waveguide. We are now
demonstrating this concept using silicon-rich silicon nitride
waveguides. Figure 2 shows a sketch of the vertical coupler
design under fabrication. The minimum feature size reaches
~ 100 nm.

Fiber

~
Vertical /,J ~—/
coupler Waveguide

\ i & s

Chip substrate

A Figure 2: Sketch of vertical coupler.



Polarization-insensitive Optical Add-drop Multiplexers in Silicon Nitride
T. Barwicz, M.R. Watts, M.A. Popovic, P.T. Rakich, E.P. Ippen, F.X. Kaertner, H.I. Smith

Sponsorship: Pirelli S.p.A

Microphotonics promises to revolutionize optics through
miniaturization and dense integration of optical elements
on planar surfaces. Of particular interest are microphotonic
devices that employ high refractive-index contrast (HIC).
These devices have dimensions on the order of the optical
wavelength and functionality often not achievable with
macro-scale devices. A long-standing criticism of HIC
microphotonic devices, however, is their inherent sensitivity
to polarization: they respond differently to light polarized
along different axes. Since the polarization state changes
randomly in optical fibers, HIC microphotonic devices are
incompatible with the optical fibers necessary to connect
them to the outside world.

In the Nanostructures Laboratory, we have developed
nanofabrication techniques that allow the realization of
microphotonic devices with unprecedented accuracy [1].

These techniques are based on scanning e-beam lithography
and allow us to fabricate microring filters of unprecedented
optical performance. Here, we overcome another major
obstacle: sensitivity to polarization. We apply an integrated
polarization-diversity scheme to render the optical response
of microring filters insensitive to polarization. An optical
add-drop multiplexer was realized and the polarization-
dependent loss reduced to a remarkable average of 1 dB.
Figure 1 presents the optical circuit diagram implemented
and electron micrographs of the structure . The waveguides
are based on silicon-rich silicon nitride and the critical
dimensions vary from 70 to 3000 nm across the structure.
The average waveguide widths of the 18 microrings forming
the add-drop multiplexer are matched to 0.15 nm. The
aspect ratio of the tallest and thinnest structures reaches 12
to 1.
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[ PSR\

[ PSR\
&

add

N

—— TE from TE coupled to the chip
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A Figure 1: (a) Optical circuit required to obtain a polarization insensitive optical response from polarization sensitive
components. The acronym PSR stands for polarization splitter and rotator. The two filters shown in the schematic are identical. (b)
Electron micrograph of the onset of the polarization splitter and rotator. (c) Electron micrograph of the middle part of the circuit.
The polarization splitters and rotators are not shown and extend to the right and the left of the micrograph. The grayscale was

inverted to allow the fine lines to be readable when printed.
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Nanofabrication of Reconfigurable Optical Add-drop Multiplexers in

Silicon

T. Barwicz, M.A. Popovic, F. Gan, P.T. Rakich, M. Dahlem, E.P. Ippen, F.X. Kaertner, H.l. Smith

Sponsorship: Pirelli S.p.A

Reconfigurable optical add-drop multiplexers (ROADMs)
are key components of modern optical networks. Data in
optical fibers is carried at numerous wavelengths, which
are also called channels. The ROADMs allow the rerouting
(drop) of a subset of the data channels traveling in an
optical fiber and replacing these with new data streams (add)
that will be carried in the fiber at the previously rerouted
wavelengths. “Reconfigurable” in ROADM indicates that
the subset of dropped channels can be changed on the fly
while the ROADM is in operation.

In our previous work, we developed nanofabrication
techniques of unprecedented accuracy that allowed us to
demonstrate in silicon-rich silicon nitride the most advanced
microring filters reported [1-2]. In this work, we employ

A Figure 1: Top-view electron micrograph of a coupling
region defined in HSQ. Line-edge smoothness is critical
for Si waveguides. The patterning is based on scanning
electron beam lithography. The minimum feature size
required is ~100 nm and must be controlled to ~ 5 nm.
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silicon microrings to take advantage of the high thermo-
optical coefficient of silicon, allowing wide tuning of the
wavelengths of operation of the ROADM with integrated
heaters. Figure 2 presents a cross-sectional diagram of our
implementation of a silicon waveguide with an integrated
heater. Line-edge roughness is of critical concern in
silicon waveguides as it translates into significant optical
propagation loss via scattering of the guided mode. We
found that the smoothest waveguides are obtained using
hydrogen silsesquioxane (HSQ) as an e-beam resist and an
etch-mask. Figure 1 presents an electron micrograph of a
coupling region between a microring and a bus waveguide
defined m HSQ. The patterning is based on scanning
electron-beam lithography.

«— Ti Heater
Spin-on Glass

Si Guide

Sio,

Si Wafer

A Figure 2: Cross-sectional schematic of a silicon waveguide
with an integrated titanium heater. Spin-on glass is used for the
upper cladding of the waveguide to allow self-planarization and
to avoid filling problems in narrow gaps.

[11 M.A. Popovic, T. Barwicz, M.R. Watts, P.T. Rakich, L. Socci, E.P. Ippen, F.X. Kaertner, and H.l. Smith, “Multistage high-order microring-
resonator add-drop filters,” accepted for publication in Optics Letters.
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in silicon nitride,” Massachusetts Institute of Technology, Cambridge, MA, Microsystems Technology Laboratories Annual Research Report,

2006.



Nanofabrication of Optical Microring Filter Banks for Ultra-fast Analog-

to-Digital Converters

C.W. Holzwarth, T. Barwicz, M.A. Popovi¢, P.T. Rakich, E.P. Ippen, F.X. Kartner, H.l. Smith

Sponsorship: DARPA

Microphotonic filter banks are an essential part of many
proposed integrated photonic systems including ultra-fast
analog-to-digital converters. Recent progress in designs
and nanofabrication techniques for microring-resonators
in high-index-contrast (HIC) materials have made possible
the wide spectral spacing between resonances and low loss
required for real world applications [1]. Achieving accurate
resonant-frequency spacing of microring-filters is critical for
these devices. In the NanoStructures Laboratory we have
developed fabrication techniques based on scanning electron
beam lithography (SEBL), that enables accurate control of
the resonant-frequency spacing of HIC microring-resonator
filter banks.

The resonant wavelength of a microring-resonator
filter is given by m*A=n_*21*R, where A is the resonant
wavelength, n,; is the ef{[ective index of refraction, R is
the ring radius, and m is an integer. The effective index is
controlled lithographically by controlling the width of the

ring waveguide. Although it 1s simple to change both the
width and the radius of the ring in the SEBL layout, this
change is limited to discrete jumps corresponding to the step
size of the SEBL system. In order to have 1 GHz control
of the resonant frequency for the designed filters, the SEBL
systems would need a step size of 30 pm. In our process this
limitation of discrete step size is overcome by modulating
the electron-beam dose to precisely control the width of the
ring waveguide [2].

In our experiments second-order microring-resonator filters
fabricated in silicon-rich silicon nitride were used in the
microring filter banks (Figure 1a). Using dose modulation,
eight-channel filter banks with channel spacing ranging
from 90 to 180 GHz were fabricated and tested (Figure 1b).
The results demonstrate that we can accurately control a
2.7 nm change in average width of the ring waveguide to
0.11 nm, despite a 6 nm step size in the SEBL system.
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A Figure 1: a) Scanning electron micrograph of a fabricated second-order microring-resonator filter that has a 20 nm free
spectral range, 50 GHz bandwidth and 1.5 = 0.5 dB drop loss. b) Measured response of an eight-channel filter bank based on
second-order microring-resonators with a target channel spacing for 150 GHz. The actual average channel spacing measured is
159 GHz (6=5 GHz) and channel crosstalk is less than 30 dB.

REFERENCES
[11 T Barwicz, M.A. Popovi¢, P.T. Rakich, M.R. Watts, H.A. Haus, E.P. Ippen, H.l. Smith, “Microring-resonator-based add-drop filters in SiN:
fabrication and analysis,” Optics Express, vol. 12, no. 7, 2004.

[2]1 T. Barwicz, M.A. Popovi¢, P.T. Rakich, M.R. Watts, F.X. Kaertner, E.P. Ippen, H.l. Smith, “Resonance-frequency control of high-index-contrast
microphotonic cavities at fabrication,” Integrated Photonics Research and Applications 2006, invited paper JWA3.
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Imprint Lithography with Multilevel Alignment via Interferometric-Spatial-

Phase Imaging

E.E. Moon, H.I. Smith
Sponsorship: Molecular Imprints, Inc.

A critical obstacle to widespread industrial acceptance
of imprint lithography is the lack of capability for
multilevel, nanometer-scale overlay. In journal articles
[1-2] we described an alignment detection scheme,
called interferometric-spatial-phase imaging (ISPI),
which encodes alignment in the spatial phase disparity
of complementary interference fringes, observed with
oblique-incidence,  long-working-distance,  darkfield
optical microscopes. We have applied ISPI to step-and-
flash imprint lithography (S-FIL), in which alignment is
actively measured and corrected with imprint fluid filling
the template-substrate gap.

In S-FIL, it 1s desirable to use a shallow phase grating as
the alignment mark, which raises the issue of ISPI fringe
contrast. Fringe contrast with a fused silica phase grating
in an imprint fluid is reduced to 12% of the fringe contrast
with air in the template-substrate gap, as predicted by

Air Imprint Fluid
50 e 50 e
40 o =0.05 nm 40 | 6=0.12 nm
30 L, 30Ff
3 E
T 20 T o20f
10 10
0 . 0
075 0 0.75 0.75 0 0.75
(nm) (nm)
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A Figure 1: Alignment detectivity of ISPI with (a) air in
the template-substrate gap (6 = 0.05 nm), and (b) imprint
fluid in the gap (o = 0.12 nm). Detectivity is reduced in the
stringent case of phase gratings on the template, used with
an imprint fluid of similar index of refraction, but remains
within the sub-nanometer range. The template-substrate
gap was mechanically locked during the experiment.

REFERENCES

two-dimensional finite-difference time-domain (FD'TD)
simulations and confirmed by experiment. Despite the
low fringe contrast, experimental data (Iigure 1) indicate
the ability of ISPI to achieve sub-nanometer alignment
detectivity under such conditions, the most stringent
typically encountered in imprint lithography.

Figure 2 illustrates the ability of ISPI to effect dynamic
alignment control throughout the S-FIL imprint process.
The data shows an initial condition with alignment well
below 1 nm. Alignment is disturbed by a mechanical
impulse from opening of the UV shutter, but ISPI can
observe and correct such disturbances, which would
usually pass unnoticed. We believe these experiments,
among others, indicate that ISPI is uniquely advantaged
for application to S-FIL and other forms of imprint
lithography.

0 LM UV On

Alignment (nm)
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i
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0 10 20 Time (sec)

A Figure 2: Plot of ISPI alignment data (1) before exposure,
(2) at the instant the shutter to the UV lamp opens, (3) during
misalignment caused by a mechanical shock transmitted from
the UV lamp to the template, and (4) during correction of
misalignment, until crosslinking solidifies the imprint material.
The experiment demonstrates the ability of ISPI to detect and
identify sources of misalignment on the nanometer level, as well
as a limited ability to re-align during crosslinking of the imprint
material. Improvements are readily achievable with increased
feedback bandwidth.

-10

[11 E.E. Moon, L. Chen, P.N. Everett, M.K. Mondol, and H.l. Smith, “Interferometric-spatial-phase imaging for six-axis mask control,” J. Vac. Sci.

Technol. B, vol. 21, p. 3112, 2003.

[2]1 E.E. Moon, M.K. Mondol, P.N. Everett, and H.I. Smith, “Dynamic alignment control for fluid-immersion lithographies using interferometric-
spatial-phase imaging,” J. Vac. Sci. Technol. B, vol. 23, p. 2607, 2005.



Interference Lithography

T.B. O'Reilly, T. Savas, H.l. Smith
Sponsorship: Internal funds

Interference lithography (IL) is a means to produce periodic
structures using the coherent interference of light. Typically,
light from a source is divided and recombined, forming
a periodic intensity pattern that can be used to expose a
photosensitive substrate. The NanoStructures Lab (NSL)
has been developing interference lithography systems since
the mid 1970s, and operates a range of tools capable of
writing gratings, grids, and other periodic structures with
periods as fine as 100 nm; these structures are used in a wide
variety of research areas.

Two of the NSLs IL systems use 325 nm wavelength HeCd
lasers. The most flexible and widely used of these systems
is known as the Lloyd’s mirror. This system is a half Mach-
Zehnder interferometer that is easily configured to write
patterns with periods from 170 nm to several microns.
A second system at the same wavelength in a full Mach-
Zchnder configuration can write gratings over larger areas
than the Lloyd’s mirror system, butis less flexible. Finally, the
NSL operates an achromatic interference lithography (AIL)
system. This system uses a 193 nm excimer laser and can
write patterns with periods of 100 nm, as shown in Figure 1.
This AIL system uses phase gratings to split and recombine

the light, and can form high-contrast fringe patterns whose
area 1s not dependent on the spatial or temporal coherence
of the source.

Gratings produced by the Lloyd’s mirror have been used to
cut carbon nanotubes, guide the assembly of nanoparticles
for templated self-assembly, study the behavior of strained-
silicon wafers, fabricate templates for imprint lithography,
and more. The full Mach-Zehnder system has been used to
study in-plane distortion of silicon nitride membranes and
to create super-prisms and super-collimators based on 2D
photonic crystals. The AIL system has been used to create
free-standing gratings used in atom-beam interference
experiments and EUV spectroscopy.

In addition, the NSL collaborates with the Space

Nanotechnology Laboratory, which operates a Mach-
Zchnder IL system and the Nanoruler, an IL system that can
write high-quality gratings over areas larger than 300 mm in
diameter.

A Figure 1: Scanning electron micrograph of a 100 nm-period grid, exposed in PMMA on top of an antireflection coating and

transferred into Si by reactive ion etching.
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Immersion-Achromatic-Interference Lithography

T.B. O'Reilly, M. Walsh, T. Savas, H.l. Smith
Sponsorship: Singapore-MIT Alliance

Interference lithography is a means of using the coherent
interference of light to create periodic structures. The period
of the pattern written is determined by the interference
angle, 0, and the wavelength, A, according to the equation P
= M2nsin(0). Since an upper limit exists for the interference
angle (90°), to reduce the period below half the wavelength
it is necessary to use an immersion fluid to reduce the
effective wavelength of the light. The NanoStructures Lab
is developing an immersion interference lithography system
that will be capable of writing gratings with periods of
70 nm or even smaller.

The system under development, shown in Figure 1, is an
achromatic grating interferometer similar to an existing
system that is used to write 100 nm period gratings. In this

system, diffraction gratings split and recombine light. The
gratings are configured in such a way that contrast of the
fringe pattern formed is not dependent on the spatial or
temporal coherence of the source. Analysis of the proposed
system has shown that it will be capable of writing gratings
with periods as fine as 70 nm, over areas as large as the
parent gratings, using water as the immersion fluid. Using
higher-index immersion fluids, it should be possible to write
patterns as fine as 60 nm.

Gratings produced by this system are likely to find application
in areas such as atom interferometers and templated self-
assembly. In addition, the system will be used to study the
performance of photoresists and immersion fluids at very
high numerical apertures.

Incident radiation

Reflection |
grating

B

Phase gratings

Photoresist

Achromatic fringes form in focal plane

A Figure 1: Immersion grating-interference lithography system.



Three-dimensional Photonic Crystals by Membrane Assembly

A. Patel, J.D. Joannopoulos, H.l. Smith
Sponsorship: NSF

A three-dimensional photonic crystal is a periodic structure
in which back-diffraction prevents light within a given
wavelength band (the bandgap) from propagating in any
direction. A local deviation from perfect periodicity (a
“defect”) such as some missing material, 1.¢., a hole, or alocal
change in dimensions, can produce a photon trap or resonant
cavity. Light cannot propagate through the photonic crystal
but it can remain localized around the defect, leading to
resonators of extraordinarily high Q). This phenomenon
promises many practical applications, including single-
photon sources and highly sensitive chemical detection. A
line defect, such as a row of missing material, can serve as a
lossless waveguide, leading to highly complex and functional
photonic systems. Figure 1 [1] depicts a 3D photonic crystal
with a very large omni-directional bandgap. In the past, we
fabricated this type of structure using a layer-by-layer process
composed of e-beam lithography followed by deposition

A Figure 1: A 3D rendering of the photonic crystal
structure to be fabricated. The picture depicts a crystal
with 6 layers. Ultimately, we will assemble 20+ layers.

REFERENCES

and etch back [2]. We are replacing this tedious and error-
prone process with layer-by-layer assembly of membranes
that are pre-patterned using interference lithography, as
depicted in Figure 2. Although this technique will require
the development of entirely new membrane fabrication
and assembly techniques, it should reduce the probability
of error since the membranes are separately fabricated and
mspected and assembled only at the final step.

Large area SIN membranes (1 cm x 1 cm), 350-nm thick,
have been patterned with the appropriate 2D periodic
structure. We are developing techniques for assembling
such membranes with ~10 nm alignment accuracy. In the
future Si membranes will be investigated. Ultimately we
plan to assemble more than 20 layers in a 3D photonic
crystal structure.

Photonic-Crystal Assembly
B NN NENNNNE

Align &
| | | Attach
ASIBE NI ] | B ]
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B:INE N 2
AN INE 5
% Rigid Substrateg
A Figure 2.  Proposed membrane-assembly process for

fabricating 3D photonic crystals.

[11 S.G. Johnson and J.D. Joannopoulos, “Three-dimensional period dielectric layered structure with omni-directional photonic band gap,” App.

Phys. Lett, vol. 77, p. 3490, 2000.

[21 M.Qi, E. Lidorikis, P.T. Rakich, S.G. Johnson, J.D. Joannopoulos, E.P. Ippen, and H.I. Smith, “A three-dimensional optical photonic crystal with

designed point defects,” Nature, vol. 429, pp. 538-542, 2004.
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Absorbance-Modulation Optical Lithography

R. Menon, S. Tsai, H.l. Smith
Sponsorship: Internal funds

In the NanoStructures laboratory, we are developing an
optical nano patterning technology that can push the
resolution limits to sub-diffraction-limited regimes using
photochromic molecules. Photochromic molecules are
those that reversibly change their absorbance spectra upon
irradiation [1]. By placing a thin photochromic layer on top
of a traditional photoresist, coupled with a two-wavelength
illumination, one can pattern sub-diffraction-limited
features (~ 2 13) [2]. The first wavelength, A, bleaches the
photochromic layer, turning it transparent, whlle the second
longer wavelength, 7»2 reverses this bleaching process.
The two-wavelength scheme, which we call absorbance-
modulation-optical lithography (AMOL), uses a focused
beam at A, and a ring-shaped beam at A,. As a result,

accuracy, higher throughput (via parallel beams [3]), non-
damaging effects (for organic and other sensitive substrates),
and a fundamentally simpler configuration.

Furthermore, it can be shown that if both isomers of the
photochromic molecule are stable, the compression of
the transmitted beam is dependent on the ratio of the
intensities at A, and A,, not on either one alone. This has
the important practical implication that highly compressed
beams may be created at low power densities. The scale of
the compression of the transmitted beam is determined by
the initial absorbance of the photochromic layer as well as
the difference between the initial and final absorbances,
i.e., the contrast of the absorbance modulation. Figure 1

the beam transmitted through the photochromic layer is shows the predicted resolution improvement achievable
compressed laterally. with AMOL.
Thus, AMOL has the potential to pattern 30 nm features
at A, = 400 nm. Compared to scanning electron beam
lithography (SEBL), AMOL has the advantages of higher
dry @ 3. =400nm water immersion @ ) = 400nm <« Figure 1: Resolution scaling with wavelength for different
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technologies. Note that AMOL has the potential to extend optical nano
patterning to the sub-30-nm regime.

[11 J.C. Crano and R.J. Guglielmetti, Eds., Organic Photochromic and Thermochromic Compounds. New York: Plenum Press, 1999.
[2]1 R. Menon and H.l. Smith, "Absorbance-modulation-optical lithography (AMOL)," J. Opt. Soc. Am. A, to be published.
[31 R. Menon, A. Patel, D. Gil and H.l. Smith, "Maskless lithography," Materials Today, vol. 8, no. 2, pp. 26-33, Feb. 2005.



Zone-Plate-Array Lithography (ZPAL)

R. Menon, S. Tsai, H.l. Smith
Sponsorship: DARPA, NSF

Optical projection lithography (OPL) has been the key
element in the technological progress of the semiconductor
industry. In OPL, a fixed pattern on a photomask is imaged
onto a photoresist-coated substrate by means of a complex
and expensive optical system. Resolution-enhancement
techniques used to print at the diffraction-limit often
constrain the geometries of these patterns. Furthermore,
OPL is inherently inflexible since the patterns once defined
in the photomask cannot be changed. Obtaining a new
set of photomasks is an expensive and time-consuming
proposition. This requirement is a significant impediment in
emerging applications, in which frequent experimentation
and changes to pattern geometries are often essential to
achieving the optimum design.

In order to address these issues, in the NanoStructures
laboratory at MI'T, we have developed an optical-maskless
lithography called zone-plate-array lithography (ZPAL) [1]
that uses a massively parallel array of tightly focused laser
beamlets to create patterns of complex geometries in a dot-
matrix fashion. The array of beamlets is created by an array
of high-numerical aperture zone plates. The illumination of
each zone plate is controlled by one pixel on an upstream
spatial-light modulator. This technology is currently being
commercialized by LumArray Inc. [2].

e
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A Figure 1: Scanning electron micrographs of patterns created
using ZPAL at an exposure wavelength of | = 400 nm.

REFERENCES:

[11 R. Menon, A. Patel, D. Gil, and H.l. Smith, "Maskless Lithography," Materials Today, pp. 26-33, Feb. 2005.

[2] LumArray [Online]. Available: http://www.lumarray.com
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Spatial-phase-locked E-beam Lithography

H.I. Smith, F. Zhang, M. Mondol
Sponsorship: No external sponsor

Our research in spatial-phase-locked electron-beam
lithography (SPLEBL) is aimed at reducing pattern-
placement errors in electron-beam-lithography systems to
the Inm level. Such high precision is essential for a variety
of future lithographic applications. SPLEBL is currently
the only approach capable of achieving such accuracy. As
shown in Figure 1, SPLEBL uses a periodic signal, derived
from the interaction of the scanning e-beam with a fiducial
grid on the substrate, to continuously track the position of
the beam while patterns are being written. Any deviation
of the beam from its intended location on the substrate is
sensed, and corrections are fed back to the beam-control
electronics to cancel errors in the beam’s position. In this
manner, the locations of patterns are directly registered to
the fiducial grid on the substrate.

The research effort focuses on developing the three critical
components of SPLEBL: 1) the beam-position-detection
algorithm [1], 2) a user-friendly-fabrication process for the
fiducial grid [2], and 3) a beam-current-modulation scheme

beam deflectors

electron beam
SE detector_ feedback

Loop grid signal
— secondary bw! !! UU .

fiducial grid e-.. I € electrons exposed
- pattern

e-beam

resist substrate

A Figure 1. Schematic of the global-fiducial-grid mode
of spatial-phase-locked electron-beam lithography. The
periodic signal detected from the fiducial grid, which
includes both X and Y components, is used to measure
placement error, and a correction signal is fed back to the
beam-deflection system.

REFERENCES

[3]. The last component is necessary for the SPLEBL-
enabled tool to discriminate between non-exposed and
exposed areas while enjoying a continuous feedback signal.

SPLEBL in its continuous-feedback mode has been
implemented on a Raith150 scanning e-beam lithography
system (an inexpensive system that provides sub-20-nm
patterning resolution). In this implementation, a thin (<10
nm) metallic fiducial grid is placed on top of the e-beam
resist. During exposure, a periodically varying secondary-
electron (SE) signal 1s produced as a result of the interaction
between the electron beam and the metal reference
grid. Its limited thickness makes the grid layer essentially
transparent to the primary electron-beam. The beam
position is determined in real time by a detection algorithm
based on Fourier technique. This implementation allowed
the beam position to be monitored constantlyand corrected
during exposure. Experimental results [1] shown in Figure
2 indicate that 1-nm-level placement accuracy is achievable
with this technology.
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A Figure 2: (a) Histograms showing x- and y-stitching
measurements at all 84 field boundaries of 49 stitched fields.
Spatial-phase locking has reduced the standard deviation of the
stitching errors to below 1.3 nm. (b) Sample 200-nm period
stitched grating patterns. The dashed line indicates the field
boundary.

[11 J.T. Hastings, F. Zhang, and H.l. Smith, 'Nanometer-level stitching in raster-scanning e-beam lithography using spatial-phase locking," J. Vac.

Sci. Technol. B, vol. 21, no. 6, pp. 2650-2656, Nov/Dec 2003.

[2]1 F.Zhang, H.l. Smith and J.F. Dai, "Fabrication of high-secondary-electron-yield grids for spatial-phase-locked electron-beam lithography," J. Vac.

Sci. Technol. B, vol. 23, no. 6, pp. 3061-3064, Nov/Dec 2005.

[31 F. Zhang and H.l. Smith, "Partial blanking of an electron beam using a quadrupole lens," in J. Vac. Sci. Technol. B, vol. 23, no. 1, pp. 133137,

Jan/Feb 2005.



Controlled Assembly of 20-nm-diameter Gold Nanoparticles into
Nanogaps using AC Dielectrophoresis

R. Barsotti, M. Vahey, R. Wartena, J. Voldman, Y. Chiang, F. Stellacci

Sponsorship: Singapore-MIT Alliance, NDSEG Fellowship

The directed assembly of nano-objects into specific locations
will allow for the fabrication of electronic devices that utilize
the unique properties of the nano-objects. One method to
assemble nano-objects into gaps uses the dielectrophorectic
(DEP) force via the application of an alternating field [1-2].
Here, we demonstrate the assembly of gold nanoparticles
into nanogaps (15-100 nm in width) that are fabricated by
electronbeamlithography. Nanoparticle assemblyis achieved
by applying an AC field across the nanogaps after a drop of
an aqueous solution of gold nanoparticles has been placed
over the device. The assembly is characterized by SEM,
AFM, and post-assembly electrical measurements. The

A Figure 1: An SEMimage of assembly
of citrate-stabilized 20-nm-diameter gold
particles by the application of a 2-Vpp, 1-
MHz alternating field across a 23-nm gap
for 120 seconds. A solution concentration
of 7 * 1010 particles/ml was used for this
assembly. Scale bar=200 nm.

REFERENCES

number of nanoparticles that assemble in the gap is studied
as a function of the applied AC field, the concentration
of the nanoparticle solution, and assembly time with a
goal of the assembly of a single particle in a gap. Pre-
assembly modification of the gold surfaces using a dithiol
self-assembled monolayer results in a significant increase in
DEP assembly as the surface-bound thiol groups bind the
gold particles to the substrate. Theoretical modeling of the
dielectrophorectic force on nanoparticles in comparison to
their thermal motion is used to predict the experimental
conditions for the assembly of a single particle.
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A Figure 2: An SEM image showing increased nanoparticle assembly at 3 V.|
for 120 seconds. Scale bar=200 nm. The IV characteristics of the assembly
show a 100-fold increase in conductance after particle assembly. The electrical
characteristics remain stable after 20 voltage sweeps.

[11 I. Amlani, A.M. Rawlett, L.A. Nagahara, and R.K. Tsui, “Hybrid assembly technique using alternating current field for molecular electronic
measurements,” J. of Vacuum Science and Tech. B, vol. 20, no. 6, pp. 2802-2805, 2002.

[2]1 S.I. Khondaker and Z. Yao, “Fabrication of nanometer-spaced electrodes using gold nanoparticles,” App. Phys. Lett., vol. 81, no. 24, pp.

4613-4615, 2002.
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Carbon Nanotube Assembly for Interconnect and Device Applications

T.M. Wu, B. Long, B. Wunsch, F. Stellacci
Sponsorship: MARCO IFC

Carbon nanotubes (CN'Is) are materials with potentially
useful electronic, thermal, and mechanical properties.
Our current work with CNTs focuses on applications in
the microelectronics arena, especially use as a substitute
for conventional metal interconnects. As interconnect
dimensions shrink, surface scattering begins to contribute
dramatically to line resistance, leading to power loss
and signal delay. The CNTs, with length-independent
conductivity due to ballistic transport, offer a potential
solution.

We are investigating currently methods to accurately and
precisely construct CNT structures on surfaces via assembly

pm

A Figure 1:  Chemically-directed assembly of CNTs
on polar and non-polar silane monolayers. The CNTs
assemble on the polar monolayers (sides) and are
repelled by the nonpolar monolayer (stripe).

from a suspension or solution. We use a series of chemical
and physical interactions to direct the assembly of CGNTs
onto desired locations on a substrate. In the chemical sense,
we can tune the interaction between CN'Ts and a surface by
selectively growing polar and non-polar monolayer patterns
on the substrate. In the physical sense, we can pattern the
growth of the monolayer and of the CNT deposition by
lithographic methods such as electron-beam writing and dip-
pen nanolithography. By combining these two approaches,
we hope to develop an integrated system for the massively
parallel and accurate assembly of CNTs on a surface.

Hm

A Figure 2: Lithographically-directed assembly of CNTs on a
polar silane monolayer.
beam lithography and served as a liftoff mask for CNT deposition
from solution.

The resist was patterned with electron



Catalyst Engineering and Nanowire Growth Mechanisms
S. Boles, O. Nayfeh, E.A. Fitzgerald, D.A. Antoniadis, C.V. Thompson

Sponsorship: Singapore-MIT Alliance

The use of semiconductor nanowires for electronic and
photonic applications has generated a great deal of interest
in recent years, due to their mechanical, electronic, and
photonic properties. A great deal of effort has been focused
on demonstrating the unique properties of nanowires,
while there has been less interest in developing techniques
that allow growth of functional arrays of nanowires.
Our research focuses on creating high-density nanowire
arrays by controlling the metallic dots that catalyze wire
growth through the vapor-liquid-solid mechanism. Our

early work has focused on the development of a baseline
growth process using disordered catalyst arrays, as show
in Figure 1. TFuture work will involve growth on catalysts
ordered through templated self-assembly techniques. Our
ultimate goal is to grow ordered arrays that can be included
in electronic and photonic device structures that will allow
detailed correlations among the techniques of growth and
the properties of nanowires.

A Figure 2: Silicon nanowire grown by MOCVD using a Au
catalyst on <111> Si substrate. The Au particle remains at the
top of the wire and controls the diameter of the growing wire.

A Figure 1: Au particles produced by dewetting of 0.3nm-
thick Au film at 550 C on a <111> silicon substrate.
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Templated Self-Assembly for Nano-particle Organization: Solid State

Dewetting

A.L. Giermann, J. Ye, R. Monig, C.V. Thompson
Sponsorship: NSF, Singapore-MIT Alliance

We are exploring solid-state dewetting of thin films as a
tool for producing ordered arrays of metal nanodots over
large areas. Such arrays may be interesting in memory
or plasmonic applications and for use as catalysts for the
growth of carbon nanotube or semiconductor nanowire
arrays. Our current investigations focus on two topics: 1)
the effects of materials anisotropies on dewetting; and 2) the
effects of physical templates to control dewetting.

In the area of materials anisotropies, we seek a material
system in which the islands formed by dewetting exhibit
spatial order due to anisotropy in the surface energies and
diffusivities. As an initial step, we observed significantly
different dewetting behaviors of Ni thin films on MgO
substrates, depending on the crystallographic orientation
of the substrate surface. Our future work will involve
investigating  how micro-faceting of MgO affects the
dewetting behaviors of Ni thin films.

In the area of physical templating, we use topographically
patterned substrates to modulate the curvature of as-
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A Figure 1: The effect of topography on particle morphology.
The results of dewetting a 10-nm-thick Au film on (a) a flat
substrate and (b) a topographic substrate. Micrographs are
displayed at the same magnification to emphasize the effect of
topography on particle size. Scale bars are 200 nm in length.
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deposited films and thus influence the dewetting behavior of
polycrystalline films [1]. We deposit and anneal gold films
on di-periodic arrays of pits on oxidized silicon substrates
to induce one-to-one self-assembly of ordered arrays of
gold particles over large areas. Average particles sizes of
less than 50 nm can be achieved. Compared to dewetting
on flat substrates, the templates impose a significant
decrease in average particle size, as well as ensure a narrow
size and spatial distribution (Figure 1). This templating
technique uniquely results in crystallographic ordering
(i.e., graphoepitaxy) of the particles, imposing an in-plane
texture and changing the out-of-plane texture (Figure 2).
Particles formed in topographic features are expected to
be stable with respect to agglomeration during growth of
tubes or wires. Our current efforts include investigating
additional techniques for imposing topographic templating
on thin films; exploring the templating phenomena in
other materials, including those that are known to catalyze
carbon nanotubes and those with high surface mobilities;
and developing numeric models of topographic dewetting
in order to fully characterize the mechanism.
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A Figure 2: The effect of topography on particle
orientation. (a) and (b) show Au <111> X-ray pole figures
(37.4° < 206 < 38.6°), (a) for particles on a flat substrate
and (b) for particles on a topographic substrate. (c) and
(d) schematically illustrate the particle orientation on flat
and topographic substrates, respectively. The arrows
indicate the <111> projection.

[1]1 A.L. Giermann and C.V. Thompson, “Solid-state dewetting for ordered arrays of crystallographically oriented metal particles,” App. Phys. Lett.,

vol. 86, p. 121903, Mar. 2005.



Catalyst Engineering and Carbon Nanotube Growth Mechanisms

G.D. Nessim, J S. Kim, D. Acquaviva, A.J. Hart, C.V. Thompson
Sponsorship: MARCO IFC, Singapore-MIT Alliance

In addition to having many other applications in electronics
and biology, carbon nanotubes (CN'T5s) are good substitutes
for copper interconnects in integrated circuits. However, a
significant challenge is the ability to control the density, type,
size,and position of the nanotubestobe used asinterconnects.
These CN'Ts must also be grown on conductive substrates to
achieve ohmic contact. Our approach to these challenges is
to study and engineer catalysts in order to obtain CNTs with
the required properties.

We initially studied nanotube growth with an iron catalyst
on alumina underlayers using thermal chemical vapor
deposition (CVD) and analyzed the influence of parameters
such as catalyst size, temperature, reactant partial pressure,
gas flow rate, timing of introduction of a reducing gas, pre-
deposition annealing, and growth time. We have determined
a range of conditions in which the growth of dense carpets
of vertically aligned CNTs of different height, up to 1 mm
(Figures 1 and 2), is possible.  Characterization of the
resulting CN'Ts with SEM, TEM, and AFM 1s underway.
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We also started a series of experiments involving growth
of CNTs with catalysts on conductive underlayers. This
process is more challenging as evidenced by the very few
successful reports of CNT growth directly on conductive
substrates. With rapid heating of the samples prior to
thermal CVD, we have grown CNTs as a mesh of CNTs
(“spaghetti,” not a regular carpet of CNTs). Preliminary
measurements indicate that electrical conductivity exists
between the nanotubes and the substrate.

Our next step is to grow CNTs on conductive underlayers
inside a matrix of regularly spaced pores in an insulating
overlayer, e.g., ordered porous alumina scaffolds developed
in our group. Using this method we will measure and
analyze the characteristics of regular arrays of individual
multi-wall CN'Ts and bundles of CN'Ts with near-uniform

dimensions.
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A Figure 1: Dense carpet of carbon nanotubes grown
using thermal chemical vapor deposition (catalyst Fe/Al,04
on Si0,).

A Figure 2: Higher magnification image of the very dense
carpet of CNTs of Figure 1.
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Templated Self-Assembly for Nano-Particle Organization:
Templated, Ordered Porous Alumina Templates

J. Oh, C.V. Thompson
Sponsorship: MARCO IFC, Singapore-MIT Alliance

Nano-sized materials are core building blocks for advanced
functional systems such as electronic circuits, memories,
sensors, and displays. Due to their size-sensitive electrical,
optical, magnetic and chemical properties, it is desirable
to fabricate nano-sized materials with controlled size and
distribution on the system-applicable substrates. As a
strategy, we are developing templated self-assembly methods
that combine top-down (lithography) and bottom-up (self-
assembly) approaches for fabricating and assembling metallic
nano-wires, rods, and dots for new applications including
nano-contacts for devices and interconnects for mixed-
material and multifunctional micro- and nano-systems.

Anodic aluminum oxide (AAO) i1s a self-ordered
nanostructured material that is suitable as a template in
magnetic, electronic, and opto-electronic devices. Under
proper anodization conditions, aluminum oxidizes as a
porous structure with aligned pores that have a close-packed
(hexagonal) order at short range and with pore sizes that can
vary from 7 nm-300 nm. While short-range pore ordering
can be achieved during anodization, domains (<5 pm) with

Poaous
Alumina

A Figure 1: Schematics of fabrication of templated
porous alumina scaffold [1].

REFERENCES

different repeat directions occur at longer ranges. This
breakdown in long-range order limits fabrication of large
ordered arrays of devices using porous alumina templates.
We developed perfectly ordered porous alumina scaffolds
by combining interference lithography with anodization
of evaporated Al thin films on silicon substrates. We have
achieved regular arrays of pores with diameters of less
than 30 nm and aspect ratios >50:1 in insulating alumina.
Topographic templating of long-range order in anodic
aluminum oxide allows independent control of the pore
size, spacing, and order symmetry in ranges not achievable
without templating. Using the perfectly-ordered AAO
scaffolds, we have fabricated ordered metallic nanodots,
nanorods, and nanotubes as well as well-aligned mult-
walled carbon nanotubes (CN'Ts) on silicon substrates. We
are currently pursuing the growth of uniform arrays of
electrically contacted CNTs in templated AAO scaffolds to
obtain statistical, electrical, and thermal characterizations
of CNTs as a function of variations in the diameter and
length of nanotubes.

A Figure 2: An SEMimage of perfectly ordered porous alumina
with hexagonal symmetry on silicon-over-wafer-scale areas with
pore diameter of 80 nm and pore spacing of 180 nm [1].

[11 R. Krishnan, H.Q. Nguyen, C.V. Thompson, W.K. Choi, Y.L. Foo, “Wafer-level ordered arrays of aligned carbon nanotubes with controlled size
and spacing on silicon,” Nanotechnology, vol. 16, no. 6, pp. 841-845, 2005.



Templated Dewetting of Nano-Particle Solutions

S.-W. Chang, C.V. Thompson
Sponsorship: Singapore-MIT Alliance

A major issue in nanotechnology is the need for versatile
techniques for self-organization of nanometer-scale building
blocks, such as nanoparticles, to form large-area periodic
systems. Our goal is to combine physical templating and
self-assembly to form nanoparticle arrays that can be
used as catalysts for the growth of nanowire or nanotube
arrays, and other applications such as nanoelectronics or
nanophotonics.

A combination of physical templating and capillary
interaction has been employed to self-organize colloidal
particles into lithographically patterned templates with
well-controlled sizes and structures [1]. However, the
diameters of the particles studied to date are typically in
the range of hundreds of nanometers. The capillary
interaction strength decreases with diminishing dimensions

Nanoparticles

O

A Figure 1: A schematic outline of the assembly process.
Forces that may be exerted on the gold particles are shown:
capillary force (F;) and gravitational force (Fg).

REFERENCES:

due to random thermal fluctuations. Controlling the
appropriate parameters may make it possible to overcome
the randomizing effects of Brownian motion to extend the
templated self-assembly (TSA) approach to sub-50-nm
diameter particles.

As an initial effort, patterned substrates with gratings
were fabricated using conventional contact-mode
photolithography and inserted into nanoparticle solutions
for evaporation. The resulting capillary interaction due to
solvent evaporation was found to be sufficiently strong to
force the nanoparticles into the template trenches without
leaving particles on the surrounding areas. Figure 1 presents
a schematic outline of the process. Current efforts include
applying the templated dewetting approach to smaller
nanostructures and on different topographies.

A Figure 2: Scanning electron micro-graph of ordered gold
nanoparticles assembled in trenches.

[11 Y.Yin, Y. Lu, B. Gates, and Y. Xia, “Templated-Assisted Self-Assembly: A Practical Route to Complex Aggregates of Monodispersed Colloids
with Well-Defined Sizes,” J. Am. Chem. Soc. vol. 123, pp. 8718-8729, 2001.
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Surface Mound Formation and Stress Evolution during Growth of High-

Mobility Metal Films

R. Moenig, J. Leib, A.R. Takahashi, C.V. Thompson
Sponsorship: NSF

Residual stress 1s an 1mportant factor affecting the
performance and reliability of many micro-mechanical
devices and thin-film structures. In order to control the
residual stress of a thin metal film, knowledge of the active
stress generation mechanisms is necessary. Our work focuses
on structural changes and associated stress effects that occur
during the growth of high-mobility metal films, e.g., Au,
Cu, Ag, and Al, using evaporative deposition. Film stress
measurements using capacitive deflection measurements of
Siand SiO, cantilevers show tensile stress excursions after the
deposition flux is interrupted and compressive changes after
the deposition has been resumed [1-2]. Earlier studies using
reflected high-energy electron diffraction indicate that stress
changes are correlated with changes in surface roughness
during growth interruptions [3]. Figure 1 shows a stress
curve characteristic for growth interrupts and subsequent
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A Figure 1: Stress measurement during deposition of Cu
on Si with amorphous Si0, at RT. The film grows in Volmer-
Weber mode and during the growth interrupt the stress
experiences a tensile excursion.

REFERENCES

growth resumptions of high-mobility metal films. This
reversible behavior was observed in Volmer-Weber growth of
polycrystalline as well as in epitaxial films. Flash depositions
of 1A of Ta have been used to suppress surface diffusion on
a film after interrupting growth in order to allow for atomic-
force microscopy imaging of “frozen” films. Figure 2 shows
two examples where the Ta flash was performed at different
times after the growth had been interrupted. Figure 2 shows
that the average mound spacing and the mound area increase
during interrupts. Our observations indicate that the step-
edge barrier (Ehrlich-Schwoebel-Barrier) that governs the
interlayer transport of adatoms has a strong effect on film
morphology. This barrier is significantly higher than the
barrier for intralayer diffusion and therefore leads to mound
formation and growth (roughness) even on high-mobility
metal films deposited at RT.

A Figure 2: AFM images of a 1000A Cu fim deposited on
large-grained Au. a) Ta deposition less than 2 s after Cu growth.
b) Ta deposition 5 min after Cu growth was interrupted.

[11 R. Abermann and R. Koch, “The internal stress in thin silver, copper and gold films,” Thin Solid Films, vol. 129, pp. 71-78, 1985.
[2]1 C. Friesen, S.C. Seel, C.V. Thompson, “Reversible stress changes at all stages of Volmer-Weber film growth,” J. Appl. Phys., vol. 95, no. 3,

pp. 1011-1020, 2004.

[31 C. Friesen and C.V. Thompson, “Correlation of stress and atomic-scale surface roughness evolution during intermittent homoepitaxial growth
of (111)-oriented Ag and Cu,” Phys. Rev. Lett., vol. 93, no. 5, pp. 056104:1-4, July 2004.



Stress and Structure Evolution Film Formation through Island

Coalescence

A.R. Takahashi, J. Leib, R. Moenig, C.V. Thompson
Sponsorship: NSF

When thin films form through the Volmer-Weber
mechanism, growth initiates through the nucleation and
growth of isolated single-crystal nano-scale islands. As
these islands impinge and coalesce to form a continuous
film, dramatic evolution in the residual stress and
microstructure of the film occurs. Island coalescence
generates a tensile stress as islands strain towards
cach other to eliminate surface area [1-3]. While new
models for the magnitude of the tensile stress due to
coalescence [3-5] provide results that match experiments,
the assumptions required to make these models tractable
preclude a realistic consideration of the microstructure
evolution. To complement analytic and numerical
models for the magnitude of stress, we have initiated
computational studies of microstructural evolution during
boundary formation. The computational approach
relies mainly on semi-empirical molecular dynamics
(MD) calculations and some continuum finite clement

analysis(FEA)[6]. Using a fully atomistic approach such
as MDD provides direct insight into the types of boundaries
formed during coalescence and their effect on continued
structure evolution. An interesting preliminary result
from atomistic modeling is that the boundary formation
process can generate secondary defects such as stacking
faults (Figure 1). For larger islands, the stress generated
is insufficient to propagate defects and for smaller islands,
size-strengthening inhibits formation of defects. However,
in an intermediate range of island sizes, stacking faults
are readily formed. Transmission electron microscopy
(TEM) of late-stage coalescence films does show a high
density of stacking faults and twins but the origin of these
defects is still unclear (Figure 2). Future experiments will
focus on controlling the size of islands at coalescence and
characterizing the distribution of defect types formed for
different size ranges.

A Figure 1: Computer calculated stacking fault resulting
from boundary formation. This type of defect is observed
frequently in calculations of islands in the 3-to 5-nm diameter
range.

REFERENCES

A Figure 2: Micrograph of later stage coalescence of Au on
a thin silicon nitride membrane. Stacking faults are evident in
several of the coalesced island structures.

[11 R.W. Hoffman, “Stresses in thin films: The relevance of grain boundaries and impurities,” Thin Solid Films, vol. 34, pp. 185-190, 1976.
[21 W.D. Nix and B.M. Clemens, “Crystallite coalescence: A mechanism for intrinsic tensile stresses in thin films,” J. of Materials Research, vol.

14, pp. 3467-3473, 2000.

[3] L.B. Freund and E. Chason, “Model for stress generated upon contact of neighboring islands on the surface of a substrate,” J. of App.

Physics, vol. 89, pp. 4866-4873, 2001.

[41 S.C. Seel, C.V. Thompson, S.J. Hearne, and J.A. Floro, “Tensile stress evolution during deposition of Volmer-Weber thin films,” J. of App.

Physics, vol. 88, pp. 7079-7088, 2000.

[6] S.J. Hearne, S.C. Seel, J.A. Floro, C.W. Dyck, W. Fan, and S.R.J. Brueck, “Quantitative determination of tensile stress creation during island
coalescence using selective-area growth,” J. of App. Physics vol. 97, p. 083530, 2005.

[6] A.R. Takahashi, Materials Research Soc. Proc., vol. 779, 2003.
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Hybrid Carbon Nanotube-Composite Architectures
E.J. Garcia, A.J. Hart, K. Sorensen, B.L. Wardle (in coll. with A.H. Slocum)

Sponsorship: La Caixa Foundation

Hybrid composite architectures employing traditional
advanced composites and carbon nanotubes (CNTs) offer
significant potential mechanical and multifunctional
performance benefits.  Dense patterns of well-aligned
carbon nanotubes (CNTs) were grown on silicon wafers
using a thermal chemical vapor deposition (CVD) process
[1]. Wetting of CNTs and retention of mechanical
properties of the fibers after the CGVD process are
considered fundamental issues related to realizing novel
hybrid composite architectures. Wetting of CNT forests by
several commercial polymers (including a highly-viscous
epoxy, as shown in Figure 1) has been demonstrated at
rates conducive to creating a fully-dispersed CNT/matrix
region around the fibers in hybrid architectures [2]. A new
microfabrication method [3] was developed to create well-
aligned, regularly contracted pillars. The basic mechanical
properties (elastic modulus, strength) of the polymer and the
CNT/polymer nanocomposite were obtained by means of

a nanoindenter to apply a compression test to the vertically
aligned circular composite pillars [3]. The elastic modulus
was obtained using the Oliver-Pharr theory adapted to the
flat punch used in the experiments. These intermediate
architectures of aligned CN'Ts in a polymer matrix are being
employed to create more sophisticated architectures utilizing
advanced fibers and prepregs of traditional advanced
composites [4-5]. The dense, aligned, high-quality forests
of CNTs grown at high rates (~50 microns per minute)
suggest that the process is scalable for incorporation into
traditional composites. Single-fiber tension tests [6] indicate
no mechanical degradation for fibers undergoing the CN'T
growth process, as shown in Figure 2¢). Results indicate that
hybrid CNT/composite architectures are feasible; future
work focuses on mechanical and multifunctional property
characterization of other hybrid architectures and scaling
to a continuous CNT growth process.

uuuuu

A Figure 1: A) Pattern of CNT pillars wet by
20-minute-curing, high-viscosity epoxy resin;
B) Close-up of the wet region at the base of
the pillar.

REFERENCES

Tensile strength [GPa] | Young's modulus [GPa] Strain-to-failure [%]
Mean Standard [Ty T Standard Wean Standard
deviation deviation deviation
Pure alumina | - 19 0.19 135 6.38 1,63 013
iber
Alumina
soaked in 230 0.21 138 126 1.73 0.06
Alumina
fibers with 228 0.09 134 1.3 1.63 0.16
CNTs
C)

A Figure 2: A) Pure alumina fiber; B) Alumina fiber (shadow behind CNTs)
with well-aligned, 30-um-long CNTs grown on its surface; C) Experimental
results for pure alumina fibers, fibers soaked with catalyst, and fibers after
the CNT growth process.

[11 A.J. Hart and A.H. Slocum, “Flow-mediated nucleation and rapid growth of millimeter-scale, aligned, carbon nanotube structures from a thin-
film catalyst,” J. of Physical Chemistry B, vol. 110, no.16, pp. 8250-8257, 2006

[21 E.J. Garcia, A.J. Hart, B.L. Wardle, and A.H. Slocum, “Fabrication and testing of long carbon nanotubes grown on the surface of fibers for
hybrid composites,” AIAA-2006-1854, Proc. 47th AIAA/ASME/ASCE/AH/ Conf., Newport, R.I., May 2006.

[31 E.J. Garcia, A.J. Hart, B.L. Wardle, and A.H. Slocum, “Fabrication of CNT/polymer nanocomposites and characterization of their mechanical
properties using nanoindentation/compression tests,” to be presented at Proc. ASME IMECE Conf., Chicago, IL, Nov. 2006.

[4] B.L. Wardle and S.G. Kim. “Nano-engineered material architectures: Ultra-tough hybrid nanocomposite system,” MIT TLO Case 11260,

2005.

[6] E.J. Garcia, A.J. Hart, A.H. Slocum, and B.L. Wardle. “Production of reinforced composite materials and aligned carbon nanotubes,” MIT TLO

Case 12029, 2005.

[6] ASTM C 1557 - 03. “Standard test method for tensile strength and Young’s modulus of fibers,” ASTM International, 2003.
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A A photograph of the beginning of
the second- generation Mach Zehnder
interferometer (R. Williams, A. Markina,
G.S. Petrich, E.P. Ippen, R.J. Ram, L.A.
Kolodziejski, p. 237).
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Organic Photovoltaics with External Antennas

J.K. Mapel, T.D. Heidel, M.A. Baldo
Sponsorship: DARPA, NIRT

The structures and processes of photosynthesis are evolved,
highly efficient, robust, and possess high power density. We
attempt to leverage these characteristics by incorporating
photosynthetic  architectural ~motifs into  organic
semiconductor solar cells. We adapt the organization of
processes in photosynthesis and introduce a synthetic light
harvesting structure into an organic photovoltaic so that
it couples light energy to the active device area by near
field energy transfer. Light energy absorbed in an artificial
antenna layer is transferred to an artificial reaction center
in the interior of the solar cell. The energy transfer is of
the Forster type, mediated by surface plasmons polaritons.
While the introduction of the antenna necessarily adds a

Air

Alg, o L Anfenna
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BCP

PTCEI Reaction
CuPc:PTCBI canter
CuPc )

Ag

Glass

A Figure 1: The device structure utilized in
these studies is composed of aluminum tris(8-

hydroxyquinoline), bathocuproine, copper pthalocyanine,
3,4,9,10-perylenetetracarboxylichis-benzimidazole, 4-
dicyanomethylene-2-methyl-6-(p-dimethylaminostyryl)-4 H-
pyran, and silver. To tune the emission of the Alg3 antenna
it was doped with either CuPc or DCM at 1% weight ratio.

step to the energy transduction process, decoupling photon
absorption and exciton dissociation can be exploited to
increase each separately.

We have experimentally examined the efficiency of energy
transfer for this process. We utilize a film of photoluminescent
chromophores placed immediately adjacent to an organic
solar cell with dual silver electrodes as an antenna layer.
We predict and verify that energy transfer can occur in
technically relevant device structures with energy transfer
efficiencies of approximately 50% and demonstrate this
transfer result in increased quantum efficiency.
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A Figure 2: The comparison of devices with functional (dotted
line) and nonfunctional (solid line) antennas demonstrate external
energy transfer. Devices with functional external Alg3 antenna
layers (dotted line) exhibit an increase in external quantum
efficiency over the wavelength range where Alg3 absorption
occurs (dashed line). The photocurrent spectra are identical
outside the spectral range where Alg3 absorbs. Functional
antennas employ the laser dye, X = DCM, whereas nonfunctional
antennas employ the quencher X = CuPc).
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Optical Models of Organic Photovoltaic Cells

K. Celebi, M.A. Baldo
Sponsorship: DARPA

Common organic photovoltaic devices utilize a direct energy
transfer from sunlight to the excitons in the active layers.
However, this direct transfer results in a trade-off’ between
the absorption and charge generation by exciton diffusion
to the interface [1]. Our group has recently demonstrated a
separation of these two processes by absorbing the sunlight
in an external antenna and then reemitting the energy in
a near-field fashion so that very large exponential fields
become possible in the active layers (Figure 1). Calculating
the effect of this reemission needs near-field methods since

Radiation from Sunlight

Algs antenna ﬂ

Silver

BCP
PtCBI

CuPC

Silver Cathode

Glass

Excited Dipole
(exciton in Algz)

Plasmon

A Figure 1: Working principle of the organic PVs with
external antennas. Energy is first absorbed by the excitons
in the antenna and then these excited excitons transfer
their energy to the excitons in the active layers (PtCBI &
CuPC) mainly through surface plasmon polariton modes.
Structure used is Air/ 800Alq,/ 80Ag/ 100BCP/ 180PtCBI/
240CuPC/ 400Ag/ Glass (thicknesses are in Angstroms).
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the thicknesses are on the order of the vacuum wavelength
of the corresponding emission frequency. To solve this
problem, we extend a previously established dyadic
Green’s functions model [2] to calculate the z-component
of the Poynting vector, thus find the spatial absorption of
the antenna reemission throughout the multilayer stack
(Figure 2). Using these calculations we calculate optimum
layer thicknesses for maximum efficiencies. Future work in
modeling will concentrate on far-field emission for OLED
outcoupling studies and collective dipole behavior.
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A Figure 2: Percentage of power transferred from the excitons
in the antenna to different layers in the structure of Figure 1 as
a function of exciton distance from the Algs-Ag interface. White
space on the top shows internal damping in the Alg; molecules.
As the exciton distance from silver film increases efficiency
decreases due to the reduction in plasmon coupling.

[11 P. Peumans, A. Yakimov, and S.R. Forrest, "Small molecular weight organic thin-film photodetectors and solar cells," J. of App. Physics, vol.

93, no. 7, pp. 3693-3723, Apr. 2003.

[21 R.R. Chance, A. Prock, and R. Silbey, "Molecular fluorescence and energy transfer near interfaces," in Advances in Chemical Physics, S. A. R.

. Prigogine. NY: Wiley, 1978.



Percolation Model of Charge Transport in Organic Semiconductors

B.N Limketkai, M.A. Baldo
Sponsorship: DuPont-MIT Alliance

In this project, we study charge transport in organic
semiconductors using percolation theory. A percolation
model was first introduced by Ambegoakar et al [1] to
explain the hopping conductivity in disordered systems. It
was later incorporated in Vissenberg and Matters [2] for
an exponential DOS to explain the field-effect mobility
in amorphous organic transistors. This percolation model
is further employed here, incorporating the effects of an
applied electric field to the mobility and current-voltage (IV)
characteristics of organic semiconductors. By modifying the
percolation model to include the effect of an applied electric
field, the temperature and field dependence of mobility and

¢

2

A Figure 1: Molecular structure of the archetypal organic
semiconductor material, tris(8-hydroxyquinoline) aluminum
(Algy).

REFERENCES

IV characteristics are found. A universal IV characteristic for
organic semiconductors is explained. The Miller-Abrahams
expression for charge hopping between exponential trap
distributions gives a master equation [3]: 7 = F,(V/V ",
where 7,and V,are constants and m = I +20k 7T ,/(qF+20kT),
where o 1s the tunneling decay rate, is the power-law slope.
Characterization of IV measurements were done with
the archetypal organic semiconductor material, tris(8-
hydroxyquinoline) aluminum, or Alq,. Figure 1 shows its
molecular structure. To demonstrate the universality of the
model, the IV characteristics of a number of Alq, devices
are overlapped as shown in Figure 2.

107 [

0 aniFag,
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<] AulLi:Alq,

Voltage [V]

A Figure 2: The temperature dependence of the universal IV
characteristics of Alg; devices. A rigid voltage shift was applied
to each IV characteristics to overlap on one another.

[11 V. Ambegaokar, B.l. Halperin, and J.S. Langer, "Hopping conductivity in disordered systems," Physical Review B, vol. 4. pp. 2612, 1971.
[21 M.C.J.M. Vissenberg and M. Matters, "Theory of the field-effect mobility in amorphous organic transistors," Physical Review B, vol. 57. p.

12964, 1998.

[31 B.N. Limketkai and M.A. Baldo, "Charge injection into cathode-doped amorphous organic semiconductors," Physical Review B, vol. 71,

085207, 2005.
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Integrated Optical-wavelength-dependent Switching and Tuning by Use of
Titanium Nitride (TiN) MEMS Technology

S. Takahashi, G.N. Nielson, G. Barbastathis
Sponsorship: DARPA

Ring resonators are integrated optical components that
have the capabilities to filter specific bands of wavelength
from a broad-band input signal. Although these devices
themselves are passive components, by use of evanescent
field coupling, the ring resonator can be switched or tuned
by electrostaticactuation of a MEMS bridge-type structure
above the ring waveguide (Figure 1). This procedure of
switching and tuning will allow for a faster speed than
thermal tuning and will not induce severe loss, as does
carrier injection.

One major issue that must be faced when implementing this
concept is the residual stress that the MEMS bridge structure
exhibits. Precise vertical positioning of the bridge is crucial
for this type of device, and hence the bridge structure must
not deflect due to residual stress within the structure. Use
of TiN was investigated as the structural material due to its
appealing mechanical properties, high electrical conductivity
as well as its ability to relax its residual stress by annealing,

conductive plate

A A, N

A Figure 1: Concept of ring resonator switching via evanescent field coupling (top)
and the implemented MEMS-based switching device (bottom). The same concept
can be used to tune the resonating wavelength of the ring resonator by using a
dielectric material instead of a lossy material, in which case the dropping wavelength
on the top left figure will be altered to another wavelength when the membrane is

pulled down close to the ring resonator.

REFERENCES

The TiN MEMS bridges were fabricated and tested. The
MEMS structures were successfully annealed to a flat state,
and the actuation voltage of the switch was 90V (Figure 2).

Recently, we have been investigating an architecture which
allows for a more flexible design of the device, as well as the
capabilities for implementing ultra fast-switching and feed-
back control of the position of the wafer via capacitance
measurement [1]. In this architecture, the ring resonator is
fabricated on one wafer and the MEMS structure on another,
and the wafers are flip-chip bonded by thermocompression
waferbonding with gold.

Wavelength tuning of the ring resonator filter has been
numerically simulated by a combination of FEM structural
analysis and mode-solver electromagnetic analysis. This
analysis showed that tuning of a range of 30 nm with
an actuation voltage of 10V was feasible with a silicon
oxynitride membrane as the dielectric material.
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A Figure 2: The profile of the TiN
MEMS bridge before and after annealing
at 500°C (top), and the voltage vs.
deflection curve of the actuated MEMS
bridge (bottom).

[11 G.N. Nielson, “Micro-opto-mechanical switching and tuning for integrated optical systems,” Ph.D. thesis, Massachusetts Institute of Technology,

Cambridge, 2004.



Four Dimensional Volume Holographic Imaging with Natural lllumination

S.B. Oh, W. Sun, G. Barbastathis
Sponsorship: AFRL, DARPA

Volume holographic imaging is a 3D imaging technique
that uses volume holographic lenses. We devised a rainbow
volume holographicimaging (RVHI) system, shown in Figure
1. The system projects a rainbow illumination on objects
by means of a diffraction grating. Collimated white light is
decomposed by a diffraction grating. After passing through
a cylindrical lens, the rainbow is focused to the focal plane
of a volume holographic lens. All the in-focus points along
the x dimension are Bragg- matched; in the y dimension they
are also Bragg-matched because of degeneracy. Therefore,
the entire rainbow plane is Bragg-matched, resulting in a
broad field of view (FOV). When shifted out of focus, each
point source in the rainbow becomes Bragg-mismatched
due to defocus, much as a narrow-band source at the same
wavelength would be[1].

cylindrical
lens

grating winlet

2 iris'
/ rainbiow ilumination
Q / % on focal plane

white light source

A Figure 1: Schematics of rainbow holographic imaging
system.

REFERENCES

A four-dimensional (3D + spectral) imaging system was
devised recently. One unique advantage of this system is that
it can be used under natural broadband light illumination
on this principle [2]. The imaging process of the 4D
imaging system can be understood as a combination of
non-invasive optical slicing and spectral analysis. A narrow
slit portion (along the y axis) of the object on the focal plane
is sampled and its spectrum is laterally imaged on the CCD
camera. To cover the entire four-dimensional object space
(three spatial dimensions plus one spectral dimension),
auxiliary mechanical scanning (rotational mirror as shown
in Figure 2) or multiplexing holograms corresponding to
different slits are necessary. Also both the Ist order and Oth
order diffraction from the volume hologram are measured
simultaneously to normalize the brightness of objects.

i
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Objective
lens
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g Volume
Diffraction grating hologram
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Jay,

A Figure 2: Schematic of the newly devised setup to use
volume holographic imaging system under extended white light
illumination.

[11 A. Sinha, W. Sun, T. Shih, and G. Barbastathis, "Volume holographic imaging in transmission geometry," App. Opt., vol. 43, pp. 1533-1551,

2004.

[21 W. Sun, K. Tian and G. Barbastathis, "Hyper-spectral imaging with volume holographic lenses," in Proc. CFP2 Conference on Laser and Electro-

Optics (CLEOQ), Baltimore, MD, 2005.
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Guided-Wave Devices for Video Display Applications

D. Smalley, V.M. Bove, Jr., Q. Smithwick

Sponsorship: CELab, Digital Life, and Things That Think research consortia, MIT Media Lab

We are developing a guided-wave optical modulator[1-2]
with 1 Ghz composite bandwidth surface acoustic wave
(SAW) transducer arrays for use in video display. This device
is designed to diffract light both vertically and horizontally
by creating surface acoustic waves that interact with light
trapped in waveguides on the surface of a lithium niobate
substrate. To fabricate this modulator, we first mask a wafer
of Z-cut lithium niobate with SiO, through a PECVD
process and then we immerse it in heated benzoic acid to

create single polarization waveguides. Finally, we pattern
aluminum transducers onto the waveguides by contact
lithography employing a negative resist lift-off technique.

The goal of this work is to enable the inexpensive
manufacturing of Scophony-architecture video displays [3]
(both 2D and holographic video [4-5]) without the need
for the horizontal scanning mirrors that typically limit the
scalability of this technology.

A Figure 1: Prototype 2-D guided-wave acousto-optic device for video display applications.

REFERENCES

[11 C.S. Tsai, Q. Li, and C.L. Chang, "Guided-wave two-dimensional acousto-optic scanner using proton-exchanged lithium niobate waveguide,"

Fiber and Integrated Optics, vol. 17, pp. 157-166, 1998.

[2]1 D. Smalley, "Integrated-optic holovideo," Master’s thesis, MIT, Cambridge MA, 2006.
[31 H.W. Lee, "The Scophony television receiver," Nature, vol. 142, pp. 59-62, July 9, 1938.
[4] P. St.-Hilaire, S.A. Benton, M. Lucente, J.D. Sutter, and W.J. Plesniak, "Advances in holographic video," in S.A. Benton, ed., SPIE Proc. Vol.

#1914: Practical Holography VII, 1993, pp. 188-196.

[5] W. Plesniak, M. Halle, V.M. Bove, Jr., J. Barabas, and R. Pappu, "Reconfigurable Image Projection (RIP) holograms," Optical Engineering, to be

published.



Energy Transfer from an Organic Phosphorescent Thin Film

to a Monolayer of Quantum Dots

P.O. Anikeeva, C F. Madigan, S.A. Coe-Sullivan, J.S. Steckel, M.G. Bawendi, V. Bulovi¢
Sponsorship: ISN, NSF Materials Research Science and Engineering Center at MIT, PECASE

Over the past several years the optical and electronic
properties of colloidaly synthesized nanocrystals, or
quantum dots (QDs), of CdSe have been extensively studied,
with the aim of using QD films in solid-state opto-electronic
devices. Efficient exciton generation in CdSe QDs suggests
use of nanocrystal composite films in photovoltaic cells,
while high luminescence quantum yields and tunability of
QD emission wavelengths over the entire visible spectrum
suggests QD film use in light-emitting devices (LEDs).
These developments are a consequence of advances in
colloidal QD synthesis that allow for increased control over
the shape, size, and emission wavelength of nanocrystals
and the development of methods for forming QD thin films
of controlled structure and composition. We utilize these
advances in the present study to demonstrate triplet exciton
energy transfer (ET) from a thin film of phosphorescent
molecules to a monolayer of CdSe/ZnS core/shell QDs
(Figure 1). Triplet exciton harvesting and transfer to an

A Figure 1: Schematic diagram of the energy transfer
form an organic film doped with a phosphorescent donor to
a monolayer of colloidal CdSe/ZnS core-shell QDs.

REFERENCES

efficient lumophore has been previously used in advancing
organic light emitting device (OLED) technology and has
the potential to similarly benefit the emerging field of
quantum-dot-LEDs.

The efficient energy transfer is facilitated by the spectral
overlap of the organic phosphor fac tris(2-phenylpyridine)
iridium (Ir(ppy)s) luminescence and QD absorption spectra.
In time-resolved photoluminescence (PL) measurements,
the energy transfer is manifested as elongation of the
QD PL time constant from 40 ns to 400 ns (Figure 2)
and a concomitant 55 % increase of time-integrated QD
PL intensity. Numerical analysis supports the conclusion
that the observed PL dynamics are dominated by exciton
diffusion within the Ir(ppy), film to the QD layer, energy
transfer from Ir(ppy); to QD film, and subsequent QD

luminescence [1].

5 T T T T
10° A: Ir(ppy), PL in Sample 1 (a)-
B: Ir(ppy), PL in Sample III
C: Ir(ppy); and QD PL at
4 L QD peak in Sample III .
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A Figure 2: Time resolved PL measurements for samples |,
Il, and Ill, which respectively correspond to Ir(ppy); film on glass,
QD layer on glass, and QD layer on Ir(ppy); film on glass . The
black lines and dots represent the experimental measurements,
and the thick grey lines represent numerical fits using the
proposed diffusion model. Data set A represents Ir(ppy); PL
decay in purely organic sample, data set B represents Ir(ppy); PL
decay in contact with QDs, data set C represents QD and Ir(ppy),
PL decay in contact with each other at QD PL peak position, data
set D represents QD dynamics in contact with Ir(ppy)s, data set
E represents QD dynamics in purely QD sample.

[11 P.O. Anikeeva, C.F. Madigan, S.A. Coe-Sullivan, J.S. Steckel, M.G. Bawendi,and V. Bulovi¢, " Photoluminescence of CdSe/ZnS core/shell
quantum dots enhanced by energy transfer from a phosphorescent donor," Chem. Phys. Lett., vol. 424, no. 1-3, pp. 120-125, June 2006.

SOINOLOHd

217



September 2006

MTL ANNUAL RESEARCH REPORT

218

White Light QD-LEDs

P.O. Anikeeva, J.E. Halpert, M.G. Bawendi, V. Bulovi¢

Sponsorship: ISN, NSF Materials Research Science and Engineering Center at MIT, PECASE

We are developing white-light emitting quantum dot
LEDs (QD-LEDs) for use as planar white-light sources

in the full-color active-matrix displays with color filters
and in future solid-state lighting. Our white QD-LEDs
consist of organic charge transport layers with a QD
monolayer sandwiched between them. This device
architecture enables independent processing of the charge
transport layers and the emissive layer. The independent
processing of QDs is a result of the recent development
of the QD printing technique, which allows for the
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A Figure 1: a) Photograph of a white QD-LED operated
at 10 V of applied bias. b) CIE coordinates of QD-LEDs:
red (red triangle), green (green ftriangle), blue (blue
triangle), and white (purple diamond at 12 V. Change of
color with operation lifetime is shown with progression
from red circle to purple circle for a QD-LED operated
atoVv.
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solvent—free deposition of QD monolayers onto various
organic materials [1]. By mixing different amounts

of high quantum-yield colloidal core/shell QDs (red
CdSe/ZnS, green ZnCdSe/ZnS, blue CdS/ZnS), we
demonstrate different QD-LED colors. Figure 1a shows
electroluminescence of the white QD-LED with the CIE
(Commission International de I’Eclairage) coordinates of
(0.42, 0.41). Figure 1b and inset of Figure 2 also show
that CIE coordinates vary only slightly under the different
applied bias and different operation time [2].
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A Figure 2: Electroluminescence of the blue (blue line), green
(green line), red (red line), and white (black line) QD-LEDs shown not
to scale to demonstrate the presence of the spectral signatures
of all three QD colors in the white device spectrum. Inset: We
observe slight change of the spectral shape of the white QD-LED
with operation time.

[11 S.A. Coe-Sullivan, "Hybrid organic/quantum dot thin film structures and devices," Ph.D thesis, Massachusetts Institute of Technology,

Cambridge, 2005.

[21 P.O. Anikeeva, J.E. Halpert, M.G. Bawendi, and V. Bulovi¢, unpublished results.



Organic Optoelectronic Devices Printed by the Molecular Jet Printer

J. Chen, V. Leblanc, M.A. Baldo, M.A. Schmidt, V. Bulovi¢
Sponsorship: Hewlett-Packard

Using a micro-fabricated silicon printhead, we developed a
novel printing technique, molecular jet printing (MoJet) [1-
2] that allows direct patterning of small molecular weight
organics and metals by additive deposition at high resolution.
Today’s dominant method for patterning vacuum-deposited
semiconducting molecular organics uses a thin metal stencil
as a shadow mask through which material evaporates. Once
the metal stencil is fabricated, it cannot be reconfigured to
define arbitrary patterns or be scaled up with substrate size.
In contrast, the MoJet printing technique utilizes a silicon
printhead that integrates a moving micro-shutter with
a micro-aperture. The shutter can be opened or closed
with a DC control signal. Evaporated organic molecules
can ecither pass through the aperture to reach the substrate
when no bias is applied or be obstructed by the shutter when
the control signal is above 30 V DC. This reconfigurable
printhead together with a moving stage allows arbitrary

1. Mg:Ag alloy cathod (150nm)
2. TAZ (ETL) (30 nm)

3. Printed alq3 array (EL) (12nm)
4.TPD (HTL) (30 nm)

5. PEDOT:PSS (HIL)

6.1TO anode

7. Glass substrate

50pm

(b).

A Figure 1: (a) Layer structure of printed OLED array.
The green electroluminescent layer (EL) is directly printed
with the MoJet printer. (b) EL micrograph of active OLED
array at 7.5V applied voltage. The image is taken through a
470-nm low-pass filter to reveal that green pixel patterned
by the MoJet. The pixel size is 30 pm, equivalent to 800
dpi resolution.

REFERENCES

patterning capability and scalability of the MoJet printer to
larger substrate sizes.

We demonstrate that active organic devices such as
organic LEDs and organic FETs (see graphics below)
can be fabricated directly using the MoJet printer. The
MoJet printing is a solvent-free process (in contrast to k-
jet printing) that combines the high quality of thermally
evaporated thin films with the high precision and scalability
enabled by MEMS technology. The MoJet printed organic
electronic devices have the same performance characteristics
as those defined by the shadow-mask patterning method,
but the size of the substrate plate can now be expanded
beyond GEN 2/3.  As such, the MoJet printer surpasses
the capability of the metal-stencil shadow mask and has the
potential to become the next generation patterning tool for
making organic optoclectronic devices.

/ e —
/

— 1. Printed silver contact as source (40nm)
\ 2. Printed silver contact as drain (40nm)
(a)

3. Printed pentacene channel (30nm)
4. Silicon dioxide dielectric layer (200nm)
5. Silicon substrate as gate
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A Figure 2: (a) Structure of the printed Pentacene transistor.
Pentacene layer is printed down first and silver contacts are
printed sequentially. (b) Micrograph of a single-printed OFET on
silicon oxide. (c) The IV characteristics of one of the transistors.
The gate voltage Vg is varied from 0 to —60V in 10V steps.

[11 V. Leblanc, S.H. Kang, J. Chen, P.J. Benning, M.A. Baldo, V. Bulovi¢, and M.A. Schmidt, "Micromachined printheads for the patterning of
organic materials and metals," Proc. of Transducers 2005, Seoul, pp. 1429-1432.

[21 J. Chen, V. Leblanc, S.-H. Kang, M.A. Baldo, P.J. Benning, V. Bulovi¢, and M.A. Schmidt, "Direct patterning of organics and metals using a

micro-machined printhead," Proc. MRS Spring 2005, H1.8
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Charge Dynamics in Organic Heterojunction Lateral Photoconductors

J.Ho, V. Bulovi¢

The purpose of this project is to develop solid-state, organic
device structures capable of efficiently converting analyte
detection into an attenuation in electrical signal. The
main advantage to using organic materials is that they are
synthetically flexible and can be tailored to respond to specific
analytes. Our proposed device structure is a heterostructure
consisting of an optically active, chemosensing layer and a
charge-transport layer arranged in a lateral photoconductor-
style device (Figure 1A). The advantages to physically
separating the sensing and transport functions in chemical
sensors include: 1) the ability to optimize the transduction
of luminescence to device current, and 2) the development
of a reusable device platform for a variety of chemosensing
applications.

W XLX #channels = 1500 um X 10 um X 100 _

7 Electrical Devices + 1 Optical Device

500 A PTCBI

500 ATPD
e S I 1000 A A

A Figure 1: A) Schematic drawings of lateral photo
conductor devices. Clockwise from upper left are
photolithographically defined gold electrodes, electrodes
with evaporated organic thin films, cross-section view, and
top view of actual substrate. B) Mock band diagram of
device showing exciton generation, exciton diffusion, and
charge carrier build-up at the heterostructure interface.

Inaddition to developing anovel device platform for chemical
sensing, we are using this novel structure to study charge
transport and exciton dynamics in organic thin films (Figure
IB). The devices consist of a series of gold interdigitated
fingers (W x L = 1500 pm x 4 um) spaced 10 pm apart
(Figure 1A). The gold electrodes are photolithographically
defined on glass before the organic layers are thermally
evaporated. Locked-in measurements of the photocurrent
spectra suggest external quantum efficiencies ranging from
10-15%. Initial experiments indicate an enhancement in
photoresponse of the heterostructure devices over devices
made from bulk films of both materials (Figure 2).

Semi-log |-V Plot
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A Figure 2: Semidog currentvoltage characteristics of bulk
and heterostructure lateral photoconductor devices. Dotted
lines represent |V curves in dark. Solid lines represent -V curves
under LED illumination centered at A = 532 nm. Inset: Cross-
sections of tested devices. Note the different photoresponse
curves between the bulk and heterostructure devices.



Packing of Quantum Dot Monolayers

E. Howe, V. Bulovi¢
Sponsorship: MARCO MSD

We developed a kinetic model for assembly of ordered
quantum-dot (QD) monolayers on a 2-dimensional surface
that reproduces experimental observations for a variety
of QD size distributions (of Gaussian size profile). Such
QD monolayers have already been utilized in a number of
thin-film applications, QD-LEDs, and QD-photodetectors.
However, methods of fabricating QD films are still being
developed and our work focuses on developing a numerical
tool to investigate methods for improving the quality of
these films.

To numerically assemble a QD monolayer, we model the
QDs as spheres that move on the surface with no friction but
with random thermal motion added at each time-step. We
apply a van der Waals attraction between QDs and hard-

7QD Diame_te'r \
Standard Dev..'<5% 1"

wall repulsion at the QD radius. When two QDs collide,
their interaction is partially inelastic based on a model
parameter. These conditions allow for a range of behavior
encompassing many interesting phenomena. We find that a
mono-disperse size distribution of QDs forms hexagonally
close-packed aggregates, and the packing and aggregate
stability of the QD monolayer degrades dramatically as the
standard deviation of the size distribution is increased. In
experimental studies [1], the instability of QD monolayers
hasbeen observed to occur for standard deviations of greater
than 10% in QD diameter. We were able to reproduce these
findings in our simulations (Figure 1). We have further
shown that confining the same QD distributions inside a
1-dimensional hard boundary with a width of a few QD
diameters can counteract this instability.

A Figure 1: (a) Results of simulation of packing for 300 QDs of equal size. The inset is an AFM image [1] of a monolayer of QDs
with less than 5% standard deviation in diameters. In our simulation we observe the same hexagonal close-packed arrangement
of QDs and stability of aggregates that allows for good monolayer formation. (b) Results of simulation for packing 300 QDs with
a 15% standard deviation in diameters. The inset is an AFM image for the same method of preparation as (a) but with QDs having
a greater than 5% standard deviation in diameters. For these large size distributions, our simulated dots could no longer form
hexagonally close-packed arrays. In addition, aggregates readily broke up as dots were less well-bound.

REFERENCES
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Energy Disorder and Device Performance in Organic Electronics

C.F. Madigan, V. Bulovi¢
Sponsorship: MARCO MSD, NDSEG Fellowship

Presently many organic electronic devices employ
amorphous materials, and it is well known that the molecular
energy levels in such materials are subject to disorder arising
from variations in local intermolecular interactions. The
movement of molecular charge carriers and excitons through
the constituent materials largely controls the performance
of such devices, and it has been well established that energy
disorder strongly influences charge carrier and exciton
motion. Though accurate analytic treatments remain
elusive, Monte Carlo (MC) simulations of charge carrier
and exciton hopping between molecular sites subject to
energy disorder have proven an effective tool for analyzing
charge carrier and exciton motion in such materials [1].
Combining MC simulations with accurate models of energy
disorder should make it possible to perform calculations of
device behavior in realistic structures with relatively few
theoretical model assumptions. This project addresses: (1)
the theoretical calculation of energy disorder in amorphous
organic materials; and (2) the application of MC simulations
to realistic device structures and operating conditions. We
have performed exact calculations of charge carrier and
exciton energy disorder arising from electrostatic interactions
betweenstructurally disordered, polarizible molecular charge
distributions (see Figure 1). These calculations differ from
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A Figure 1: Calculation of charge carrier energy disorder
(in the form of the histogram of energies for a large collection
of interacting molecules) for a structurally random molecular
solid, composed of molecules having a dipole moment of
2 Debye, a molecule density of 1e21 cm3, and a dielectric
constant, ¥, of 3. The black symbols denote the raw data,
and the red line indicates a fit using a Gaussian function.

REFERENCES

those in the literature because the molecular polarizibility
is explicitly included in the calculation, avoiding the need
to employ dielectric continuum approximations (DCAs). It
is found that the widely used DCAs are inaccurate, and we
presently are developing improved expressions for relating
the magnitude of the disorder to the material properties
(principally, the molecular dipole moment, the molecular
density, and the dielectric constant). We have also developed
an MC simulator of charge carrier and exciton motion in
energetically disordered molecular materials capable of
treating realistic device geometries (e.g., multilayer stacks
and electrical contacts). Because organic electronic devices
often operate at high carrier concentrations, we have also
included basic charge-carrier interactions to treat the
effects of carrier concentration on charge transport; these
effects have not been previously investigated using the
MC simulation technique. We are presently performing
calculations of carrier mobilities as a function of field and
carrier concentration (see Figure 2) for comparison with
existing approximate analytic approaches. These studies
support future simulations of real device structures for a
rigorous comparison of experimental device performance

and theory.
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A Figure 2: Calculations of charge-carrier mobility as a

function of field, F, and carrier concentration, n, in an energetically
disordered molecular organic material. Inthese calculations, the
standard deviation of the energy disorder, [, is 4.0 kT, where
kT is the thermal energy. Calculations for two different energy
disorder models, the Gaussian disorder model (GDM) and the
correlated disorder model (CDM) are shown.

[11 C.F. Madigan and V. Bulovic, “Modeling of exciton diffusion in amorphous organic thin films,” Phys. Rev. Lett., vol. 96, pp. 046404:1-4, Feb.

2006.



Strong Coupling of Light and Matter in a Microcavity LED

J.R. Tischler, M.S. Bradley, V. Bulovi¢
Sponsorship: DARPA Optocenter, NDSEG, NSF-MRSEC

We have demonstrated the first microcavity light emitting
device (LED) in which light emission is produced from
strongly coupled states of light and matter by electrical
excitation [1]. Applications of strong coupling in atomic
and semiconductor systems have led to one-atom zero
threshold lasers, high gain polariton parametric amplifiers,
and predictions that strong coupling may play a key role
in future quantum information processors. These previous
experiments have all relied on optical pumping. We achieve
strong coupling in the microcavity LED by electrically
exciting a 6x1 nm thick film of J-aggregated dye that
we embedded into a resonant cavity organic LED (RC-
OLED) structure. Specifically, the film of J-aggregated

dye is composed of the anionic cyanine dye TDBC. which
1s electrostatically adsorbed to the cationic polyelectrolyte
PDAC (poly diallyldimethylammonium chloride). These
films contain a high density of J-aggregated TDBC
and therefore have very large peak absorption constant
(0~1.0x10% cm!). We achieved a coupling strength (Rabi-
splitting) of hQ = 265£15 meV with 6 nm thick films of
active material and even larger coupling strengths should
be achievable with thicker films. Figure 1 shows that the
device exhibits angular dispersion in the reflectivity and
electroluminescence measurements that is characteristic of
the strong coupling limit.
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A Figure 1: Angularly resolved polariton electroluminescence, reflectivity, and dispersion relations for near- resonantly tuned
polariton RC-OLED. (a) TE polarized reflectivity. Data of successive measurements are offset by 50 percentage points. The
reflectivity at & = 7° of a 6 nm thick PDAC/TDBC film (4 SICAS), is shown for comparison. (b) Expanded view of higher energy
portion of the EL spectra, normalized to emission of the higher energy polariton peak, E,(6), in the A = 450 nm to A = 575 nm
range. (c) The EL spectra normalized to lower energy polariton peak, E_(8). The EL spectrum at 6 = 0° of an uncoupled OLED
is shown for comparison. (d) Polariton angular dispersion relation for RC-OLED of parts (a-c) with E (6 = 0°)=2.11 eV. The fit is
generated from reflectivity data in (a) using the two-state model of Eq. 1 with the coupling interaction, hQ = 265 meV.
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[11 J.R. Tischler, M.S. Bradley, V. Bulovi¢, J.H. Song, and A. Nurmikko, "Strong coupling in a microcavity LED," Phys. Rev. Lett., vol. 95, no. 3.
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Critically Coupled Resonators in Vertical Geometry, Capable of
Absorbing Nearly 100% of Incident Light in a 5 nm thick Absorber Layer

J.R. Tischler, M.S. Bradley, V. Bulovi¢
Sponsorship: DARPA Optocenter, NDSEG, NSF-MRSEC

When light of wavelength A_ = 584 nm is incident on the
critically coupled resonator (CCR) structure illustrated in
Figure la from the absorbing layer side of the device, the
measured reflectance is R = 2%, as shown in Figure 1b [1]. In
contrast, for the DBR with spacer but without the absorbing
layer, the reflectivity at A, = 584 nm exceeds 95%, showing the
dramatic change in reflectance due to critical coupling, For the
same CCR, the transmittance at A,_is T = 1%. Consequently,
97% of the incident light 1s absorbed within the 5.1 £ 0.5 nm
thick absorber layer, yielding a maximum effective absorption
cocfficient of 0/ ;= 6.9x106 cm ;. We developed a generalized
model of the CCR phenomenon and have shown through
simulation that critical coupling is achievable with a variety
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of material sets, providing several general conditions are
satisfied. Among non-epitaxially grown materials, we can
envision building CCR’s with organic polymers that are used
in biological assays and chemical sensors, with molecular
materials that are used in photodetectors and xerographic
photoresistors, and in the emerging uses of colloidally grown
inorganic nanocrystal quantum-dots (QDs). Application of
the CCR phenomenon can also facilitate development of
single-photon optics where it is desirable to absorb a photon
with 100% probability in the thinnest possible films and of
colloidally grown semiconductor saturable absorber mirrors
for ultra-fast optical modulators.
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A Figure 1: a) Critically coupled resonator (CCR) structure. The device consists of a dielectric Bragg reflector (DBR), a transparent
spacer layer, and a layer of J-aggregate cyanine dye. The J-aggregate layer consists of the cationic polyelectrolyte, PDAC, and the
anionic cyanine dye, TDBC. Reflection and transmission measurements are made with light incident from the J-aggregate side of the
device. b) Reflectance and transmittance data for the CCR with spacer layer thickness of 90 + 1 nm, along with reflectance data for
the neat PDAC/TDBC film and for the dielectric stack consisting of DBR with spacer layer. At A.=584 nm, the CCR absorbs 97% of

incident light.
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[11 J.R. Tischler, M.S. Bradley, and V. Bulovi¢, "Critically coupled resonators in vertical geometry using a planar mirror and a 5 nm thick absorbing
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Resonant Cavity Quantum Dot LEDs

V. Wood, J.R. Tischler, V. Bulovi¢
Sponsorship: NSF, PECASE

Quantum dot LEDs (QD-LEDs), which capitalize on the
excellent color saturation and high photoluminescence
efficiencies offered by quantum dots, promise to be part of
future generations of display technologies [1]. The goal of
our project is to integrate the already developed technology
of the QD-LED into a resonant cavity (RC) and thereby
achieve enhanced, directed electroluminescence (EL) that
can be of use in fields as diverse as optical communications,
spectroscopy, and environmental and industrial sensing.

The RC structure we are currently investigating (Figure
1) consists of a standard QD-LED [1] grown on top of
a distributed Bragg reflector (DBR). A DBR is a highly
reflective mirror made of | /4 layers of alternating high and
low indices of refraction. With a reflectivity of more than

98% 1n the wavelength region of interest, the DBR serves as
one of the cavity mirrors. The other cavity mirror is the Ag
doped Mg electrode of the QD-LED. With this structure,
we have achieved narrowed emission, which is evident when
comparing EL spectra and images of the QD-LED and the
RC QD-LED (Figure 2). The QD-LED appears orange
because our eyes sense the red light of the QDs as well as the
shorter wavelength emission from the organics. In contrast,
the RC QD-LED exhibits effectively monochromatic
red light. The plot of peak emission intensity at different
angles (Figure 2) shows an emission cone of less than twenty
degrees. If the path-length of the cavity does not match
the QD emission wavelength, EL from the RC QD-LED
1s off-normal. We are currently working to understand the
emission enhancement capability of our RC QD-LED.
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A Figure 1: Schematic of RC QD-LED.

A Figure 2: Comparison of EL spectra, images, and angular emission

profiles of RC QD-LED and QD-LED. The RC QD-LED exhibits marked

narrowing.
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Patterning Micron-Sized Features of Quantum Dots and Metal Electrodes

J. Yu, J. Chen, V. Bulovi¢

Sponsorship: ISN, NSF Materials Research Science and Engineering Center at MIT, PECASE

Organic LEDs (OLED) and quantum-dot LEDs (QD-LED)
are promising technologies for the emissive element in flat
panel displays. However, organic material in these devices
Is sensitive to solvent exposure and creates processing
challenges in patterning a pixelated display. This project

aims to develop novel fabrication processes for OLED and
QD-LED displays.

In QD-LEDs, quantum dots can be patterned by spin-
casting a monolayer onto a relief poly(dimethylsiloxane)
(PDMS) stamp and then transferring the pattern onto
an organic substrate [1]. However, the spin-cast process
requires significant use of material. An alternative solution is
to directly pattern the dots using thermal inkjet pico-fluidic
drop dispensing system (TTPS) provided by Hewlett-Packard
(Figure 1a). A process for formation of patterned monolayer
using this technique is currently being developed.

A Figure 1: a) Patterned quantum dot features using TIPs
system. b) PDMS lift-off of 20-nm-thick silver-magnesium
electrodes.

REFERENCES

Patterning of electrodes in OLED or QD-LED displays
presently is done primarily by shadow masking, which is
limited in resolution; or cold-welding, which requires high
pressures, additional protection layers, use of gold electrode,
or subsequent dry etching steps [2-3]. Recently transfer
printing has been demonstrated with PDMS on various
materials [4]. We are investigating subtractive pattering of
silver or silver-magnesium electrodes with untreated PDMS
stamp. We demonstrated 25 micron-sized features with
good yield on 20 nm thick silver-magnesium films (Figure
1b). This PDMS lift-off technique applied on an OLED
electrode made of 50 nm silver film on top of 50 nm silver-
magnesium yields OLEDs with the same quantum efficiency
and current voltage characteristics to OLEDs defined by
shadow masking (Figure 2).
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A Figure 2: Comparison of current voltage characteristics
for shadow-masked and PDMS lift-off electrode for typical ITO,
PEDOT, 50-nm Alg,, 50-nm TPD, 50-nm Mg:Ag, 50-nm Ag OLED.
Inset: Quantum efficiency vs. current characteristics.

[11 L. Kim, "Deposition of colloidal quantum dots by microcontact printing for LED display technology," Master’s thesis, Massachusetts Institute

of Technology, Cambridge, 2006.

[2]1 C. Kim, P. Burrows, and S. Forrest, "Micropatterning of organic electronic devices by cold-welding," Science, vol. 288, pp. 831-833, May

2000.
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SiO,N, Waveguides on Si and Optical
Integrated Devices

Coupling to Co-Axial RM3

E.R. Barkley, J.J. Rumpler, J.M. Perkins, S. Famini, C.G. Fonstad, Jr.

Sponsorship: DARPA

We present research in progress on the design, fabrication,
and characterization of rectangular, buried-channel
silicon oxynitride waveguides. We are currently pursuing
optoelectronic device integration on silicon for both in-plane
and surface normal optical interconnects using the recess
mounting with monolithic metallization (RM?) technique.
The waveguides associated with this work provide co-axial
optical guiding and coupling for the case of in-plane optical
interconnects. These single-mode waveguides have been
designed to provide minimum propagation loss and maximum
optical coupling to/from an RM? integrated InGaAsP/InP
semiconductor optical amplifier (SOA) or laser. Figure 1
shows a schematic cross-section (in the wafer surface normal
and propagation direction plane or y-z plane) showing an
integrated SOA and a silicon oxynitride waveguide.

a | W%

2 3 2
4

Waveguide I | I Waveguide
InGaAsP-InP SOA/Laser

A Figure 1: An RM3 integrated SOA/laser schematic: 1)
Silicon oxynitride waveguide core, 2) SiO, waveguide cladding,
3) reflection control material 4) Au/Sn device bonding/contact
material, 5) gapill material (BCB, Si;N,, or TiO,), 6) InGaAsP
core material, 7) SOA/laser ridge, and 8) InP cladding material.

The optimum waveguide design is based on the optimization
of a series of tradeoffs such as the tradeoff between
maximized coupling and reduced sensitivity to vertical and
lateral device misalignment. These design tradeoffs will be
illustrated through a series of finite difference time domain
(FDTD) simulation results. A typical simulation is shown in
Figure 2. Fabry-Perot waveguide loss measurements showing
fabricated waveguide propagation losses below 5 dB/cm will
also be shown. Finally, the latest experimental results from a
recently designed test chip will be included.

InGaAsP

SOINOLOHd

A Figure 2: Electric field-strength contour plot taken 227
from a FDTD simulation. This particular simulation shows

the optimum silicon oxynitride waveguide parameters for

coupling from a waveguide with unintentionally angled
sidewalls to an InGaAsP/InP SOA. We are currently
exploring TiO, for use as the high refractive index gapill

material.
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A Bonding Apparatus for OptoPill Assembly

C.A. Cooper, J.M. Perkins, C.G. Fonstad, Jr.
Sponsorship: MARCO IFC, NSF

The central objective of our heterogeneous integration
effort is to integrate III-V functionality, such as laser
emission, with St CMOS circuitry in a manner that retains
all of the advantages of multi-wafer, batch processing that
have propelled Si ICs along the Moore’s Law performance
timeline for so long. To this end we have developed recess
mounting with monolithic integration (RM?), in which we
place III-V heterostructure pills, OptoPills, in recesses 5 to
6 microns deep and 50 microns in diameter that are formed
in the inter-metal dielectric layers covering a processed Si
IC. We then interconnect them monolithically with the
underlying circuitry.

Once the heterostructure device pills have been placed
in their recesses, whether by means of micro-scale pick
and place or fluidic self-assembly (both described in other
abstracts), they must be securely fastened in place. Itis also

A Figure 1: Cross-sectional drawing of the bonding
chamber showing the base plate with heater strip, the inner
bonding-ambient chamber, the film holder plate, and the
outer pressurized chamber.

REFERENCES

often desired that a good electrical contact be made to the
bottom of the pill at the same time. Two different solders
have been found to be particularly suitable for this purpose:
a Au-Sn eutectic to solder gold-coated pills into the recesses,
and a Pd-Sn-Pd stack to bond bare pills into the recesses.
In both cases it is necessary to supply pressure between the
pill and substrate to reliably achieve successful bonding or
soldering. To apply the required pressure to these micro-
scale pills, particularly when they are in recesses, we have
developed a bonding system, shown in Figure 1, in which
a vacuum-bagging film and a pressure differential are used
to apply a controlled, reproducible, and uniform pressure
simultaneously to all the pills on a wafer. A photograph
of the unit, with the outer chamber removed so the film is
visible, is shown in Figure 2. Typical bonding conditions
used involve a pressure of approximately 50 psi and a
temperature of approximately 200°C.

A Figure 2: The film-pressure bonding system shown with
the outer, pressurized chamber removed to show the film and
heater strip.

[11 M.S. Teo, "Development of pick-and-place techniques for monolithic OptoPill integration," Master's thesis, Massachusetts Institute of

Technology, Cambridge, 2005.



Micro-scale Pick-and-Place Integration of lll-V Devices on Silicon

J.M. Perkins, C.A. Cooper, C.G. Fonstad, Jr.
Sponsorship: MARCO IFC, NSF

We are developing micro-scale assembly techniques for
integrating III-V optoelectronic devices on silicon integrated
circuits that blur the practical distinction between hybrid
and monolithic integration. Our general approach, which
we term Recess mounting with monolithic integration (RM?)
involves forming recesses 5 to 6 microns deep and 50 microns
in diameter, in the inter-metal dielectric layers covering a
processed SiIC. After all of the standard silicon processing
is completed, the Si IC wafers for RM? integration undergo
further back-end processing first to create the recesses, and
to then place and bond III-V device structures in them.
Wafer-level processing is then continued to complete any
remaining III-V device processing and to interconnect
those devices with the underlying electronic circuitry. One
approach we have taken to placing the III-V devices in
recesses has been to form discrete heterostructure pills the
size of the recesses, and the then place them individually
into the recesses using micro-scale pick-and-place assembly,
as illustrated in Figure 1.

Vacuum Pick-up

Recess

SiIC

A Figure 1: A cartoon illustrating the micro-scale pick and
place process for locating a heterostructure device pill in a
recess on a Si IC wafer surface.

REFERENCES

The dimensions of the pills we are assembling are much
smaller than the die normally encountered in pick-and-place
applications, and thus conventionally available vacuum
pick-up tools are not suitable. We have found, however, that
quartz micropipettes of the type used by microbiologists
to study cells can be fabricated with the right dimensions
and geometry for this application. In particular, we use
micropipettes pulled from I-mm-diameter, 0.25-mm-wall
quartz tubing and tapered down over 7 mm to a tip diameter
of 30 microns. The tip is beveled at45° to complete the pick-
up tool. A photomicrograph of a tool mounted in its holder
is shown in Figure 2. With this tool, pills can be picked up,
placed in a recess, and released without damaging the pills
[1]. Our current effort is directed at both using micro-scale
pick and place to do heterogenecous integration, and further
developing and refining the technique.

A Figure 2: A quartz micropipette pick-up tool mounted on
its holder.

[11 M.S. Teo, "Development of pick-and-place techniques for monolithic OptoPill integration," Master's thesis, Massachusetts Institute of

Technology, Cambridge,2005.
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AlGaAs/GaAs VCSEL Processing and Heterogeneous Integration with Si

ICs

J.M. Perkins, C.G. Fonstad, Jr.
Sponsorship: MARCO IFC

The goal of this research is to integrate AlGaAs vertical
cavity surface-emitting lasers (VCSELSs) onto a preprocessed
Si IC, enabling creation of an intimately integrated
hybrid circuit of CMOS devices and III-V laser diodes for
interconnect applications. Pick-and-Place integration as
well as magnetically assisted statistical assembly will be used
[1-2]. These techniques will insert the III-V devices onto
the target IC. These devices can then be solder-bonded in
place, securing and electrically connecting them to the IC.

A technique, using AlGaAs 850 nm VCSEL heterostructure
device material to produce optopills, has been developed
to allow this hybrid integration. Mesa etching, ohmic
metalization, current aperture formation, and selective
removal have been studied. Oxide aperture growth has been
performed and a non-invasive technique has been developed
to characterize these oxide current apertures. Low-resistance
contacts have been obtained, producing devices with 1.5-
volt turn-on voltages. I-V, L-I, and spectral characteristics
have been obtained and lasing is observed. A technique
has been developed to metalize and pattern the backside
of these devices, enabling metal-metal integration bonding,
as well as enabling the inclusion of a backside magnetically
susceptible Ni layer needed for MASA integration. Fully
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processed pill devices have been obtained. A CMOS neural
network IC has been designed and fabricated [3].

Initial integration work has begun. Recesses have been
made opening to an aluminum backplane and a Au/Sn
stack has been patterned within the recesses to provide a
bonding alloy. The VCSEL pills have been metalized with
a stack that includes a Au top-bonding layer, using the
backside liftoff technique. They have been placed within
these recesses metal-side down. These devices can be
maneuvered to center them within the wells. A modified
bonding scheme has been developed and successfully used
to bond these devices and anneal their contacts. A polymer
film presses down on the pills at 30 psi to produce the
compressive force needed in the Au/Sn bonding process.
An Al film between the sample and the polymer pressure
film has been used to prevent the devices from sticking to the
polymer and ripping them off after bonding. The bonded
devices have been shown to be connected to the aluminum
backplane and to have good device characteristics. A novel
post bonding passivation and metalization scheme has been
developed and will be tested. Heat dissipation modeling is
being developed to determine the operation temperature
of these devices and how it depends on the surrounding
circuitry environment.
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0.40-
Emission Spectrum

0.354 25 micron apperture
0.30] ——— 35 micron aperture

3 —— 15 micron aperture
0.25

0.20

—25mA
—10mA

200,

1500,

Intesisty [arbitrary units]

10 20 30 40 50 60
Device Current (miliamps)

A Figure 1: (left) Diagram of a VCSEL opto-pill processed
until the release step. First mirror etch exposes n-type layer
for metalization, while also exposing the aperture layer for
wet oxidation. Top metalized contacts allow prerelease
device characterization. (right) Bonded pills in Al recesses.
No aperture or top metallization.

A Figure 2: (left) Luminescence characteristics of apertured
VCSEL devices on native substrate. (right) Emission spectrum
for 10 and 25 milliamps device currents for a nonapertured 35
micron device.
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Highly Integrable In-Plane Laser Diodes for Optoelectronic Integration

J.J. Rumpler, E.R. Barkley, J.M. Perkins, C.G. Fonstad, Jr.
Sponsorship: DARPA

The level of integration seen in commercial active photonic
devices is at most a laser monolithically integrated with
a modulator or a photodetector flip-chip bonded to an
optical waveguide. Our goal is to achieve much larger
levels of optoelectronic integration, and our approach
involves optimally fabricating building blocks, such as laser
diodes or optical amplifiers, and assembling these blocks in
dielectric recesses on a system substrate [1]. Our test case for
demonstrating this technology is the integration of 1.55 pm
InGaAsP edge-emitting laser diode blocks with planar silicon
oxy-nitride waveguides on silicon.

To this end, a process has been developed to fabricate
freestanding edge-emitting laser diodes by our newly
developed micro-cleaving technique. This process begins
with a (100)-oriented InP wafer upon which an in-plane laser
heterostructure has been grown. After defining the laser
ridge on the top-side of the substrate, the wafer frontside is
patterned into large arrays of rectangular bars aligned with
the laser ridges and wafer flat so that short and long faces

Facets
= == W L1 ! L2 ) L3 D2
= bl L1 T 12 T 13 Tpd
A :
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A Figure 1: Schematic depicting the micro-cleave enabling pattern

and how it must be aligned properly to the semiconductor.
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of the rectangular bars are aligned with the two cleavage
planes as shown in Figure 1. Notches in the rectangular bars
divide each rectangular bar into three rectangular sub-bars
in between two square sub-bars. The rectangular sub-bars
define the active devices, L1, L2, and L3, and the square sub-
bars at the ends define dummy devices D1 and D2.

Once the bar pattern is formed on the semiconductor
wafer, a chemical-etch resistant layer is applied to the wafer
surface and the semiconductor substrate is removed using a
hydrochloric acid-based, selective wet-etch chemistry that
stops on an InGaAs etch stop layer. The etch-resistant layer
1s then dissolved and the long bars are collected in solution.
The long bars are then agitated ultrasonically in this solution
at which time they preferentially cleave in the notch region
forming a large quantity of active devices and dummy
devices. An individual cleaved laser platelet is seen in Figure

2.

Acc.V  Spot Maan
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Det WD ———— | 50um
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A Figure 2: SEM image of a micro-cleaved edge
emitting laser platelet with a ridge defined.

[11  J.J.Rumpler, J.M. Perkins, and C.G. Fonstad, Jr., "Optoelectronic integration using statistical assembly and magnetic retention of heterostructure
pills," in Proc. of the Conf. on Lasers and Electro-Optics (CLEQ), vol. 2, 16-21, pp. 2, May 2004.
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Magnetically Assisted Statistical Assembly of llI-V Devices on CMOS

J.J. Rumpler, J.M. Perkins, C.G. Fonstad, Jr.
Sponsorship: MARCO IFC, NSF

Development of an efficient process for integrating
III-V devices on silicon CMOS is key to making optical
interconnects a reality on the micro-scale as well as enabling
low cost and compact optoelectronic sensors for applications
such as biomedicine. The III-V semiconductors typically
have superior lasing properties and high clectron mobilities
making make them attractive for applications such as optical
sources and RF electronics. Silicon is the material of choice
for large-scale digital circuits because of its ability to form
a high-quality, low-defect oxide, thus enabling low-power
CMOS technology. Unfortunately, direct epitaxy of II-V
devices on silicon is not practical due to mismatches between
the lattice constant and thermal expansion coeflicient of the
materials. Therefore, III-V device integration on CMOS
today consists of at most small arrays of devices attached
by flip-chip or wire bonding. Our approach is aimed at
permitting large-scale integration of these heterogencous
materials. Specifically, ITI-V and silicon devices are processed
separately under optimal conditions on their own native
substrates. On the CMOS wafer surface, dielectric recesses

Pipette
. dispensing
Microscope OptoPills
objective -

A Figure 1: Assembly setup.

REFERENCES

are formed. At the bottom of these recesses are located
patterned permanent ferromagnetic films. Once fabricated,
the III-V devices having a permeable ferromagnetic film are
released from their substrate and flowed over the CMOS
wafer where they assemble in the recesses by gravity and are
retained by short-range magnetic forces. Experimentally, the
III-V devices are found to stick to the permanent magnetic
film due to the large magnetic adhesion force [1].

Experiments have been conducted whereby thousands of
these 45-micron diameter, 6-micron thick ITI-V devices are
flowed over a target substrate consisting of hundreds of
correspondingly sized dielectric recesses as shown in Figure
1. Initial fluidic assembly experiments without magnetic
retention show that a large number of successfully assembled
pills, as shown in Figure 2. They are also found to readily
come out of the recesses as the substrate is removed from
the fluid, which verifies the need for a short-range retention
force.

A Figure 2: An array of silicon dioxide recesses filled by GaAs
devices.

[11 J.J. Rumpler, J.M. Perkins, and C.G. Fonstad, Jr., "Use of patterned magnetic films to retain devices during fluidic self-assembly," manuscript

in preparation.



Development of Terahertz Quantum Cascade Lasers
B. Williams, H. Callebaut, S. Kumar, Q. Qin, Q. Hu (in coll. with J. Reno, Sandia National Laboratories)

Sponsorship: NSF, NASA, AFOSR

The terahertz frequency range (1-10 THz) has long
remained undeveloped, mainly due to the lack of compact,
coherent radiation sources. Transitions between subbands in
semiconductor quantum wells were suggested as a method
to generate long wavelength radiation at customizable
frequencies. However, because of difficulties in achieving
population inversion between narrowly separated subbands
and mode confinement at long wavelengths, THz lasers
based on intersubband transitions were developed only very
recently. We have developed THz quantum-cascade lasers

A Figure 1
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based on resonant-phonon-assisted depopulation and using
metal-metal waveguides for mode confinement. Figure 1
illustrates the schematics of both features are illustrated.
Using the combination of these two unique features, we
have developed many THz QCLs with record performance,
including a maximum pulsed operating temperature at 164
K (see Figure 2), a maximum power of ~250 mW, and the
longest wavelength (~161 pm) QCL to date without the
assistance of magnetic fields.
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Broadband, Saturable Bragg Reflectors for Mode-locking, Ultrafast

Lasers

G. Petrich, F. Kaertner, E. Ippen, L.A. Kolodziejski
Sponsorship: NSF, ONR MURI, DARPA, Q-Peak Inc.

Self-starting, mode-locked, ultrafast lasers require
broadband high reflectivity mirrors with saturable
absorbers. However, AlAs/GaAs or AlAs/AlGaAs mirrors
with saturable absorbers exhibit a limited bandwidth due
to the low index-contrast between the individual GaAs and
AlGaAs layers, but these mirrors are suitable for mode-
locking 1064-nm lasers. Figure 1 shows the reflectivity, as
measured using a Varian Cary 500i spectrophotometer, and
the room temperature photoluminescence from a saturable
Bragg reflector (SBR) consisting of 25 pairs of 88-nm-thick
Al 4sGay o;As layers and 74.7-nm-thick GaAs layers with
two 8-nm-thick In,,Ga, ;5As quantum wells separated by
16 nm of GaAs centered within 117 nm of GaAs. The dip
in the reflectivity that is due to the InGaAs quantum wells
is easily observed.

In addition, two oxidizable saturable Bragg reflectors have
been grown by molecular beam epitaxy. The SBRs consist
of two 8-nm-thick InGaAs quantum wells separated by
GaAs with GaAs cladding layers on a 7-pair oxidizable
InGaP/AlAs dielectric stack. By thermally oxidizing the
AlAs layers to form Al O,, broadband reflectors can be
created. The photoluminescence that is measured from
the as-grown SBRs exhibit emission at 1062 +/- 2 nm. The
AlAs/InGaP mirror stacks have not been oxidized thus far.

3 1.2
1062nm
2.5 4 -1
24 +0.8
1.5 4 + 0.6
14 + 0.4
87Inm
) >A\/\A R
0 ¥ T T /\ 0
800 900 1000 1100 1200
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A Figure 1: The reflectivity and photoluminescence of an InGaAs/GaAs
absorber on an AlGaAs/GaAs distributed Bragg reflector.



A Nanoelectromechanically Tunable, High-Index-Contrast Interference

Directional Coupler

R.E. Bryant, M.L. Povinelli, S.G. Johnson, G.S. Petrich, J.D. Joannopoulos, E.P. Ippen, L.A. Kolodziejski

Sponsorship: NSF-MRSEC

One of the most exciting and practical application of a
directional coupler is the switch modulator in which the
amount of optical power coupling is adjustable. A method
of tuning a single mode interference high-index-contrast
(HIC) directional coupler with a nanoelectromechanical
(NEM) mechanism 1s proposed. An electomechanically
tunable directional coupler has the benefit of providing
large changes in effective index, of being transparent,
and requiring low power. An HIC system has the added
benefit of permitting a size reduction that allows machined
nanostructures to optically guide light at a wavelength of
1.55 microns as well as to mechanically actuate.

Using GaAs waveguides with a ~300-nm-square cross-
section, directional couplers are fabricated so that they are
anchored atop of Al O, as well as suspended over a trench.
The anchored portions of the waveguides are adiabatically
curved to a lithographically-defined coupling separation
that exists suspended over the trench. The desired
mechanical compliance determines the extent to which the
adiabic curves are situated over the trench. The amount of
optical power coupling is adjusted by the electromechanical
actuation of the waveguide separation and the S-bend

curvature. The selected method of electromechanical
actuation utilizes a gap-closer mechanism. A gap-closer is
a “spring”-suspended, parallel capacitive plate mechanism
that is allowed to mechanically deflect in order to reduce
its capacitance. In planar MEMS/NEMS, the “spring” is
usually a mechanical compliant beam (i.e., the suspended
portion of the directional coupler). Gap-closers are
characterized by large mechanical force densities over
small displacements, which make them well suited for this
particular application.

Molecular beam epitaxy is used to define layer thickness.
Traditional micromachining techniques are used to
lithographically define the topology and provide optical,
electrical, and mechanical isolation. After these processes,
high-index-contrast is accomplished by stream oxidation
that transforms crystalline high Al-content Al Ga,  As alloys
to an amorphous Al O_ oxide. Nanostructure mechanical
latches and bi-stable mechanisms are expected to aid in
improving alignment accuracy. Nanostructure mechanical
levers can be used to tailor the shape and angle of deflection.
The device is expected to operate within the MHz regime in
a speed-optimized design.
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Electrically-Activated Nanocavity Laser Using One-Dimensional Photonic

Crystals

A. Grine, G.S. Petrich, L.A. Kolodziejski
Sponsorship: NSF-MRSEC

The focus of this project 1s the design and fabrication of a
laser that is suitable as a light source for integrated optics.
TFour characteristics make the laser particularly advantageous
for use in integrated optics. First, the laser is electrically
activated and eliminates the need for a separate pump laser.
Second, the laser requires only 25 pm? of space, which
conserves chip real-estate and should lead to a relatively
small threshold power. Third, the output of the laser is
directly connected to the output waveguide, eliminating
the need for separate couplers. Finally, the laser’s output is
coplanar, which eases integration with other components.

The laser design (Figure 1) incorporates one-dimensional (1-
D) photonic crystals patterned on two crossing waveguides.
The nanocavity, located at the two waveguide’s intersection,
creates a high-Q) optical resonator with the 1-D photonic
crystals acting as highly reflective mirrors. By removing
some of the holes in one of the photonic crystals, one
can control the direction of the emitted light. The top
GaAs-based waveguide 1s doped p-type, while the bottom,
InGaAlP-based waveguide, is doped n-type, so that a p-n
diode exists only in the area where the waveguides overlap.
The top GaAs waveguide contains a quantum dots-in-a-
well structure, which serves as the active material for the

A Figure 1: Depiction of the electrically-activated,

photonic-crystal nanocavity laser.  The green arrow
represents the direction and location of the emitted light.

laser. Optical simulations have led to the inclusion of a high-
index InGaP layer in the center of the output waveguide.
The inclusion of the InGaP layer allows more light to be
coupled into the output waveguide and a thinner upper
waveguide to be used to minimize the loss due to radiation.
The output waveguide is designed to be multi-mode in order
to minimize the fabrication time.

A new fabrication sequence has been developed that employs
either electron-beam or focused-ion-beam lithography to
define the sub-micron features and photolithography to
define the larger features, allowing many lasers with varying
dimensions to efliciently be processed on a single chip. A
die measuring ~ 4 x /4” contains 280 devices, each with
varying features. This method will allow the empirical
determination of the optimal device. To ease the electron-
beam lithography process, the mask unit cell contains an
array of six devices to be processed within a 200-um square
electron-beam field (Figure 2). Current work includes
the fabrication of the device in the Technology Research
Laboratory. Once the device is fabricated, testing will
take place in collaboration with the Ultrafast Optics and
Quantum Electronics Group.

A Figure 2: Schematic of an array of 6 lasers within a 200-ym
field. The output waveguide is 164 pm long and is angled 11°
with respect to the facet.



Photonic Integrated Circuits for Ultrafast Optical Logic
R. Williams, A. Markina, G.S. Petrich, E.P. Ippen, R.J. Ram, L.A. Kolodziejski

Sponsorship: DARPA

With an increasing demand for higher speed switching
technologies in optical telecommunications networks,
interest in both all-optical switching schemes and monolithic
integration of photonic components is increasing. Reducing
or eliminating optical-electronic-optical (OEQO) conversions
offers advantages of higher bit rates, lower power
consumption, and reductions in size and weight.

The current study aims to demonstrate an optical gate
consisting of semiconductor optical amplifiers (SOAs)
integrated into a Mach-Zehnder interferometer on InP
substrates. The optical gate i3 capable of basic Boolean
functionality, wavelength conversion, and other important
switching operations. Prior to fabrication, the design of
the components such as the InGaAsP quaternary dilute
waveguide, the multi-mode interferometers, and the
adiabatic taper geometry has been optimized using standard
optical simulation techniques.

To integrate the active SOA devices with the passive
components, an asymmetric twin waveguide approach,

‘.
A Figure 1: Aphotograph of the first-generation fabricated
dies on a quarter of a 2" InP wafer.

which eliminates the need for regrowth at the expense
of additional processing steps, is employed. The first-
generation design contained two separate die: one consisting
of basic isolated components and the other consisting of
integrated components (Figure 1). Upon the completion
of the processing and testing, further optimizations of
the design and fabrication process were incorporated into
a second-generation design that is currently undergoing
fabrication on campus and in collaboration with Lincoln
Laboratory. The second-generation design combines both
the active and passive devices into single die suitable for a
step-and-repeat mask set, allowing for sharper tapers and
smoother waveguide bends.  Processing improvements
include depositing the base metal for the top-side contact
prior to any III-V etching, minimizing the amount of InP-
based etching through the use of trenches, and using a
dedicated CH,/H, etcher at Lincoln Laboratory. Figure 2
shows the tips of the upper active waveguide and the trench
in which the passive waveguides will be centered.

A Figure 2: A photograph of the beginning of the second-
generation Mach Zehnder interferometer.
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Super-collimation of Light in Photonic Crystal Slabs
S.N. Tandon, M. Dahlem, P. Rakich, M. Ibanescu, M. Soljacic, G.S. Petrich, J.D. Joannopoulos, E.P. Ippen, L.A. Kolodziejski

Sponsorship: NSF-MRSEC, MARCO IFC

A super-collimator is a device in which light 1s guided by the
dispersion properties of a photonic crystal slab rather than
by defects or by traditional waveguiding structures. Photonic
crystals (PhC) form the essence of the super-collimation
effect. The super-collimator consists of a two-dimensional
PhC composed of a square lattice of cylindrical air holes
etched into a high-index material such as silicon. The device
was fabricated using a silicon-on-insulator wafer in which
the low-index oxide layer (3 um thick) is used to minimize
radiation loss into the high-index silicon substrate. The
photonic crystal occupies the entire surface of the super-
collimator so that the cleaved edges of the photonic crystal
function as input or output facets of the device. The initial
design has focused on realizing super-collimation at a
wavelength of 1500 nm so that the hole lattice constant,
hole radius, and Si thickness were 350 nm, 105 nm and 200
nm, respectively.

Testing of the super-collimator device has been performed
in collaboration with the Ultra-fast Optics Group. Figure 1
shows the output of the propagating beam from a cleaved
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A Figure 1: Output measured at
the facet of the device for a super-
collimating beam that has propagated
for 5 mm inside a photonic crystal
silicon slab.

facet after traversing the PhC for 5 mm where the 1-um-
diameter incident optical beam exiting the device was found
to be 2-pm wide. By defining the isotropic diffraction length
to be the length over which the light beam spreads by root
2, super-collimation for more than 600 isotropic diffraction
lengths has been observed. Using an infrared-camera to
image the scattered light, the light propagating through
the photonic crystal was observed at a number of different
wavelengths. Figure 2a-c shows the simulated propagation
of light through an ideal photonic crystal, while Figure 2d-f
shows the measured scattered light as the light propagated
through the super-collimator. Figure 2e¢ shows that at a
normalized frequency of ®=0.233 (A=1510 nm), light
propagates through the photonic crystal in a collimated
fashion as the light path resembles a stripe of light. As
the normalized frequency of the input laser is varied from
®=0.233, the beam no longer exhibits a collimated behavior
and begins to diverge, with the beam width expanding as it
propagates. The inclusion of short-range, fabrication-related
disorder can improve the agreement between the measured
light propagation and the simulated results (Figure 2g-1).

100 pm

0=0.228 0.239 (+5%)

A Figure 2: (a-c) Theoretical beam evolution generated by the beam propagation
method to be compared with experiment d-f. (d-f) Top-view experimental images of
light traveling through the photonic crystal at wavelengths of 1430 nm, 1510 nm
and 1610 nm that were obtained from an IR camera. g-i, Simulations of the beam
evolution including the effects of short-range disorder.



Tunnel Junction Diodes

S.Y. Young, R.D. Williams G.S. Petrich, R.J. Ram, L.A. Kolodziejski

Sponsorship: DARPA

The goal of this project is to characterize the tunneling
behavior in InGaAs/GaAs tunnel junction diodes for
use in tunnel-junction-coupled lasers. The reversed-bias
leakage current of the tunnel junctions can be exploited to
epitaxially connect more than one lasing active region in
series. The tunneling of electrons from the valence band of
one active region to the conduction band of a second active
region can increase the external quantum efficiency of the
overall device by allowing multiple photons to be emitted
per injected carrier. Thus, low tunneling resistances are
desired for high-efficiency lasers.

The InGaAs/GaAs tunnel junction diodes were grown with
varying indium contents ranging from 6.5% to 13.5% while
the diameter of the fabricated diode mesas ranged from
3.5 um to 90 um. Variable-angle spectroscopic ellipsometry
was performed on the epiwafers to determine the InGaAs
composition and the epilayer thickness. Under both forward

Voltage (V)

and reverse bias, the InGaAs tunnel junction diodes
matched the theoretically predicted electrical behavior.
First, the tunneling resistance decreased for increasing
contact size, but, more importantly, the resistance decreased
with increasing indium content (Figure 1).

The results demonstrate that more electrons tunnel
across the tunnel junction as the amount of indium is
increased due to the decrease of the InGaAs bandgap.
Additional tests also demonstrated that annealing the
metal-semiconductor contact reduced the diode’s overall
resistance and that reducing the diode’s temperature
increased the tunnel junction resistance. With tunneling
successfully demonstrated, the InGaAs tunnel junctions were
implemented in GaAs-based, two-stage lasers. Significant
increases in efficiency of the tunnel-junction-coupled lasers
are anticipated in future work.
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A Figure 1: The reverse-bias current-density response,
demonstrating a decrease in resistance for increasing indium content.
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Ultrabroadband Modulator Arrays

G.S. Petrich, F.X. Kaertner, E.P. Ippen, L.A. Kolodziejski
Sponsorship: DARPA

Creating an arbitrary optical waveform at wavelengths
that are centered at 800 nm requires an ultrabroadband
modulator array.  Since these modulators operate at
wavelengths around 800 nm, the material choices are limited
to relatively high-Al content AlGaAs and In, ;(Ga Al, ), 5P
layers lattice-matched to GaAs. In addition, since GaAs
absorbs light with a wavelength less than 870 nm, the lower
cladding layer of the modulator must be relatively thick to
isolate the modulator from the GaAs substrate. To create
the largest optical mode possible and to minimize the
coupling loss, the index contrast between the waveguiding
layers and the cladding layers should be minimized. Hence,
a dilute waveguide structure in which thin layers of high
index material are embedded in a low-index material, is
employed. The resulting layered structure has an effective
index slightly higher than the low-index material and is
determined by the layer thicknesses as well as the refractive
index of the two materials that compose the dilute waveguide.
Two slightly different structures were grown by molecular
beam epitaxy: (1) an InAlP-based structure in which the
dilute waveguide consisted of alternating layers of InAlP
and Al ;Ga, ;As and (ii) an Al ;Ga, ,As-based structure in
which the dilute waveguide consisted of alternating layers
of Al ;Ga,, ,As and InGaP. Both structures are challenging
in terms of the epitaxial growth. In the phosphide-based
structure, the growth of thick, lattice-matched InAlP
cladding layers is challenging due to the need to maintain
the lattice-matched condition and due to possible anion
ordering. In the arsenide-based structure, although the use
of Al 4Ga, ,As for the cladding layer minimizes the lattice-
mismatch problem, achieving high-quality, high-Al content
AlGaAs cladding layers is difficult due to the low Al adatom
mobility on the surface during growth. To minimize free

carrier loss, the modulator uses a p-i-n structure in which
the Si and Be dopants are graded from the contact layers
to the dilute waveguide region. Photoluminescence (PL)
measurements from the arsenide-based structure show a
weak PL peak at ~650 nm from the InGaP layers in the
dilute waveguide. The Alj ,Ga, ,As and Al ;Ga, ;As layers
as well as the InAlP layers have indirect band gaps and
hence do not exhibit photoluminescence. Due to the high
etch selectivity between the arsenide and phosphide layers,
the uppermost high index layer of the dilute waveguide also
acts as an etch stop.

Both structures are anticipated to have similar optical mode
profiles; the structures are designed to be single mode in a 2-
pm wide ridge waveguide. Using OptiBPM, the fundamental
mode for the phosphide-based structure is calculated to be
roughly 2 pm x 1 um (WxH); a similar mode profile exists
for the arsenide-based structure. In both structures, if the
dilute waveguide 1s not completely etched, due to the low
index contrast of the dilute waveguides, the bending radius
is quite large, on the order of a millimeter.

A mask set suitable for both structures has been designed
and fabricated. The mask set contains Mach Zehnder
interferometer modulators of various lengths with
multimode interference couplers or Y-splitters. The Mach
Zehnder interferometer modulators as well as conventional
modulators are oriented both parallel and perpendicular to
the major flat of the 2” GaAs(100) wafers. The mask set also
contains a variety of passive components such as Y-splitters
and multimode interference couplers as well as straight and
curved waveguides. The fabrication of the phosphide-based
and arsenide-based modulators will commence shortly.



Designh and Measurement of Thermo-optics on Silicon

R. Amatya, R.J. Ram
Sponsorship: DARPA

The vision of optoelectronics started with the integration
of optics and electronics on the same substrate. Various
optical and electrical components on the same chip would
have better performance and functionalities than the
components taken alone. Electrical integrated circuits (IC)
have been very successful on silicon substrate. Thus, silicon
1s one of the more desirable materials for optoelectronic
devices. Silicon (Si) as well as silicon nitride (SiN) optical
waveguides are becoming integral components for optical
systems because of their advantages of high index contrast
and compatibility with IC. Thermally tunable optical ring
resonators made of SiN on silicon can be used as switches
and filters. A small ring diameter (=20 um) allows a large
free-spectral range. The temperature dependence of the
refractive index (i.e., the thermo-optic effect of the core
and cladding) is utilized to tune these ring resonators.
Resistive heaters are designed to sit on top of the cladding
for thermal tuning. One of the key aspects while designing
the heaters is minimum power dissipation per GHz in terms
of tuning flexibility. Figure 1 shows a thermal simulation
for a heater over a two-ring filter.

Blan 308 433

A Figure 1: Temperature profile for the thermal tuning of
ring resonators.

Waveguides formed on silicon-on-insulator substrates
can have sub-microsecond switching capabilities. These
waveguides are heated by passing current through them;
it is important to be able to study and measure the
thermal characteristics of the device. Thermoreflectance
spectroscopy 1s one of the many ways of measuring the
temperature of the device. A temperature profile for a
silicon-melt waveguide of 0.5 um thickness is shown by
measuring the reflectance changes due to modulating the
current. Figure 2 shows the image of the melt waveguide
along with temperature profile and the thermoreflectance
image. The figure on the left inset shows the non-uniform
temperature distribution within the waveguide. For the
silicon melt waveguide, the measured thermo-optic
cocfficient (K) was 1.1E-4/K, which is similar to the
reported values for silicon for the specific wavelength
(510 nm). Similar measurements can be done on SiN ring
resonators to obtain the thermo-optic coefficient.
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A Figure 2: Silicon melt waveguide-thermal profile using the
thermo-reflectance technique.
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Polymer Waveguides for Integrated Biosensors

K. Lee, R.J. Ram

Sponsorship: DuPont-MIT Alliance, NSF Center for Material Science and Engineering

To overcome the challenge of fabricating large-dimension
waveguides with optical-quality surfaces, a conventional
fabrication approach using plastics is utilized over a micro-
fabrication approach generally used for micro-fluidics.
While conventional milling can easily create structures with
dimensions of 1 mm, roughness from the fabrication process
leads to diffuse surfaces and variations greater than 1 um.
To overcome the roughness due to milling and ultimately
create large features with optical quality roughness, a
solvent vapor polishing process is used in which a solvent
vapor such as methylene chloride vapor is used to liquify

[

Fabricated waveguides exhibit a propagation loss of
0.136 dB/cm at 626 nm and a measured 50% intensity
numerical aperture of 0.5. E-beam deposited silver on
PDMS measured a reflectivity of 72% with a HeNe laser
at 632 nm. Oxygen measurements were preformed by
fiber coupling amplitude modulated LEDs into the input
guides, collecting the output through a colored glass filter
and photodetectors, and measuring the phase shift between
the input and output signals. The sensor system achieves
an SNR greater than 40 and provides a phase shift of 30
degrees with 1 degree variance from nitrogen to air.

e

_—

|

A Figure 1: Polished polycarbonate samples under different polishing conditions and histograms of the slope distribution seen
at the surface. (Left) 10% saturation pressure results in no polishing (Ra = 1000 nm). (Middle) 75% saturation pressure results in
excellent polishing (Ra = 70 nm). (Right) 95% saturation pressure results in over-polishing (120 nm) and is seen as a developing
haze.

Fluorescence Output

the plastic surface [1]. Varying the solvent pressure and the
exposure time can control the degree of polishing. Under
optimal polishing conditions, the average roughness from
sanded polycarbonate samples can be reduced from 1000
nm to 70 nm as shown in Figure 1. When combined with
vapor polishing, CNC milling becomes a viable process for
both optical and micro-fluidic fabrication of master molds.

Fluid npu;\A

Fluorescence

Oxygen Sensor
Fluid Output

Aftermoldfabrication,standardsoftlithographyprocessesare
used to create negative PDMS replicas of the polycarbonate
molds. In addition, PDMS molds are subject to e-beam
deposition of evaporated silver to provide reflective surfaces
where necessary. The same fabrication process is used for
both waveguides and microfluidic components of the chip
and the final oxygen sensing device is shown in Figure 2.
The oxygen sensors used for this experiment are created
by a mixture of Platinum(Il) octacthylporphine ketone
(PtOEPK) [2] and polystyrene deposited on glass disks. This
fluorescent dye has a maximum absorption at 592 nm and
emits at 759 nm.

A Figure 2: A schematic of the integrated fluidic and
photonic device showing the device and a cross sectional view.
Fluorescence based oxygen sensors at the base of the fluidic
channel lie on a plane sitting above the collection and excitation
optics. A picture of the fabricated optical and fluidic integrated
device is shown.

REFERENCES
[11 V.D. McGinniss, “Vaporous solvent treatment of thermoplastic substrates,” United States Patent 4529563, 1985.

[2]1 D.B. Papkovsky, “Phosphorescent complexes of porphyrin ketones: Optical properties and application to oxygen sensing,” Anal. Chem., vol.
67, pp. 4112-4117, 1995.



Nanoscale Thermal Imaging Microscopy of Thermoelectric Devices

P. Mayer, R.J. Ram
Sponsorship: ONR MURI

In many solids, a change in temperature produces a small
change in the dielectric response of the material, and
particularly in the index of refraction. By measuring the
change in reflectance from a device or material whose
temperature is modulated in some way, an image of the
temperature change canbe obtained, after proper calibration.
This approach is useful for examining heat transport in
electronic/optoelectronic devices since the heating due to a
changing bias current or voltage can be measured. Unlike
the case with typical (infrared) thermal imaging, deep sub-
micron spatial resolution is possible. Shown below in Figurel
are (uncalibrated) thermoreflectance images of the Joule
and Peltier heating and cooling in a 4.9 pm-thick InGaAs-
based superlattice incorporating semimetallic self-assembled
ErAs nanodots, on an InP substrate. The ErAs dots and
the superlattice both scatter phonons participating in cross-
plane heat transport, reducing the thermal conductivity to
below the alloy limit by nearly a factor of two. The dots
and the superlattice are also expected to increase the free
electron concentration, the electrical conductivity, and the
Seebeck coeflicient.

Joule heating (2w)  Peltier heating/cooling (®)

Magnitude Magnitude

!

e !
v 1
|

10 20 30 40 0
um

A Figure 1: Cross-plane magnitude and phase images of
the Joule and Peltier contributions to the thermal response in

a nanostructured thermoelectric element. Superlattice (clearly
visible in the top photomicrographs) is to the left of the image.

The thermal imaging technique used here relies on a
CCD camera triggered 4 times per temperature cycle and
averaged over many cycles, so that each pixel of the camera
functions as a lock-in detector. Because the change in
reflectance is small (e.g. 1 part in 10000, per degree Kelvin)
it has been suggested that the temperature resolution of
the technique is limited by the least significant bit size of
the quantizer of the CCD array, giving rise to a minimum
temperature resolution in the singe Kelvin range. However,
due to the presence of noise in the pre-quantized signal,
sufficient averaging can actually improve the resolution. We
have demonstrated a temperature resolution on the order
of 10 mK and developed a quantitative theory describing
the statistics and accuracy of the measurement, set by the
noise characteristics of the camera and the measurement
characteristics.  Figure 2 shows the measurement of a
temperature signal smaller than that corresponding to the
bit size of the CCD array, as a function of the measurement
duration. The theoretically predicted mean and standard
deviation are close to those measured.

b AR/R=3.92x 107 .
g 107 Quantization Limit=6.55 x 10
Q
g
¥
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2
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N (Number of iterations)
A Figure 2:  Measurements (gray) and theoretical

predictions (black) for sub-quantization thermoreflectance
measurements. The measurement converges for sufficient
iterations (long-enough duration).
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Dynamic Range of Strained Ge-on-Silicon Photodiodes

J. Orcutt, R.J. Ram, O.L. Olubuyide, J.L. Hoyt
Sponsorship: DARPA

As photonic integrated circuits gain maturity in the silicon
material system, new applications that require photonic
components integrated with silicon electronic circuitry
become possible. One such new application is the hybrid
photonic-electronic analog-to-digital converter in which
the sampling front-end is achieved optically and the digital
conversion back-end is achieved electronically [1]. To allow
this converter to achieve a high effective number of bits
(ENOBs), an important figure-of-merit for these systems,
photodetector with a high dynamic range that are compatible
with an integrated CMOS platform are necessary. One such
photodetector under developmentis a germanium-on-silicon
photodiode that is CMOS-compatible. To characterize the
linearity, we measured the spur-free dynamic range (SFDR)
of the diodes using the test setup shown in Figure 1.

To calculate the SFDR, we measured the spectrum of the
photodiode response to a two-tone RF-modulated input as

Diode

1310-nm CATV Under

DFB Laser

Test

F2 =501-MH
‘ Measurement Path

Isolated, Amplified
Microwave
Synthesizers

Calibration
Path

Coupler

a function of modulation amplitude. As shown in the
microwave spectrum analyzer screen inset to Figure 1,
third-order nonlinearities produce in-band intermodulation
distortion products (IMD3) that limit the dynamic range
of the detector. To ensure that observed nonlinearities
are caused by the diodes, we examined the output of the
link laser by using a ligh-twave front-end to the microwave
spectrum analyzer and by replacing the Ge photodiodes
with industry-standard Epitaxx InGaAs p-i-n photodiodes
designed for CATYV applications. To complete the data
required to calculate SFDR, we measured the noise floor
of the link, roughly integrating it over a 2-GHz bandwidth
with the microwave spectrum analyzer. This data and the
calculated SIFDR are shown in Figure 2. The demonstrated
34-dB SFDR of this link would currently allow for 5.6
effective bits if it were the limiting factor in the converter’s
performance.
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A Figure 1: Diagram showing the SFDR measurement setup. The 1/0 blocks
are microwave switches that enable switching between the measurement path
and the calibration path, as well as the insertion of the optional amplification path.
The block labeled "LNA" in the amplification path is a Miteq low-noise amplifier.

REFERENCES

A Figure 2 Spurfree dynamic range
measurement on a 100 x 100 ym Ge
photodiode. The diode was biased at -3 V
in this measurement.

[11 F.X. Kartner et al., "Electronic photonic integrated circuits for high-speed, high-resolution, analog-to-digital conversion," Proc. of SPIE, vol.

6125, p. 612503, Mar. 2006.



Magnetic Oxide Films for Optical Isolators and Magneto-Electronic

Devices
C.A. Ross, G.J. Dionne, M. Bolduc, A. Taussig, V. Sivakumar

Sponsorship: Lincoln Laboratory, ISN, MicroPhotonics Consortium

We have established a thin-film laboratory that includes
a pulsed-laser deposition (PLD) system and an ultra-high
vacuum sputter/analysis system. In PLD, a high-energy
excimer laser is used to ablate a target, releasing a plume of
material that deposits on a substrate to form a thin film. The
PLD is particularly useful for making complex materials
such as oxides because it preserves the stoichiometry of the
target material.

We have been using PLD to deposit a variety of oxide
films for magneto-optical devices such as isolators. These
materials include iron oxide, which can adopt one of four
different ferrimagnetic or antiferromagnetic structures
depending on deposition conditions, and bismuth iron
garnet (BIG, BizFe;O,,), which is useful for magneto-optical
isolators in photonic devices. The ideal material for an
1solator combines high Faraday rotation with high optical
transparency. Garnets have excellent properties but do not
grow well on silicon substrates, making it difficult to integrate
these materials. In contrast, iron oxide (maghemite) grows

0.10-{ Fe-doped BaTiO,
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A Figure 1: Faraday rotation vs. applied field for 750-
nm-thick BaTi, sFe, 505 and BaTij gFe ,05 films grown in
a vacuum on R/I5 O substrates, W|th the ﬁe?d perpendicular
to the film.

REFERENCES

very well on MgO or Si, with high Faraday rotation but
its optical absorption is high. Recently we have examined
magnetic perovskite thin films such as Fe-doped barium
titanate (Figure 1) [1] and Ce-doped orthoferrites (Figure
2). These materials show strong magneto-optical properties
with weak optical absorption and the films grow with good
quality onto MgO substrates. These films could be useful for
waveguide isolators and other magneto-electronic devices in
which optical absorption losses are critical. A second project
involves the use of electrochemical methods to control the
magnetization of iron oxide spinel structure films (magnetite
or maghemite) grown on conducting substrates, making a
chemically-switchable material. The insertion of Li ions by
electrochemical discharge changes the oxidation state of the
Fe(III) to Fe(IT) and can reduce the magnetization of the film
by about 30%, in a reversible process. Recent experiments
on nanoparticles of iron oxide show much greater changes
in magnetization, up to ~80%, indicating that the process is
kinetically limited.
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A Figure 2: Faraday rotation vs. applied field for 500-nm-
thick CeFeO; and YCeCoFeOy films grown in a vacuum or
under 6-mTorr O, pressure on MgO substrates, with the field
perpendicular to the film.

[11 A. Rajamani, G.F. Dionne, D. Bono, and C.A. Ross, “Faraday rotation, ferromagnetism, and optical properties in Fe-doped BaTiO3,” J. App.

Phys., vol. 98, no. 6, pp. 063907:1-4, Sept. 2005.
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Characterization of Organic Field-effect Transistors for OLED Displays

K. Ryu, I. Kymissis, V. Bulovic, A.l. Akinwande, C.G. Sodini
Sponsorship: MARCO C2S2

Organic field-effect transistors (OFETs) provide exciting new
applicationsbecause they canbe made usinglow-temperature
processing techniques such as thermal evaporation and
solution-based patterning. The low-temperature processing
enables the transistors to be fabricated on durable plastic
substrates, which can be both flexible and very large. The
solution-based patterning enables “printing” circuits like
newspapers using a roll-to-roll method and can drive down
cost. In addition, the fabrication process of OFETs is
compatible with that of a variety of organic optoelectronics
and sensors. Various sensor arrays such as pressure sensors,
light sensors, and chemical sensors have been made
successfully using OFETs [1-3]. One crucial area that
needs to be researched in this field is how the different
charge transport mechanisms and material sets in organic
transistors change the design considerations in circuit
applications compared to the traditional silicon MOSFETs.
In this research, an optical-feedback organic LED (OLED)
display is designed and fabricated in order to investigate this
problem.
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A Figure 1. Mobility extracted without taking contact
resistance into consideration. The mobility decreases as
the channel length shortens because effect of the contact
resistance becomes more prevalent as the channel length
shortens.
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The contact resistance, threshold voltage, and mobility are
extracted from top-contact and bottom-contact transistors
with current-voltage (I-V), and capacitance-voltage (C-V)
measurements. Extraction of contactresistance is found to be
crucial in characterization of bottom-contact transistors as it
obscures mobility extraction. Figures 1 and 2 show mobility
extracted from various length transistors without and with
taking contact resistance into consideration, respectively.
In addition, mobility is found to increase as gate voltage
increases contrary to the mobility dependence in crystal
silicon MOSFETs where mobility decreases as gate voltage
increases. Currently, slow transients, a manifestation of the
trap-limited hopping transport in organic semiconductors,
are being characterized.

Future work will focus on modeling transistors and simulating
two main OFET components in the display, which are the
switch and the transconductance amplifier.
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A Figure 2: Mobility extracted with contact resistance taken
into consideration. The mobility is consistent from shorter to
longer channel length.

[11 T. Someya, H. Kawaguchi, and T. Sakurai, “Cut-and-paste organic FET customized ICs for application to artificial skin,” IEEE Int'l. Solid-State

Circuits Conf. Dig. of Technical Papers, Feb. 2004, pp. 288-289.

[2]1 H. Kawaguchi, S. Iba, Y. Kato, T. Sekitani, T. Someya, and T. Sakurai, “A sheet-type scanner based on a 3D stacked organic-transistor circuit
with double word-line and double bit-line structure,” IEEE Int'l. Solid-State Circuits Conf. Dig. of Technical Papers, Feb. 2005, pp. 580-581.

[3]1 V. Subramanian et al., “Printed electronic nose vapor-sensors for consumer-product monitoring,” IEEE Int'l. Solid-State Circuits Conf. Digest

of Technical Papers, Feb. 2006, pp. 274-275.
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Integration of Online Microelectronic Device Characterization and

Simulation

B. Cukalovic, J.A. del Alamo
Sponsorship: iCampus (MIT-Microsoft Alliance)

In this project we created a new online laboratory that
combines and significantly upgrades the capabilities of
our two existing online microelectronics labs: WebLab, a
device characterization lab [1], and WebLabSim, a device
simulation lab [2]. The new integrated tool allows users
to run, simultancously, experiments on real devices and
simulations on the virtual ones, as well as to compare the
results of the two. Our hope is that this tool will enrich
microelectronics teaching and learning by allowing students
to compare the real-life behavior of devices with theoretical
expectations.

Both WebLab and WebLabSim were built based on the iL.ab
Shared Architecture. This means that they are both three-
tier systems, consisting of a client Java applet that lets users
set up the experiments/simulations, a laboratory server
that runs them, and a generic service broker that mediates
between the two, through SOAP-based web services. The

Clients running
the new integrated
client in their
JAVA-enabled
browsers

SOAP Messages

A
\ |

Service Broker
(existing) SOAP Messages

modular infrastructure and common interfaces allowed us
to integrate the two labs simply by developing a new lab
front-end (Figure 1). The development was a very smooth
task owing to the facts that the clients of WebLab and
WebLabSim share much of their codebase and that this
existing software core has been gradually perfected in the
eight years of operational history of WebLab.

In addition to integrating the labs, we significantly extended
the capabilities of the original clients. Two of the most
interesting features we added are: 1) the ability to graph the
results of multiple experiments/simulations simultaneously,
on top of each other, which allows for much easier
comparison and 2) the ability to load and display results of
experiments/simulations that ran at any point in the past.
These improvements will be made part of the main client
codebase and, thus, be featured in all new releases of our
online microelectronics laboratories.

&

Lab Server
(existing)

g WeblabSim
Eya Lab Server

(existing)

Lab Hardware

SOAP sages

A Figure 1: Schematic diagram of the new integrated lab as implemented on top of the existing modules and architecture.

REFERENCES

[11 J. A. del Alamo, V. Chang, J. Hardison, D. Zych, and L. Hui, “An online microelectronics device characterization laboratory with a circuit-like
user interface,” Int'l. Conf on Engineering Education 2002, Valencia, Spain, 2003.

[21 A. Solis, “MIT device simulation WebLab: an online simulator for microelectronic devices.” Master's thesis, Massachusetts Institute of
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The ELVIS iLab: a Flexible Platform for Online Laboratory
Experiments in Electrical Engineering

S. Gikandi, J.A. del Alamo
Sponsorship: Carnegie Corporation of New York, Microsoft

This project is part of the collaboration between MIT
and universities in sub-Sahara Africa to exploit the value
of iLabs in the developing world [1]. The main goal of
this project is to develop software that will integrate the
National Instruments Educational Laboratory Virtual
Instrumentation Suite (ELVIS) into the iLabs shared
architecture. The project takes into consideration the
special circumstances surrounding the deployment of iLabs
in Africa such as bandwidth limitations, limited access to
networked computers, and lack of computer skills on the part
of students. Integrating ELVIS into iLabs will facilitate the
rapid deployment of new online labs to augment the physics
and electrical engineering curricula in these universities.

The iLab development efforts for this project are being
made in parallel with developers at the Obafemi Awolowo
University (OAU) in Nigeria. One of the main goals of the
new system 1s to fill the gap of laboratory experiences in
introductory level electronics and physics classes, which are
hardest hit by the lack of equipment due to their typically

large enrollment. Our goal is to support the development
of electronic circuit building skills by providing an
environment where students can easily try different circuit
configurations before submitting experiments for execution.
We are therefore investigating new iLab client-user interface
designs that will enable students to create and edit circuit
schematics from provided electronic components.

Our ELVIS iLab design will also formalize and simplify
the process of creating and administering such labs for
instructors, thereby speeding up the deployment of new labs
in an environment where software development skills are not
at a premium. This will be achieved by recycling many of
the components that currently lie behind the success of the
microelectronics weblab [2]; these components have been
adapted before for new iLabs [3]. Besides reusing existing
software, the project aims to make a major contribution
towards enhancing students’ experiences with iLabs through
its new Interactive client design.

NI-ELVIS Board

iLab Graphical Client
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¥
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A Figure 1: This diagram shows how many of the microelectronics weblab components can be adapted to create software for

developing new iLabs that communicate with the ELVIS board.

REFERENCES
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Increasing Reliability, Reusability, and Measurement Flexibility in the

MIT Microelectronics WebLab

J. Hardison, A. Haldar, J.A. del Alamo
Sponsorship: Microsoft

A number of updates have recently been made to the MIT
Microelectronics WebLab, an online semiconductor device
characterization laboratory. The most recent major release
came in the Spring of 2004 with WebLab 6.0; the first lab
built on the iLab Shared Architecture and an exemplar for
lab development using that architecture [1]. These latest
revisions focus on increasing the functionality and reliability
of thelab as well as its efficacy as a reference implementation
for other developers.

The functionality of WebLab has been expanded with the
integration of an Agilent 41501B SMU & Pulse Generator
Expander.  This addition increases the measurement
capacity from 100 volts and 100 milliamps to 200 volts and
1 amp, allowing the characterization of high power devices.
The result is a lab with broader utility that can be used in a
greater range of courses.

Revisions have also been made to the WebLab Lab Server
software (Figure 1). A stand-alone utility now performs
the parsing of XML-encoded experiment specification
documents. Previously, this functionality was duplicated in a
number of other components. The Experiment Validation
module has been re-written in an effort to streamline its
operation and make it easier to modify validation criteria.

Finally, the WebLab Experiment Execution Engine,
which governs the execution of experiments on the lab
instrumentation, hasbeen similarly streamlined and deployed
as a Windows service. All of these revisions contribute to the
reliability of the lab by reducing the complexity of the code
base, increasing modularity, enabling easier modification,
and improving the integration of the lab server software
with the host server.

Additionally, these revisions benefit lab developers using
WebLab as areference. Clearly written modular components
can be more casily co-opted into otherlabs or used as models
for original components. Further, thorough documentation
details the specific functionality and reusability of these
revised components.

WebLab continues to be used for credited lab assignments
in undergraduate and graduate level courses both at MIT
and at other institutions. It is also made publicly available
through MIT’s OpenCourseWare initiative [2].  The
WebLab source continues to be released a model for other
lab developers and has been used as the basis for other
online labs. The MIT Microelectronics WebLab can
be accessed for in-course use at http://ilab.mit.edu or at
http://openilabs.mit.edu for unrestricted guest use.

Modules Internal to Web Server
Public Internet
(SOAP/XML)

to Service Broker

— L

Lab Server for the Microelectronics WeblLab

Independent Modules

Lab Instruments

Experiment (GPIB)

Execution
Engine

Shared Utilities:

A Figure 1: Schematic of the Microelectronics WebLab Lab Server detailing
the relationships between the revised components.
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A Low-cost Platform for Online Experiments

P. Mitros, J.A. del Alamo
Sponsorship: Carnegie Corporation of New York

The goal of the iLab project is to connect laboratory
instruments to the web, allowing students to perform
experiments from anywhere at anytime. We are developing a
low-cost platform for the development of online electronics
experiments for use under the iLab architecture. With this
board, instructors in the developed world will be able to
quickly, cheaply, and easily deploy onlinelaboratories relevant
to specific problem sets. In addition, it will dramatically
facilitate the creation of ilLabs in the developing world,
where students would otherwise have extremely limited
practical experience, due to equipment costs.

The initial version of the platform consists of a USB-powered
board with eight analog inputs, eight analog outputs, and a
number of digital general purpose 10 ports. This board can
be used to deploy basic electronic experiments for under
$30. It can be used for static and low-speed experiments,
such as characterizing the input/output relationship of
a logic gate or plotting the response of an integrator to a
variety of waveforms. In addition, in conjunction with a

daughterboard being developed, the system can function as
a basic, low-precision parameter analyzer for around $40.
This daughterboard can convert each set of 2 analog input
ports, 1 analog output ports, and 1 digital port into one
SMU port capable of outputting cither a controlled voltage
or a controlled current and capable of measuring both the
current and the voltage (for a total of 4 SMU).

We currently have a working prototype PCB of the main
board, shown in Figure 1. We have developed and tested
the parameter analyzer daughterboard on a protoboard.
We have manufactured, but not yet tested, a prototype
PCB version of the parameter analyzer daughterboard,
as well as of a candidate final version of the main board.
In addition, we are working on integrating the system into
the iLab Shared Architecture. We are doing a preliminary
investigation of the possibility of developing similar low-
cost equipment for other types of experiments, e.g., higher-
speed circuits.

A Figure 1: The prototype iLab Mini PCB board.



Low-cost Atomic Force Microscopy for the Bioinstrumentation Teaching

Laboratory

M. Shusteff, T.P. Burg, S.R. Manalis
Sponsorship: Cambridge-MIT Institute educational grant

We present a low-cost atomic force microscopy (AFM)
apparatus that we have designed and built for use in an
undergraduate teaching laboratory. The tool gives students
hands-on access to nano-Newton force measurements,
and sub-angstrom position measurements. The apparatus
relies mainly on off-the-shelf components and utilizes an
interferometric position sensor known as the interdigitated
(ID) cantilever to obtain high resolution. The mechanical
properties of the ID readout enable a robust and open
design that makes it possible for students to learn about and
directly control any part of it. Its instructional advantage is
that students interact with a complete measurement system,
and learn measurement principles in context.

This AFM enables several experiments in biomechanics
and thermodynamics. Students have used it for imaging,
measuring the elastic modulus of a surface, and measuring
Boltzmann’s constant £, by recording the thermo-
mechanical noise of the probe cantilever and applying the
equipartition theorem. Further experiments for measuring
molecular forces and elastic moduli of live cells are in
development. In addition to gaining an appreciation of the
lower limits of position and force measurement, students
learn to apply numerous classroom concepts such as digital
sampling, Fourier-domain analysis, noise sources, and error
propagation.

The complete design details are available online at http://
web.mit.edu/be/teachAFM/ .

REFERENCES

[11 M. Shusteff, T.P. Burg, and S.R. Manalis “Measuring Boltzmann's constant with a low-cost atomic force microscope: an undergraduate

experiment,” American Journal of Physics, to be published.
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A Figure 1: (a) A scanning electron micrograph (SEM) image
of the cantilever probe used for imaging. The short side-levers
are used as fixed reference beams and do not contact the
sample. (b) A 15 pm square image of human red blood cells
taken with our AFM, imaged in air after the cells were dried
on a glass substrate (32 lines of data x 250 points per line,
up-sampled to 400 x 400 pixels). (c) Power spectral density
data of cantilever vibrations driven by ambient thermal energy
(curves “a” and “c”) and corresponding fits (curves “b” and “d”)
for 350 pm and 275 pm long cantilevers, respectively. Fitting
a second-order model harmonic oscillator function to the data
yields key system parameters like quality factor Q and resonant
frequency fO, which allow the calculation of kB by equipartition.
(d) Normalized data collected for an experiment to measure
elastic modulus. The period of the oscillating section of the
force curves is larger for softer samples. Force curve 1 was
taken on a hard sample (silicon nitride), whereas curves 2 and
3 were taken on PDMS of variable hardness (Dow Corning
Sylgard 184 mixed in ratios of 10:1 and 25:1, respectively).
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[4]1 J.E. Sader, J.W.M. Chon and P. Mulvaney “Calibration of rectangular atomic force microscope cantilevers,” Review of Scientific Instruments,
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Microfabrication Project Laboratory (6.151)

Technical Instructor, L. Wang

This laboratory course is offered in the spring semester for
students that have already completed 6.152]. The course
is designed to teach experimental microfabrication process
design. The students of this subject are given a broad process
goal, namely to build a device, and they are challenged to
design and develop a process sequence. Typically, the entire
class (4-6 students) works on one device, and they partition
the integrated process into a set of unit process sequences.
Work proceeds first, on the developmentof the unit processes,

and then, on the integrated process. In recent years, the
students have succeeded in microfabricating micromachined
contactors for integrated circuit testing, flexible electrode
arrays for retinal implants, and microcantilevers for AFM
applications.



Micro/Nano Processing Technology (3.155J/6.152J)

Technical Instructor, L. Wang

This combinationlaboratory andlecture courseis offered and
taught jointly by the Department of Electrical Engineering
and Computer Science and the Materials Science and
Engineering Department. The course includes weekly
lectures on all aspects of micro/nano processing technology
with design problems to teach process design. Additionally,
the course includes weekly laboratory sessions conducted in
the MTL. During these sessions, each student fabricates a

walfer of poly-silicon gate MOS devices, silicon nitride nano-
mechanical devices, and a plastic microfluidic mixer. All the
devices and structures are tested and laboratory reports
correlating the test results with theoretical expectations
culminates the education experience. The course is offered
every semester, and a laboratory-only version of the course
is offered 3-4 times/year.
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MTL RESEARCH CENTERS Center for Integrated Circuits and Systems

Prof. Hae-Seung Lee, Director

The Center for Integrated Circuits and Systems (CICS) at MI'T, established in early 1998, is an industrial consortium created to promote
new research initiatives in circuits and systems design, as well as to promote a tighter technical relationship between MI'T’s research and
relevant industry. Seven faculty members participate in the CICS: Hae-Seung Lee (director), Anantha Chandrakasan, Joel Dawson,
Michael Perrott, David Perreault, Charles Sodini, and Vladimir Stojanovic. CICS investigates a wide range of circuits and systems,
including wireless and wireline communication, high-speed and RF circuits, microsensor/actuator systems, imagers, digital and analog

signal processing circuits, DC-DC converters, among others.

We strongly believe in the synergistic relation between industry and academia, especially in practical research areas of integrated
circuits and systems. We are convinced that CICS is the conduit for such synergy. At present, participating companies include Analog
Devices, IBM, Linear Technology, Marvell Technology Group, Maxim Integrated Products, National Semiconductor, Philips, Silicon

Laboratories, and Texas Instruments.

CICS?’s research portfolio includes all research projects that the seven participating faculty members conduct, regardless of source(s) of
funding, with a few exceptions. (A very small number of projects have restrictions on information dissemination placed on them due to

the nature of funding)

Technical interaction between industry and MIT researchers occurs both on a broad and individual level. Since its inception, CICS
recognized the importance of holding technical meetings to facilitate communication between MIT faculty and students and industry.
We hold two informal technical meetings per year open to participating companies. Throughout each full day meeting, faculty and
students present their research, often presenting early concepts, designs, and results that have not been published yet, giving early access
to meeting attendees. Participating companies then offer valuable technical feedback, as well as suggestions for future research. We have

held bi-annual meetings each year, and the response from industry has been overwhelmingly positive.

More intimate interaction between MIT researchers and industry takes place while working on projects of particular interest to
participating companies. Companies may invite students to give on-site presentations, or they may offer students summer employment.
Additionally, companies may send visiting scholars to MI'T. The result is truly synergistic, and we strongly believe that it will have a lasting

impact in the field of integrated circuits and systems.
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MTL RESEARCH CENTERS Intelligent Transporation Research Center

Dr. Ichiro Masaki, Director

Transportation is an important infrastructure for our society. It is time to propose a new transportation scheme for resolving the increasing
transportation problems. In responding to social needs, MIT’s Microsystems Technology Laboratories established the Intelligent
Transportation Research Center (ITRC) in September 1998 as a contact point of industry, government, and academia for I'TS research

and development.

ITRC focuses on the key Intelligent Transportation Systems (I'TS) technologies, including an integrated network of transportation
information, automatic crash & incident detection, notification and response, advanced crash avoidance technology, advanced
transportation monitoring and management, ctc., in order to improve the safety, security, efficiency, mobile access, and environment.

There are two emphasis for research conduced in the center:

* The integration of component technology research and system design research.

* The integration of technical possibilities and social needs.

I'TRC proposes the incremental conversion and development process from current to near and far future systems and develops enabling
key components in collaboration with the government, industries, and other institutions. Other necessary steps are the integration of
technical, social, economical, and political aspects. The integration of the Intelligent Transportation Systems in different countries is also

essential. The integration of vehicles, roads, and other modes of transportation, such as railways and public buses, are all imperative.

These integrations are fulfilled with the cooperation of researchers in various fields, including the Microsystems Technology Laboratory
(MTL), the Research Laboratory of Electronics (RLE), the Artificial Intelligence Laboratory (Al), the Center for Transportation
Studies (C'T'S), the Age Laboratory, the Department of Electrical Engineering and Computer Science, the Department of Civil and
Environmental Engineering, the Department of Aeronautics and Astronautics, and the Sloan School of Management. The research

center has 8 MIT faculty and several visiting professors and scientists. The director of the center is Dr. Ichiro Masaki.



MEMS@MIT

MTL RESEARCH CENTERS Prof. Martin A. Schmidt, Director

The MEMS@MIT Center is a newly formed center intended to serve as a means to unite the wide-ranging campus activities in Micro/
nano systems and MEMS with forward-looking industrial organizations. Currently, MEMS@MIT is comprised of more than 125
faculty, students, and staff working on a broad research agenda and supported by more than §10 million/year. The MEMS research

efforts on campus focus on three overarching themes:

1)  Biological, Chemical and Medical MEMS — includes work on manipulation and processing of biologically-relevant materials of
varying size scales from tissue engineering scaffolds and cell manipulation, to devices for separation and sorting of DNA and
proteins, sensing platforms for detection of biomolecules, a wide range of microfluidic devices, and microchemical systems for

synthesis and characterization

i)  Power MEMS — includes work on energy scavenging by vibration harvesting, various approaches to fuel burning power generation,

eg. thermo- photovoltaics, fuel cells, microturbines

iii)  Enabling Technologies — includes work on MEMS processes and process modeling (eg. materials characterization, CAD tools and

novel metrology methods), and micro and nano-mechanical devices, ie. switches, actuators, and self-assembled devices.
Membership benefits include:

*  Insight to newest ideas in MEMS
*  Early access to research results

*  Early awareness of IP generated for licensing

SI91UBY) Y2Jeasay 1IN
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MTL RESEARCH CENTERS MIT Center for Integrated Photonic Systems

Prof. Rajeev J. Ram, Director

The goals of the Center for Integrated Photonic Systems are:

1. To provide leadership and direction for research and development in photonics.
The core activity of CIPS is the development of a long-range vision for research and the development of integrated photonic devices
& systems. CIPS will host forums and facilitate working groups with industrial consortium members to identify and discuss technology

and road mapping issues:

*  technology directions

*  potential disruptive technologies

*  technical barriers (gaps)

*  actions needed to enable future-generation systems, and

. manufacturing and market issues that drive timing of technology deployment.

As an academic institution we can work openly with a variety of different organizations in developing and gathering input for our models.
Whether it is performance data for new devices ‘in the lab,” yield data for existing manufacturing processes, planning documents, or
first-hand observations of the corporate decision making process, CIPS researchers benefit greatly from the unique relationship between
MIT and industry. The level of detail and intellectual rigor of the models being developed here is complemented by the high quality of
data available to us. CIPS researchers are developing models of optical and electronic devices, the packages they are wrapped inside, the
manufacturing processes that assemble them, the standards that define them, the market that buys them, and the policy processes which

influence their deployment.

2. To foster an Institute wide community of researchers in the field of integrated photonics & systems.

The Departments of Electrical Engineering and Computer Science, Materials Science and Engineering, Mechanical Engineering
and Economics are consistently ranked as the top graduate programs in the country. Likewise, the Sloan School of Management has
consistently ranked first in the nation in the areas of information technology, operations research, and supply chain management.
CIPS leverages MIT’s strengths, by unifying the photonics researchers in these departments and laboratories to focus on technology
developments in photonics. The combined volume of research funds in the photonics area at MIT exceeds $20 million dollars annually.
The faculty and staff at MI'T in photonics related areas have included Claude Shannon (founder of information theory), Charles Townes
(inventor of the laser), Robert Rediker (inventor of the semiconductor lasers), and Hermann Haus (inventor of the single frequency
semiconductor laser & ultrafast optical switch). CIPS affiliated faculty and staff continue this tradition of excellence in areas ranging from

optical network architectures to novel optical devices to novel photonic materials.

3. To integrate member companies into the MIT photonics community.

CIPS will host annual meetings and seminars in photonics. For CIPS member companies, focused visits to the Institute for individual
companies will be organized with faculty and graduate students. In addition, CIPS will hold forums geared towards the creation of
campus-industry teams to pursue large-scale research programs. CIPS will host poster sessions at the annual meeting so as to introduce
graduate students and their research to industry. CIPS publications will include a resume book of recent graduate students in the area of
photonics. Graduates of the Massachusetts Institute of Technology have founded 4,000 firms which, in 1994 alone, employed at least 1.1
million people and generated $232 billion of world sales. Photonics related companies founded by alumni include Sycamore Networks,

Analog Devices, Texas Instruments, Hewlett-Packard, and 3Com as well as recent start-up such as OmniGuide.

Member companies have the opportunity to guide the research of CIPS faculty and students through the Working Groups (WGs) and

individual graduate student awards.
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Akintunde I. (Tayo) Akinwande

Professor

Department of Electrical Engineering and Computer Science

COLLABORATORS

M. Martinez-Sanchez, MIT

V. Bulovic, MIT

H.I. Smith, MIT

M.A. Schmidt, MIT

B.E. Gnade, UT Dallas

A.A. Seshia, University of Cambridge

POSTDOCTORAL ASSOCIATES

Y.W. Choi, MIT
L.E Velasquez-Garcia, MIT

GRADUATE STUDENTS

L.-Y. Chen, Res. Asst., EECS
G. Sha, Res. Asst., Physics

J. Walker, Res. Asst., EECS
A.L. Wang, Res. Asst., EECS
L. Lebel, Res. Asst., AA

SUPPORT STAFF
C. Collins, Admin. Asst. IT

PUBLICATIONS

I. Kymissis and A.. Akinwande,
“Organic  field  emission  device
integrated with organic transistor,”
IEEE Transactions on Electron Devices, vol.
52, no. 8, pp. 1907-1914, Aug. 2005.

C.-Y. Hong and A.I. Akinwande,
“Oxidation sharpening mechanism for
silicon tip formation,” FElectrochemical
and Solid-State Letters, vol. 8, no. 5, pp.
F13-F15, Apr. 2005.

I Kymissis, C.G. Sodini, A.IL
Akinwande, and V. Bulovic, “An
organic semiconductor based process
for  photodetecting  applications,”
IEEE International Electron Device Meeting
Technical Digest, Dec. 2004, pp. 377-
380.

AL Wang, I. Kymissis, V. Bulovic, and
A.l. Akinwande, “Process control of
threshold voltage in organic FETS,”
IEEE International Electron Device Meeling
Technical Digest, Dec. 2004, pp. 381-
384.

L-D. Kim, Y_W. Choi, A.I. Akinwande,
and H.L. Tuller, “Novel laser transfer
method for flexible electronic,
photonic, and MEMS application,”
presented at Materials Research Society
Fall Meeting, 2004.

L.F. Velasquez-Garcia, A.I. Akinwande,
and M. Martinez-Sanchez, “Advances
in micro—fabricated droplet emission
mode 1D colloid thruster array,” in
Proc. 4" International Spacecraft Propulsion
Conference, Cagliari, Italy, June 2004, p.
30.

YW. Choi, J.S. Park, I. Kymissis,
Al Wang, R.G. Gordon, and Al
Akinwande, “Pentacene organic TFT
with Al,O4 gate dielectric deposited
using atomic layer deposition method,”
presented at Materials Research Society
Spring Meeting, 2004.

I Kymissis, C.G. Sodini, AL
Akinwande, and V. Bulovic, “A process
forintegrated organic photodetection,”
presented at SPIE Photonics West, 2004.

L-Y. Chen and A.l. Akinwande,
“Double-gated silicon field
emission arrays: fabrication and

characterization,” in 17" International
Vacuum Nanoelectronics Conference Technical
Digest, Cambridge, MA, July 2004, pp.
200-201.

L.F  Velasquez, Al  Akinwande,
and M. Martinez-Sanchez, “Two-
dimensional micro-fabricated colloid
thruster array,” presented at the
40th  AIAA/ASME/SAE/ASEE  Fount
Propulsion Conference and Exhibit, 2004.



Dimitri A. Antoniadis

Ray and Maria Stata Professor of Electrical Engineering
Department of Electrical Engineering and Computer Science

COLLABORATORS

R. Lei, Intel
M. Lee, MIT

GRADUATE STUDENTS

J. Hennessy, Res. Asst., EECS

A. Khakifirooz, Res. Asst., EECS
J-K. Lee, Res. Asst., EECS

O. Nayfeh, Res. Asst., EECS

A. Ritenour, Res. Asst., EECS

SUPPORT STAFF
M. Hudak, Admin. Asst. II

PUBLICATIONS

A. Khakifirooz and D.A. Antoniadis,
“Scalability ~ of  hole  mobility
enhancement in biaxially strained
ultrathin body SOI,” IEEE Electron
Device Letters, vol. 27, no. 5, pp. 402-
404, May 2006.

A. Ritenour, A. Khakifirooz, D.A.

Antoniadis, R.Z. Lei, W. Tsai,
A. Dimoulas, G. Mavrou, and Y.
Panayiotatos, “Subnanometer-

equivalent-oxide-thickness germanium
p-MOS field-effect-transistors
fabricated using molecular-beam-
deposited high-k/metal gate stack,”
Applied  Physics  Letters, vol. 88, p.
132107:1-3, Mar. 2006.

W.P. Bai, N. Lu, A. Ritenour, M.L. Lee,
D.A. Antoniadis, and D.L.. Kwong,
“Ge n-MOSFETs on lightly doped
substrates with high-x dielectric and
TaN gate,” IEEE Electron Device Lelters,
vol. 27, no. 3, pp. 175-178, Mar. 2006.

R.Z. Lei, W. Tsai, I. Aberg, TB.
O’Reilly, J.L. Hoyt, D.A. Antoniadis,
H.I.Smith, A ]J. Paul, M.L. Green, J.
Li, and R. Hull, “Strain relaxation in
patterned strained silicon directly on
msulator structures,” Applied Physics
Letters, vol. 87, pp. 251926:1-3, Dec.
2005.

M.A. Rahman, T. Osipowicz, K.L.
Pey, LJ. Lin, WK. Choi, D.Z. Chi,
D.A. Antoniadis, E.A. Titzgerald,
and D.M. Isaacson, “Suppression of
oxidation in nickel germanosilicides by
Ptincorporation,” Applied Physics Letters,
vol. 87, pp. 182116:1-3, Oct. 2005.

I. Aberg, TA. Langdo, Z.-Y. Cheng, A.
Lochtefeld, I. Lauer, D.A. Antoniadis,
and J.L. Hoyt, “Transport and leakage
in super-critical thickness strained
silicon on insulator MOSFETs with
strained Si thickness up to 135 nm,”
in Proc. IEEE SOI Conference, Honoluu,
HI, Oct. 2005, pp. 24-26.

LJ. Jin, K.L. Pey, WK. Choi, E.A.
Fitzgerald, D.A. Antoniadis, A,J. Pitera,
M.L. Lee, D.Z. Chi, M.A. Rahman, T.
Osipowicz, and C.H. Tung, “Effect
of Pt on agglomeration and Ge out
diffusion in Ni(Pt) germanosilicide,”
Journal of Applied Physics, vol. 98, pp.
033520: 1-6, Aug. 2005.

B.H. Koh, EWH. Kan, WK. Chim,
WK. Choi, D.A. Antoniadis, and
E.A. Fitzgerald, “ITraps in germanium
nanocrystal memory and effect on
charge retention: Modeling and
experimental measurements,” Journal
of Applied Physics, vol. 97, pp. 124305:1-
9, June 2005.

I. Lauer and D.A. Antoniadis
“Enhancement of electron mobility
in ultrathin-body silicon-on-insulator
MOSFETs with uniaxial strain,” IEEE
Electron Device Letters, vol. 26, no. 5, pp.
314-316, May 2005.

LJ. Jin, K.L. Pey, WK. Choi, E.A.
Fitzgerald, D.A. Antoniadis, A,J. Pitera,
M.L. Lee, and C.H. Tung, “Highly
oriented Ni(Pd)SiGe formation at
400°C,” Journal of Applied Physics, vol.
97, pp. 104917: 1-5, May 2005.

H.M. Nayfeh, JL. Hoyt, and D.A.
Antoniadis, ‘A physically based
analytical model for the threshold
voltage of strained- Si n-MOSFETs,”
IEEE Transactions on Electron Devices, vol.
51, no. 12, pp. 2069-2072, Dec. 2004.

G. Xia, H.M. Nayfeh, M.L. Lee, E.A.
Fitzgerald, D.A. Antoniadis, D.H.
Anjum, J. Li, R. Hull, N. Klymko, and
J-L. Hoyt, “Impact of ion implantation
damage and thermal budget on
mobility enhancement in strained-
Si N-channel MOSFETs,” IEEE
Transactions on Electron Devices, vol. 51,
no. 12, pp. 2136-2144, Dec. 2004.

Jo Jung, S. Yu, M. L. Lee, J.L.
Hoyt, E.A. Titzgerald, and D.A.
Antoniadis, “Mobility Enhancement
in Dual-channel p-MOSFETs,” IEEE
Transactions on Electron Devices, vol. 51,
no. 9, pp. 1424-1431, Sept. 2004.
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Marc Baldo
Assistant Professor

Department of Electrical Engineering and Computer Science

COLLABORATORS

J. Shinar, Towa State University

Z.. Soos, Princeton University

B.D. Bruce, University of Tennessee,
Knoxville

N. Lebedev, Naval Research
Laboratory

M. Singh, MIT

GRADUATE STUDENTS

M. Segal, Res. Asst., EECS

J- Mapel, Res. Asst., EECS

K. Milaninia, Res. Asst.,, MSE
B.N. Limketkai, Res. Asst., EECS
M. Bora, Res. Asst., Physics

K. Celabi, Res. Asst., Physics

T. Heidel, Res. Asst., EECS

M. Currie, Res. Asst., EECS

SUPPORT STAFF
E. Moran, Admin. Asst. |

PUBLICATIONS

P. Kiley, X. Zhao, M. Vaughn, M.A.
Baldo, B.D. Bruce, and S. Zhang, “Self-
assembling peptide detergents stabilize
isolated photosystem I on a dry surface
for an extended time,” Public Library
of Science (PLoS) Biology, vol. 3, no. 7,
pp-1180-1186, July 2005.

M. Segal, M.A. Baldo, M.K. Lee, J.
Shinar and Z.G. Soos, “The frequency
response and origin of the spin-1/2
photoluminescence-detected magnetic
resonance in a pi-conjugated polymer,”
Physical Review B, vol. 71, no. 24, pp.
245201: 1-11, June 2005.

M.A. Baldo and M. Segal,
“Phosphorescence as a probe of
exciton formation and energy transfer
in organic light emitting diodes,”
physica status solidi (a), vol. 201, no. 6,
pp. 1205-1214, May 2004.

R. Das, PJ. Kiley, M. Segal, J. Norville,
AA. Yu, L. Wang, S. Trammell, L.E.
Reddick, R. Kumar, S. Zhang, E
Stellacci, N. Lebedey, J. Schnur, B.D.
Bruce, and M.A. Baldo, “Solid state
integration of photosynthetic protein
molecular complexes,” Nano Letters, vol.
4, no. 6, pp. 1079-1083, May 2004.

M.K. Lee, M. Segal, Z.G. Soos, ].
Shinar, and M.A. Baldo, “Yield of
singlet excitons in organic light-
emitting devices: A double modulation
photoluminescence-detected magnetic

resonance study,” Physical Review Lelters,
vol. 94, no. 13, 137403, Apr. 2005.

B.N. Limketkai and M.A. Baldo,
“Charge injection into cathode-doped
amorphous organic semiconductors,”
Physical Review B, vol. 71, no. 8, pp.
085207: 1-9, Feb. 2005.

M. Segaland M. A. Baldo, “Reverse bias
measurements of the photoluminescent
efficiency of semiconducting organic
thin films,” Organic Electronics, vol. 4,
no. 3, pp. 191-197, 2003.

M. Segal, M.A. Baldo, R.J. Holmes,
S.R. Forrest and Z.G. Soos, “Excitonic
singlet-triplet ratios in molecular and
polymeric organic materials,” Physical
Review B, vol. 68, no. 7, pp. 075211: 1-
14, Aug. 2003.



George Barbastathis
Associate Professor

Department of Mechanical Engineering

COLLABORATORS

E. Demaine, MIT

E. Ippen, MIT

F. Kaertner, MIT

S.-G. Kim, MIT

C. Livermore, MIT

J- Milgram, MIT

D. Pucci de Farias, MIT

Y. Shao-Horn, MIT

H.I. Smith, MIT

H.L. Tuller, MIT

J- Barton, University of Arizona
R.K. Kostuk, University of Arizona
M.A. Neifeld, University of Arizona
D. Psaltis, Caltech

GRADUATE STUDENTS

N. Shaar, Res. Asst., ME

W. Arora, Res. Asst., EECS

L. Waller, Res. Asst., EECS

AJ. Nichol, Res. Asst., ME

S. Oh, Res. Asst., ME

P. Stellman, Res. Asst., ME

H.J. In, Res. Asst., ME

J. Dominguez-Caballero, Res. Asst.,
ME

S. Takahashi, Res. Asst., ME

SUPPORT STAFF
N. Hanafin, Admin. Asst. II

PUBLICATIONS

WJ. Arora, AJ. Nichol, H.I. Smith, and
G. Barbastathis, “Membrane folding
to achieve 3-D nanostructures: Nano-
patterned silicon nitride folded with
stressed chromium hinges,” Applied
Physics Letters, vol. 88, pp. 053108: 1-3,
Jan. 2006.

K. Tian, T. Cuingnet, Z. Li, W.
Liu, D. Psaltis, and G. Barbastathis,
“Diffraction from deformed volume
holograms: ~ Perturbation  theory
approach,” Journal of the Optical Society
of America A, vol. 22, no. 12, pp. 2880-
2889, Dec. 2005.

K. Tian, G. Barbastathis, and J.H.
Hong, “Localized guided propagation
modes in photonic crystals with shear
discontinuities,” in Proc. 5Sth IEEE
Conference on  Nanotechnology, Nagoya,
Japan, July 2005, pp. 31-34.

W. Sun, G. Barbastathis, and M.A.
Neifeld, “High-resolution  volume
holographic profilometry using the
Viterbi algorithm,” Oplics Letters, vol.
30, no. 11, pp. 1297-1299, June 2005.

G.N. Nielson, D. Seneviratne, F
Lopez-Royo, P. Rakich, M.R. Watts,
H.A. Haus, H.L. Tuller, and G.
Barbastathis, “Integrated wavelength-
selective optical MEMS  switching
using ring resonator filters,” IEEE
Photonics Technology Letters, vol. 17, no. 6,
pp- 1190-1192, June 2005.

G. Barbastathis, “Imaging properties of
three-dimensional pupils,” presented
at OSA Topical Meeting on Computational
Optical Sensing and Imaging, 2005.

7. Xu, K. Tian, W. Sun, G. Barbastathis,
and ML.A. Neifeld, “Rigorous analysis
of strong spherical wave gratings
using a slice-and-cascade approach,”
presented at OSA Topical Meeting on
Information Photonics, 2005.

7. Xu, W. Sun, K. Tian, and G.
Barbastathis, “Numerical simulation
of hyper-spectral volume holographic
imaging  using  slice-and-cascade
method,” presented at 0S4 Topial
Meeting on Information Photonics, 2005.

W. Sun and G. Barbastathis, “Rainbow
volume holographic imaging,” Optics
Letters, vol. 30, no. 9, pp. 976-978, May
2005.

W. Sun. G. Barbastathis, and M.A.
Neifeld, “Maximum-likelihood surface
reconstruction with Viterbi algorithm
for volume holographic profilometry,”
presented at Conference on Lasers and

Electro-Optics (CLEO/QELS), 2005.

W. Sun, K. Tian, and G. Barbastathis,
“Hyper-spectral imaging with volume
holographic lenses,” presented at

CLEO/QELS, 2005.

K. Tian, Z. L1, T Cuingnet, W. Liu, and
D. Psaltis, “Diffraction from arbitrarily
deformed  volume holograms,”

presented at CLEO/QELS, 2005.

H.J. In, WJ. Arora, H.I. Smith, and
G. Barbastathis, “The nanostructured
Origami 3D fabrication and assembly
process for nanopatterned 3D
structures,” in Proc. SPIE Smart Structures
and Materials, San Diego, CA, May
2005, pp. 84-95.

R. Menon, D. Gil, G. Barbastathis, and
H.I. Smith, “Photon-sieve lithography,”
Journal of the Optical Society of America A,
vol. 22, no. 2, pp. 342-345, Feb. 2005.
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Karl K. Berggren
Assistant Professor

Department of Electrical Engineering and Computer Science

COLLABORATORS

A. Abouraddy, MIT

S. Harrer, TUM.

AJ. Kerman, Lincoln Laboratory
S.-W. Nam, NIST

T. Orlando, MIT

J. Stern, JPL

J- Thywissen, U. of Toronto

POSTDOCTORAL STUDENTS
K. Rosfjord, EECS

GRADUATE STUDENTS

V. Anant, Res. Asst., EECS
B. Cord, Res. Asst., EECS

E. Dauler, Res. Asst., EECS
J. Leu, Res. Asst., EECS

D. Sanchez, Res. Asst., EECS
J- Yang, Res. Asst., EECS

UNDERGRADUATE STUDENTS

Y. Ma, UROP
A. Chao, UROP

VISITING STUDENTS

D. Masciarelli, Polytechnic of Turin
G. Salvatore, Polytechnic of Turin

SUPPORT STAFF

T. Kuhn, Admin. Asst.
J. Daley, Project Technician
M. Mondol, Facility Manager, SEBL

PUBLICATIONS

AJ. Kerman, E.A. Dauler, WE.
Keicher, J.K.W. Yang, K.K. Berggren,
G.N. Goltsman, and B.M. Voronoy,
“Kinetic-inductance-limited reset time
of superconducting nanowire photon
counters,” Applied Physics Letters, no. 88,
pp- 111116: 1-3, Mar. 2006.

B. Robinson, A. Kerman, E. Dauler,
R. Barron, D. Caplan, M. Stevens,
J. Carney, S. Hamilton, J. Yang and
K.K. Berggren, “781-Mbit/s photon-
counting  optical communications
using a superconducting nanowire
detector,” Optics Letters, vol. 31, no. 4,
pp. 444-446, Feb. 2006.

K.M. Rosfjord, JK.W. Yang, E.A.
Dauler, A J. Kerman, V. Anant, B.M.
Voronov, G.N. Gol'tsman, and K.K.
Berggren “Nanowire single-photon
detector with an integrated optical
cavity and ant- reflection coating,”
Optics Express, vol. 14, no. 2, pp. 527-
534, Jan. 2006.

WD. Olver, Y. Yu, JC. Lee,
K.K. Berggren, L.S. Levitov, and
TP Orlando, “Mach-Zehnder
mterferometry in a strongly driven
superconducting Qubit,” Science, vol.
310, pp. 1653-1657, Dec. 2005.

V. Anant, M. Radmark, AF
Abouraddy, T.C. Killian, and K.K.
Berggren, “Pumped quantum systems:
Immersion fluids of the future,” Journal
of Vacuum Science & Technology B, vol. 23,
no. 6, pp. 2662-2667, Nov. 2005.

JKW. Yang, E. Dauler, A. Ferri, A.
Pearlman, A. Verevkin, G. Goltsman,
B. Voronov, R. Sobolewski, W.E.
Keicher, and K. K.  Berggren,
“Fabrication development for nanowire
GHz-counting-rate single-photon
detectors,” IEEE Transactions on Applied
Superconductivity, vol. 15, no. 2, part 1,
pp- 626-630, June 2005.

Y. Yu, WD. Oliver, J.C. Lee, K.K.
Berggren, and T. P. Orlando, “Energy
relaxation times in Nb persistent
current qubits,” IEEE Trans. Appl.
Supercond, vol. 15, no. 2, part 1, pp.
845-848, June 2005.

J.C. Lee, WD. Oliver, T.P. Orlando,
and K.K. Berggren, “Resonant
readout of a persistent current qubit,”
IEEE Trans. Appl. Supercond, vol. 15, no.
2, part 1, pp. 841-844, June 2005.



Sangeeta N. Bhatia
Associate Professor

Harvard-MIT Division of Health Sciences & Technology
Department of Electrical Engineering and Computer Science

COLLABORATORS

J. Chen, MIT

C. Chen, UPenn

S. Chien, UCSD

F. Gage, Salk Institute

B. Imperiali, MIT

R. Johnson, UCSD

L. Mahadevan, Harvard University
D. Melton, Harvard University

M. Mrksich, University of Chicago
B. Ranscht, Burnham Institute

E. Ruoslahti, Burnham Institute

R. Sah, UCSD

M. Sailor, UCSD

R. Sasisekharan, MIT

J. Shah, HMS

P. Sharp, MIT

S. Suresh, MIT

K. Van Vliet, MIT

R.Weissleder, HMS

J- West, Rice University

GRADUATE STUDENTS

A. Chen, Res. Asst., HST

T. Harris, Res. Asst., HST

G. von Maltzahn, Res. Asst., HST
S. Mittal, Res. Asst., EECS

C. Flaim, Res. Asst., UCSD
Bioengineering

A. Derfus, Res. Asst., UCSD
Bioengineering

SUPPORT STAFF

S. Kangiser, Admin. Asst. IT

K. Hudson, Laboratory Manager
M. Akiyama-Gutierrez, Technical
Assistant

PUBLICATIONS

D.R. Albrecht;, G.H. Underhill,
T.B. Wassermann, R.L. Sah, and
S.N. Bhatia, “Probing the role of
multicellular ~ organization in 3D
microenvironments,” Nature Methods,
vol. 3, pp. 369-375, Apr. 2006.

TJ. Harris, G. von Maltazhn, A.M.
Derfus, E. Rouslahti, and S.N. Bhatia,
“Proteolytic actuation of nanoparticle
self-assembly,”  Agnewandte ~ Chemie
International Edition, vol. 41, no. 19, pp.
3161-3165, 2006.

J-H. Park, A M. Derfus, E. Segal, K.S.
Vecchio, S.N. Bhatia, and M,]J. Sailor,
“Local heating of discrete droplets
using magnetic porous silicon-based
photonic crystals,”  Journal of the
American Chemical Society, 2006, to be
published.

M.P. Schwartz, A.M. Derfus, S.D.
Alvarez, S.N. Bhatia, and M.
Sailor, “The smart petri dish: A
nanostructured photonic crystal for
real-time monitoring of living cells,”
Langmuar, 2006, to be published.

S.N. Bhatia and T. Desai, Eds., Volume
11l Therapeutic  Micro/Nanotechnology.
Encyclopedia of BioMEMS and Biomedical
and  Micronanotechnology, New York:
Springer, to be published.

C. Flaim, S. Chien, and S.N. Bhatia,
‘An extracellular matrix microarray
for probing cellular differentiation,”
Nature Methods, vol. 2, no. 2, pp. 119-
125, 2005.

A.A. Chen, A.M. Derfus, S.R. Khetani
and S.N. Bhatia, “Quantum dots to
monitor RNAi delivery and improve
gene silencing,”  Nucleic Acids Research,

vol. 33, no. 22, p. €190, 2005.

JW. Allen, S.R. Khetani and S.N.
Bhatia, “In vitro zonation and toxicity
in a hepatocyte bioreactor,” Zoxicological
Sciences, vol. 84, pp. 110-119, Mar.
2005.

D.R. Albrecht, V. Lui Tsang, R.L.
Sah and S.N. Bhatia, “Photo-and
electropatterning of live cellular arrays
within hydrogels,” Lab on a Chip, vol. 5,
no. 1, pp. 111-118, 2005.

J-Dorvee, A.M. Derfus, S.N. Bhatia and

M,J. Sailor, “Manipulation of liquid
droplets using amphiphilic, magnetic
1-D  photonic crystal chaperones,”
Nature Materials, vol. 3, no. 12, pp. 896-
899, Dec. 2004.

V. Chin, S. Sanga, P. Taupin, ]J.
Scheel, F.G. Gage, and S.N. Bhatia, ‘A
microfabricated platform for studying
stem cell fates,” Biotechnology —and
Buoengineering, vol. 88, no. 3, pp. 399-
415, Mar. 2004.

D. Albrecht, R. Sah and S.N.
Bhatia, “Geometric and material
determinants of patterning efficiency
by  dielectrophoresis,”  Biophysical
Journal, vol. 87, no. 4, pp. 2131-2147,
Apr. 2004.

V. Liu and S.N. Bhatia, “3D tissue
fabrication,” Advanced Drug Delwery, vol.
56, no. 11, pp. 1635-1647, Nov. 2004.

S.N. Bhatia, “Cell and tissue-based
sensors,” in WTEC (World Technology
FEvaluation ~ Center) — Panel ~ Report  on

International Research and Development in
Biosensing, Aug. 2004, pp. 35-42.

S. Khetani, G. Szulgit, J. Del Rio, C.
Barlow and S.N. Bhatia, “Exploring
mechanisms of stromal-epithelial cell
Interactions using gene expression
profiling,” Hepatology, vol. 40, no. 3, pp.
545-554, Aug. 2004.

A. Derfus, W. Chan and S.N. Bhatia,
“Intracellular delivery of quantum
dots for live cell labeling and organelle

tracking,” Advanced Matenals, vol. 16,
no. 12, pp. 961-966, June 2004.

A. Derfus, W. Chan, and S.N.
Bhatia, “Probing the cytotoxicity
of semiconductor quantum dots,”
Nanoletters, vol. 4, no. 1, pp. 11-18, Jan.
2004.

P. Lin, W. Chan, S. Badylak and
S.N.  Bhatia, “Assessing liver-
derived biomatrix for hepatic tissue
engineering,” Tissue Engineering, vol.
10, no. 7/8, pp. 1046-1053, Jul.-Aug.
2004.
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Duane S. Boning
Professor

Department of Electrical Engineering and Computer Science

GRADUATE STUDENTS

K. Abrokwah, Res. Asst., EECS
K. Balakrishnan, Res. Asst., EECS
H. Cai, Res. Asst., MSE

N. Drego, Res. Asst., EECS

K. Gettings, Res. Asst., EECS
D. Lim, Res. Asst., EECS

A. Somani, Res. Asst., MSE

H. Taylor, Res. Asst., EECS

D. Truque, Res. Asst., EECS

X. Xie, Res. Asst., Physics

SUPPORT STAFF
S. Blake, Admin. Asst. IT

PUBLICATIONS

A. Somani, S.J. White, D. Boning,
P Gschwend and R. Reif,
“Environmental impact evaluation
methodology for emerging silicon-
based technologies,” presented
at IEEE  International Symposium on
Electronics  and  the Environment, San
Francisco, CA, May 2006.

K.O. Abrokwah, PR. Chidambaram,
and D.S. Boning, “Pattern based
prediction for plasma etch,” presented
at 17" Annual IEEE/SEMI Adpanced
Semaconductor Manufacturing  Conference,
Boston, MA, Apr. 2006.

D. Boning, “Variation and design
for manufacturability in advanced
fabrication processes,” presented at
6" International Semiconductor Technology
Conference, 2006.

X. Xie, D. Boning, F. Meyer, R.
Rzehak, and P. Wagner, “Analysis and
modeling of nanotopography impact
in blanket and patterned silicon
wafer polishing,” presented at 7%
International Conference on Chemical-Me-
chanical Planarization for ULSI Multilevel
Interconnection, 2006.

X. Xie, D. Boning, K. Devriendt,
and A.S. Lawing, “Modeling of
friction evolution during STI CMP
as endpoint signals,” presented at 7%
International Conference on Chemical-Me-
chanical Planarization for ULSI Multilevel
Interconnection, 2006.

Z. li, P Lefevre, I. Koshiyama, K.
Ina, D. Boning, and A. Philipossian,
“Comparison of copper disc and
copper wafer polishing processes in
terms of their kinetic, tribological
and thermal characteristics,”
IEEE  Transactions on  Semiconductor
Manufacturing, vol. 18, no. 4, pp. 681-
687, Nov. 2005.

X. Xie and D. Boning, “Relating
fricion in CMP to topography
evolution,” in Proc. Waorld Tribology
Congress III, Washington, DC, Sept.
2005, pp. 64115: 1-2.

Y. Sampurno, L. Borucki, Y. Zhuang,
D. Boning, and A. Philipossian, “A
method for direct measurement of
substrate temperature during copper
CMP,” Fournal of the Electrochemical
Society, vol. 152, no. 7, pp. G537-
G541, July 2005.

B.D. Tang, X. Xie, and D. Boning,
“Damascene  chemical-mechanical
polishing characterization and mod-
eling for polysilicon microelectrome-
chanical systems structures,” Journal
of the Electrochemical Society, vol. 152,
no. 7, pp. G582-G587, July 2005.



V. Michael Bove, Jr.
Principal Research Scientist
Media Arts and Sciences Program/Media Laboratory

COLLABORATORS

W,J. Plesniak, Brigham and Women’s
Hospital

POSTDOCTORAL ASSOCIATES
Q. Smithwick, Media Lab

GRADUATE STUDENTS

J. Barabas, Res. Asst., MAS
D. Hirsh, Res. Asst., MAS

J. Kalanithi, Res. Asst.,, MAS
D. Smalley, Res. Asst., EECS

SUPPORT STAFF
K. Hall, Admin. Asst. II

PUBLICATIONS

S.A. Benton and V.M. Bove. ]Jr,
Holographic Imaging, New York: John
Wiley & Sons, Inc., to be published.

W. Plesniak, M. Halle, VM. Bove,
Jr, J. Barabas, and R. Pappu,
“Reconfigurable image projection
(RIP) holograms,” Optical Engineering,
to be published.

D. Butle, VM. Bove, Jr, and S.
Sridharan,  “Real-time  adaptive
foreground/ background
segmentation,” EURASIP jJournal on
Applied Signal Processing, vol. 14, no. 11,
pp- 2292-2304, Aug. 2005.

B.C. Dalton and V.M. Bove, Jr., “Audio-
based self-localization for ubiquitous
sensor networks,” presented at /18th

Audio  Engineering  Society — Convention,
2005.

VM. Bove, Jr, W]J. Plesniak, T.
Quentmeyer, and J. Barabas, “Real-
time holographic video images with
commodity PC hardware,” in Proc.
SPIE Stereoscopic Displays and Applications,
San Jose, CA, Mar. 2005, pp. 255-
262.
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Vladimir Bulovi¢
Associate Professor

Department of Electrical Engineering and Computer Science

RESEARCH STAFF

I. Kymissis, Postdoctoral Associate

COLLABORATORS

T. Akinwande, MIT

M. Baldo, MIT

M. Bawendi, MIT

P. Benning, HP

P. Mardilovich, HP

A. Nurmikko, Brown Univ.
D. Schut, HP

M. Schmidt, MIT

C.G. Sodini, MIT

T. Swager, MIT

GRADUATE STUDENTS

PO. Anikeeva, Res. Asst. DMSE
A.C. Arango, Res. Asst. EECS
S. Bradley, Res. Asst. EECS

J. Chen, Res. Asst. DMSE

S.A. Coe-Sullivan, Res. Asst. EECS
J. Ho, Res. Asst. EECS

E. Howe, Res. Asst. Physics

L. Kim, Res. Asst. EECS

J. Leu, Res. Asst. EECS

C.F. Madigan, Res. Asst. EECS
1. Nausieda, Res. Asst. EECS
M. Randolph, Res. Asst. DMSE
R. Tabone, Res. Asst. EECS
J-R. Tischler, Res. Asst. EECS
V. Wood, Res. Asst. EECS

J- Yu, Res. Asst. EECS

SUPPORT STAFF
A. Glass, Admin. Asst.

PUBLICATIONS

J-R. Tischler, M.S. Bradley, and V.
Bulovic, “Critically coupled resonators
in vertical geometry using a planar
mirror and a 5nm thick absorbing
film,” Optics Letters, to be published.

PO. Anikeeva,
S.A. Coe-Sullivan, J-S. Steckel,
M.G. Bawendi, and V. Bulovic,
“Photoluminescence of CdSe/ZnS
core/shell quantum dots enhanced by
energy transfer from a phosphorescent
donor,”  Chemical Physics Letters, Apr.
2006, to be published.

C.F. Madigan,

C.F. Madigan and V. Bulovic,
“Modeling of exciton diffusion in
amorphous organic thin films,” Physical
Review Letters, vol. 96, pp. 046404:1-4,
Feb. 2006.

A. Wang, 1. Kymissis, V. Bulovic, and
A.L. Akinwande,” Engineering density
of semiconductor-dielectric interface
states to modulate threshold voltage in
OFETs,” IEEE Transactions on Electron
Devices, vol. 53, no. 1, pp. 9-13, Jan.
2006.

D.J. Mascaro, M.E. Thompson,
H.I. Smith, and V. Bulovic, “Torming
oriented  organic  crystals  from
amorphous thin films on patterned
substrates viasolvent-vaporannealing,”
Organic Electronics, vol. 6, no. 5-6, pp.
211 -220, Dec. 2005.

K. Ryu, I. Kymissis, V. Bulovic, and
C.G. Sodini, “Direct extraction of
mobility in pentacene OFETs using
C—V and -V measurements,” IEEE
Electron Device Letters, vol. 26, no. 10, pp.
716-718, Oct. 2005.

D.C. Oertel, M.G. Bawendi,
A.C. Arango, and V. Bulovic,
“Photodetectors based on treated

CdSe quantum-dot films,” Applied
Physucs Letters, vol. 87, pp. 213505: 1-3,
Nov. 2005.

I. Kymissis, A.L Akinwande, and V.
Bulovic, “A lithographic process flow
for integrated organic field-effect
transistors,” IEEE fournal of Display
Technology, vol. 1, no. 2, pp. 289-294,
Dec. 2005.

M.S. Bradley,  J.R.Tischler, and
V. Bulovic, “Layer-by-layer J-aggregate
thin films with peak absorption constant
of 10% cm!,” Advanced Materials, vol. 17,
no. 15, pp. 1881-1886, July 2005.

J-R. Tischler, ML.S. Bradley, V. Bulovic,
J-H. Song, and A. Nurmikko, “Strong
coupling in a microcavity LED,”
Physical  Review  Letters, vol. 95, pp.
036401: 1-4, July 2005.

C.A. Breen, J.R. Tischler, V. Bulovic,
and TM. Swager,” Highly efficient
blue clectroluminescence from
poly(phenylene-ethynylene) via energy
transfer from a hole transport matrix,”
Advanced Materials, vol. 17, no. 16, pp.
1981-1985, June 2005.

C.A. Breen, S.Rifai, V. Bulovic,
and T:M. Swager, “Blue
electroluminescence from oxadiazole
grafted poly(phenylene-ethynylene)s,”
Nano Letters, vol. 5, no. 8, pp. 1597-
1601, June 2005.

J- Chen, V. Leblanc, S.H. Kang,
M.A. Baldo,  PJ. Benning, = M.A.
Schmidt, and V. Bulovic, “Direct
patterning of organic materials
and metals using a micromachined
printhead,” in Proc. of the Materials
Research Society Meeting, San Francisco,
CA, Apr. 2005, pp. H1.8:1-7.

S.A. Coe-Sullivan, J.S. Steckel, W.-K.
Woo, M.G. Bawendi, and V. Bulovic,
“Large-area ordered quantum-dot
monolayers via phase separation
during spin-casting,” Advanced Functional
Materials, vol. 15, no. 7, pp. 1117-1124,
Apr. 2005.

A. Rose, Z. Zhu, C.F Madigan,
T.M. Swager, and V. Bulovic,
“Sensitivity gains in chemosensing by
lasing action in organic polymers,”
Nature, vol. 434, pp. 876-879, Apr.
2005.



Anantha P. Chandrakasan

Joseph F. & Nancy P. Keithley Professor of Electrical Engineering
Department of Electrical Engineering and Computer Science

GRADUATE STUDENTS

M. Bhardwaj, Res. Asst., EECS

R. Blazquez, Res. Asst., EECS

V. Chandrasekar, Res. Asst., EECS
(co-supervised with Prof. D. Troxel)
F Chen, Res. Asst., EECS (co-
supervised with Prof. V. Stojanovic)
T. S. Cho, Res. Asst., EECS

D. Daly, Res. Asst., EECS

N. Drego, Res. Asst., EECS (co-
supervised with Prof. D. Boning)
D. Finchelstein, Res. Asst., EECS
B. Ginsburg, NDSEG Fellowship,
EECS

F. Honore, Res. Asst., EECS

N. Ickes, Res. Asst., EECS

A. Kern, Res. Asst., EECS

J- Kwong, Res. Asst., EECS

P. Lajevardi, Res. Asst., EECS

F Lee, Res. Asst., EECS

T. Pan, Res. Asst., EECS

Y. Ramadass, Res. Asst., EECS

V. Sze, Res. Asst., EECS

N. Verma, Res. Asst., EECS

D. Wentzloff, Res. Asst., EECS

UNDERGRADUATE STUDENTS

M. Scharfstein
Y. Wu

VISITORS

J-S. Kim, Samsung
A. Oishi, Toshiba

SUPPORT STAFF
M. Flaherty, Admin. Asst. II

PUBLICATIONS

B.H Calhoun and A.P. Chandrakasan,
‘A 256kb sub-threshold SRAM in
65nm CMOS,” [EEE International
Solid-State Circuits Conference, pp. 628-
629, Feb. 2006.

N. Verma and A.P. Chandrakasan, “A
25uW 100kS/s 12b ADC for wireless
micro-sensor  applications,” [EEE
International Solid-State Circuits Conference,
pp- 222-223, Feb. 2006.

R. Blazquez, PP. Newaskar, FS. Lee,
and A.P. Chandrakasan, ‘A baseband
processor for impulse ultra-wideband
communications,” IEEE  Journal of
Solid-State Crrcuits, pp. 1821-1828, Sept.
2005.

B.H. Calhoun, A. Wang, and AP
Chandrakasan, “Modeling and sizing
for minimum energy operation in sub-
threshold circuits,” IEEE FJournal of
Solid-State Circuits, pp. 1778-1786, Sept.
2005.

B.P. Ginsburg and A.P. Chandrakasan,
“Dual scalable 500MS/s, 5b time-
interleaved SAR ADCs for UWB
applications,” in Proc. IEEE 2005
Custom Integrated Circuits Conference, San
Jose, CA, Sept. 2005, pp. 403-406.

N. Checka, A.P. Chandrakasan and
R. Reif, “Substrate noise analysis
and experimental verification for the
efficient noise prediction of a digital
PLL,” in Proc. IEEE 2005 Custom
Integrated Circuits Conference, San Jose,
CA, Sept. 2005, pp. 473-476.

ES. Lee and A.P. Chandrakasan,
‘A BICMOS ultra-wideband  3.1-
10.6GHz front-end,” in Proc. IEEE
2005 Custom Integrated Curcuats Conference,
San Jose, CA, Sept. 2005, pp. 153-
156.

B.H. Calhoun and A.P. Chandrakasan,
“Analyzing static noise margin for
subthreshold SRAM in 65nm CMOS,”
in Proc. 31° European Solid-State Circuils
Conference, Grenoble, TFrance, Sept.
2005, pp. 363-366.

D.D. Wentzloff, R. Blazquez, ES.
Lee, B.P. Ginsburg, J. Powell, and
A.P. Chandrakasan, “System design
considerations  for  ultra-wideband
communication,” IEEE Communications
Magazine, vol. 43, no. 8, pp. 114-121,
Aug. 2005.

B.H. Calhoun, D.C. Daly, N. Verma, D.
Finchelstein, D.D. Wentzloff, A. Wang,
S.-H. Cho, and A.P. Chandrakasan,
“Design considerations for ultra-low
energy wireless microsensor nodes,”
IEEE Transactions on Computers, vol 54,
no. 6, pp. 727-749, June 2005.

D.D. Wentzloff and A.P. Chandrakasan,
‘A 3.1-10.6 GHz ultra-wideband pulse-
shaping mixer,” IEEE Radio Frequency
Integrated  Circuits  Symposium Digest of
Papers, June 2003, pp. 83-86.

N. Checka, D.D. Wentzloff, A.P.
Chandrakasan, and R. Reif, “The
effect of substrate noise on VCO
performance,” IEEE Radio Frequency
Integrated Circuats  Symposwum  Digest of
Papers, June 2005, pp. 523-526.

B.P. Ginsburg and A.P. Chandrakasan,
“An energy-efficient charge recycling
approach for a SAR converter with
capacitive DAC,” IEEE International
Symposwum on Circuits and Systems, May
2005, pp. 184-187.

Y.-S. Kwon, P Lajevardi, A.P.
Chandrakasan, F. Honore, and D.E.
Troxel, “A 3-D FPGA wire resource
prediction model validated using a
3-D placement and routing tool,” in
Proc. Seventh International Workshop on
System-Level Interconnect Prediction, San
Francisco, CA, Apr. 2005, pp. 65-72.

B. Bougard, I Catthoor, D.C. Daly,
A.P. Chandrakasan, and W. Dehaene,
“Energy efficiency of the IEEE
802.15.4 standard in dense wireless
microsensor networks: Modeling and
improvement perspectives,” in  Proc.
Design, Automation and Test in Europe,
Munich, Germany, Mar. 2005, pp.
196-201.
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Gang Chen
Professor

Department of Mechanical Engineering

COLLABORATORS

M.S. Dresselhaus, MIT
J-D. Joannopoulos, MIT
J.-P. Fleurial, JPL

J. B. Freund, UIUC

Z.I. Ren, Boston College
X. Zhang, UC Berkeley

GRADUATE STUDENTS &
RESEARCHERS

V. Berube, Res. Asst., Physics

7. Chen, Res. Asst., ME

X.Y. Chen, Res. Assoc, ME

C. Dames, Res. Asst., ME

J. Garg, Res. Asst.,, ME

Q. Hao, Res. Asst., ME

T. Harris, Res. Asst., ME

A. Henry, Res. Asst., ME

H. Lee, Res. Asst., ME

H. Lu, Res. Asst., ME

J- Ma, Res. Asst., ME

A. Muto, Res. Asst.,, ME

S. Nakamura, Visitor, Denso, Japan
A. Narayanaswamy, Res. Asst., ME
G. Radtke, Res. Asst., ME

A. Schmidt, Res. Asst., ME

S. Shen, Res. Asst., ME

SUPPORT STAFF
B. Hilleman, Admin. Asst.

PUBLICATIONS

C. Dames and G. Chen, “1, 2, and
30w methods for measurement of
thermal properties,” Review of Scientific
Instruments, vol. 76, pp. 124902: 1-14,
Dec. 2005.

A. Jacquot, G. Chen, H. Scherrer,

A. Dauscher, and B. Lenoir
“Improvements of  on-membrane
method for thin film thermal
conductivity and emissivity

measurements,”  Sensors and Actuators
A4, vol. 117, no. 2, pp. 203-210, Jan.
2005.

R.G. Yang, G. Chen, M. Laroche,
and Y. Taur, “Simulation of nanoscale
multidimensional  transient  heat
conduction problems using ballistic-
diffusive  equations and phonon
boltzmann equation,” Journal of Heat
Trangfer, vol. 127, no. 3, pp. 298-306,
Mar. 2005.

R.G. Yang, G. Chen, A. R. Kumar, G.
J- Snyder, and J.-P. Fleurial, “Transient
response of thermoelectric coolers
and its applications for microdevices,”
Energy Conversion and Management, vol.
46, no. 9-10, pp. 1407-1421, June
2005.

R.G. Yang, A. Narayanaswamy, and
G. Chen, “Surface-Plasmon coupled
nonequilibrium thermoelectric
refrigerators and power generators,”
Jowrnal of Theoretical and Computational
Nanoscience, vol. 2, no. 1, pp. 75-87,
Mar. 2005.

G. Chen, R. Yang, and X. Chen,
“Nanoscale heat transfer and thermal-
electric energy conversion,” Journal de
Physique IV, vol. 125, pp. 499-504, June
2005.

D.A. Borca-Tasciuc and G. Chen,
“Thermal properties of nanochanneled
alumina templates,” Journal of Applied
Physics, vol. 97, pp. 084303: 1-9, Apr.
2005.

G. Chen, “Potential step amplified
thermal-electric energy converters,”
Journal of Applied Physics, vol. 97, pp.
083707: 1-8, Apr. 2005.

D.K. Qing and G. Chen, “Nanoscale
optical waveguides with negative
dielectric claddings,” Physical Review B,
vol. 71, pp. 153107: 1-4, Apr. 2005.

R.G. Yang, G. Chen, and M.S.
Dresselhaus, “Thermal conductivity
modeling of core-shell and tubular

nanowires,” Nano Letter, vol. 5, no. 6,
pp- 1111-1115, 2005.

J-Y. Huang, S. Chen, S. H. Jo, Z. Wang,
G. Chen, M.S. Dresselhaus, and Z.F.
Ren, “Atomic-scale imaging of wall-
by-wall breakdown and concurrent
transport measurements in multiwall
carbon nanotubes,” Physical Review
Letters,vol. 94, pp. 236802: 1-4, June,
2005.

C. Dames, G. Chen, B. Poudel, W.
Wang, J. Huang, Z. Ren, Y. Sun, J.I
Oh, C. Opeil, and M.]. Naughton,
“Low-dimensional phonon specific
heat of titanium dioxide nanotubes,”
Applied  Physics  Letters, vol. 87, pp.
031901: 1-3, July 2005.

G.  Chen and R.G. Yang,
“Nanostructured thermoelectric
materials:  From superlattices  to

nanocomposites,” Malerials Integration,
vol. 18, special issue, Sept. 2005.

A. Jacquot, G. Chen, H. Scherrer,

A. Dauscher, and B. Lenoir,
“Improvements of  on-membrane
method for thin film thermal
conductivity and emissivity
measurements,”  Sensors and Actuators

A, vol. 117, no. 2, pp. 203-210, Jan.
2005.

R.G. Yang, G. Chen, A.R. Kumar, G.
J- Snyder, and J.-P. Fleurial, “Iransient
response of thermoelectric coolers
and its applications for microdevices,”
Energy Conversion and Management, vol.
46, no. 9-10, pp. 1407-1421, June
2005.

R.G. Yang, G. Chen, M. Laroche,
and Y. Taur, “Simulation of nanoscale
multidimensional  transient  heat
conduction problems using ballistic-
diffusive  equations and phonon
Boltzmann equation,” Journal of Heat
Transfer, vol. 127, no. 3, pp. 298-306,
Mar. 2005.



Michael J. Cima

Sumitomo Electric Industries Professor of Engineering
Department of Materials Science and Engineering

COLLABORATORS

J. Anderson, Prof., Case Western
Reserve University

H. Brem, Prof., Johns Hopkins U.
School of Med.

L. Josephson, Assoc. Prof., Harvard
Med. School

R.S. Langer, MIT

M. Seiden, Assoc. Prof., Harvard
Med. School

R. Weissleder, Prof., Harvard Med.
School

GRADUATE STUDENTS

J. Bullard, Res. Assistant, MSE

K. Daniel, Res. Assistant, ChemE
H.L. Ho Duc, Res. Assistant, MSE
G.Y. Kim, NSF Fellowship, HST
H. Lee, Samsung Fellowship, ME
Y. Patta, Res. Assistant, MSE

C. Vassiliou, Res. Assistant, EECS
D. Wesolowski, Res. Assistant, MSE
M. Yoshizumi, Res. Associate, MSE

SUPPORT STAFF

B. Layne, Admin. Asst.
L. Rigione, Project Technician
J. Centorino, Project Technician

PUBLICATIONS

D.E. Wesolowski and M.J. Cima,
“Nitrate-based metalorganic
deposition of CeO, on yttrium-
stabilized zirconia”, Journal of Materials
Research, vol. 21, no. 1, pp. 1-4, Jan.
2006.

YW. Li, HL. Ho Duc, B. Tyler, T.
Williams, M. Tupper, R.S. Langer, H.
Brem, and M.J. Cima, “In vivo delivery
of BCNU from a MEMS device to
a tumor model,” Journal of Controlled
Release, vol. 106, no. 1-2, pp. 138-145,
Aug. 2005.

M. Yoshizumi, D.E. Wesolowski, and
M,J. Cima, “Determination of HIF
partial pressure during ex situ conversion
of YBCO precursors,” Physica C:
Superconductivity and Its Applications, vol.
423, no. 3-5, pp. 75-82, July 2005.

A.C.R. Grayson, M,J. Cima, and
R.S. Langer, “Size and temperature
effects on poly(lactic-co-glycolic acid)
degradation and microreservoir device
performance,” Biomaterials, vol. 26, no.

14, pp. 2137-2145, May 2005.

H.R. Wang, M.J. Cima, B.D. Kernan,
and E.M. Sachs, “Alumina-doped silica
gradient-index (GRIN) lenses by slurry-
based three-dimensional printing (S-
3DP),” Journal of Non-Crystalline Solids,
vol. 349, pp. 360-367, Dec. 2004-.

AM. Johnson, D.R. Sadoway, M.].
Cima, and R.S. Langer, “Design and
testing of an impedance-based sensor
for monitoring drug delivery,” Journal
of the Electrochemical Soctety, vol. 152, no.
1, pp. H6-H11, Nov. 2004.

Y. Li, R.S. Shawgo, B. Tyler, PT.
Henderson, J.S. Vogel, A. Rosenberg,
PB. Storm, R.S. Langer, H. Brem,
and M.J. Cima, “In vivo release from a
drug delivery MEMS device,” Journal
of Controlled Release, vol. 100, no. 2, pp.
211-219, Nov. 2004.

A.C.R. Grayson, LS. Choi, B.M.
Tyler, PP. Wang, H. Brem, M J. Cima,
and R.S. Langer, “Multi-pulse drug
delivery from a resorbable polymeric
microchip device,” Nature Materials, vol.
2, no. 11, pp. 767-772, Nov. 2003.

R.K. Holman, M]J. Cima, S.A.
Uhland, and E.M. Sachs, “Spreading
and infiltration of inkjet-printed
polymer solution droplets on a porous
substrate,” Fournal of Colloid and Interface
Science, vol. 249, no. 2, pp. 432-440,
May 2002.

S.A. Uhland, R.K. Holman, S.
Morissette, M,J. Cima, M,J., and E.M.
Sachs, “Strength of green ceramics
with low binder content,” Journal of the
American Ceramic Soctety, vol. 84, no. 12,

pp- 2809-2818, Dec. 2001.
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Martin L. Culpepper

Rockwell International Associate Professor
Department of Mechanical Engineering

COLLABORATORS

S.G. Kim, MIT

P. So, MIT

M. Schattenburgh, MIT
J. Vance, ISU

L. Howell, BYU

S. Magleby, BYU

J. Ziegert, UFL

GRADUATE STUDENTS

D. Golda, Res. Asst., ME
S. Chen, Res. Asst., ME
K. Lin, Res. Asst., ME

SUPPORT STAFF
M. Sullivan, Adm. Asst.

PUBLICATIONS
S.C. Chen and M.L. Culpepper,

“Design of a six-axis micro-scale
nanopositinoer — pHexFlex,” Precision
Engineering, vol. 30, no. 3, pp. 314-324,
July 2006.

N.B. Hubbard, M.L. Culpepper,
and L.L. Howell, “Actuators for
micropositionersand nanopositioners,”
Applied  Mechanics — Reviews, to be
published.

S.C. Chen and M.L. Culpepper,
“Design  of contoured micro-scale
thermomechanical actuators,” IEEE/
ASME Journal of Microelectromechanical
Systems, to be published.

K.V. Mangudi and M.L. Culpepper,
‘A hybrid positioner-fixture  for
precision six-axis positioning and
precision fixturing — Part I: Modeling
and design,” Precision Engineering, to be
published.

K.V. Mangudi and M.L. Culpepper, “A
hybrid positioner-fixture for precision
six-axis positioning and precision
fixturing — Part II: Characterization

and calibration,” Precision Engineering,
to be published.

S.C. Chen, M.L. Culpepper, S. Jordan,
J- Danieli, and J. Wenger, “Application
of inputshaping and hyperbit control to
improve the dynamic performance of
a six-axis micro-scale nanopositioner,”

Journal of  Mucroelectromechanical Systems,
to be published.

D. Golda, and M.L. Culpepper,
“Modeling, simulation and
experimental verification of three
dimensional fields due to non-periodic
permanent magnet arrays with vertical
magnetization,” [EEE Transactions on
Magnetics, to be published.

M.L. Culpepper, C.M. Dibiasio, S.
Magleby, and L. Howell, “Modeling

and simulation of a compliant
parallel guiding mechanism for
nanomechanical  devices,”  Physical

Review Letters, to be published.

M.L. Culpepper, C.M. Dibiasio, S.
Magleby, and L. Howell, “Modeling

and simulation of a compliant
parallel  guiding mechanism for
nanomechanical  devices,”  Physical

Review Letters, to be published.

M.L. Culpepper, C.M. Dibiasio, S.
Magleby, and L. Howell “Modeling of
a carbon nanotube-based compliant
parallel-guiding mechanism — a
comparison of molecular mechanics
simulations and pseudo rigid body
model,” Journal of Mechanical Design, to
be published.

K.M. Varadajan, and M.L. Culpepper,
“Design  of a miniature hybrid
positioner-fixture for six-axis scanning
and detachable fixturing in nano-
nstrumentation,” to be presented at
the 2006 Annual Meeting of the American
Society for Precision Engineering, Monterrey,
CA, Oct. 2006.

S.C. Chen, J. Choi, D. Kim, M.L.
Culpepper, and P. So, “Design of a
high-speed, micro-scale fast scanning
stage for two-photon endomicroscopy,”
to be presented at the 2006 Annual
Meeting of the American Society for Precision
Engineering, Monterrey, CA, Oct. 2006.

S.C. Chen, M.L. Culpepper, and S.
Jordan, “Application of input shaping
and hyperbit control to improve
the dynamic performance of a six-
axis MEMS nanopositioner,” to be
presented at the 2006 Annual Meeting of
the American Sociely for Precision Engineering,
Monterrey, CA, Oct. 2006.

S.C. Chen, J. Bardt, J. Ziegert, and
M.L. Culpepper, “Formation of micro-
scale precision flexures via molding of
metallic glass,” to be presented at the
2006 Annual Meeting of the American Society
Jor Precision Engineering, Monterrey, CA,
Oct. 2006.

D. Golda and M.L. Culpepper, “A
scalable six-axis electromagnetically-
driven nanopositioner for
nanomanufacturing,” to be presented
at  the 2006 Annual Meeting of the
American Society for Precision Engineering,
Monterrey, CA, Oct. 2006.

S.C. Chen and M.L. Culpepper,
“Design  and  optimization  of
thermomechanical  actuators  via
contour shaping,” presented at 2005
ASME International Mechanical Engineering
Congress and Exposition, 2005.



Luca Daniel
Assistant Professor

Department of Electrical Engineering and Computer Science

COLLABORATORS

A. Megretski, MIT
J. White, MIT

GRADUATE STUDENTS

B. Bond, Res. Asst., EECS

T.A. El Moselhy, Res. Asst., EECS
X. Hu, Res. Asst., EECS

K.C. Sou, Res. Asst., EECS

SUPPORT STAFF
C. Collins, Admin. Asst.

PUBLICATIONS

B. Bond and L. Daniel, “Parameterized
model order reduction of nonlinear
dynamical systems,” in Proc. IEEE
International Conference on Computer-Auided
Design, San Jose, CA, Nov. 2005, pp.
487-494.

L. Daniel, “Krylov subspace moment
matching parameterized model order
reduction of large circuit structures,”
presented at SIAM Conference on Control
and its Applications, 2005.

K. Sou, A. Megretski, and L. Daniel, “A
quasi-convex optimization approach to
parameterized model order reduction,”
in Proc. 42" Design Automation Conference,
Anaheim, CA, June 2005, pp. 933-
938.

X. Hu, J. Lee, L. Daniel, and J. White,
“Analysis of full-wave conductor system
impedance over substrate using novel
integration techniques,” in Proc. 42"

Design Automation Conference, Anaheim,
CA, June 2005, pp. 147-152.

T. Klemas, L. Daniel, and J. White,
“Segregation by primary phase factors:
a full-wave algorithm for model-
order reduction,” in Proc. 42" Design
Automation  Conference, Anaheim, CA,
June 2005, pp. 943-946.

T. Klemas, L. Daniel, and J. White,
“A fast full-wave algorithm to generate
low order electromagnetic scattering
models,” Antennas and Propagation Soctety
International Symposium, June 2005, pp.
135-138.

J- Lee, V. Dmitry, A. Vithayathil, L.
Daniel, and J. White, “Accelerated
opticaltopographyusingparameterized
model order reduction,” Iniernational
Mucrowave Symposium Digest, June 2005,
pp- 1171-1174.

A. Devgan, L. Daniel, B. Krauter, and
L. He, “Modeling and design of chip-
package interface,” Sixth International
Sympostum on Quality Electronic Design,
Mar. 2005.

S. Elassaad, Z. Zhu, and L. Daniel,
“Chip-package  co-design:  Signal
and power integrity issues, parasitic
extraction, parameterized model order
reduction,” presented at 10" Asia Pacific
Design Automation Conference, 2005.
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Joel L. Dawson
Carl Richard Soderberg Career Development Professor of Power Engineering
Department of Electrical Engineering and Computer Science

GRADUATE STUDENTS

S. Chung, Res. Asst., EECS

A. Hadiashar, Res. Asst., EECS
J. Holloway, Res. Asst., EECS

J. Huang, Res. Asst., EECS

T. Khanna, Res. Asst., EECS

S. Rayanakorn, Res. Asst., EECS
W. Sanchez, Res. Asst., EECS

SUPPORT STAFF
R. Maynard, Admin. Asst. II

PUBLICATIONS

J.L. Dawson and T.H. Lee, “Cartesian
feedback for RF power amplifier
linearization,” in Proc. American Control
Conference, Boston, MA, Jul. 2004, pp.
361-366.

J.L. Dawson and T.H. Lee, “Automatic
phase alignment for a fully integrated
cartesian feedback power amplifier
system,” IEEE Journal of Solid-State
Circuits, vol. 38, no. 12, pp. 2269-2279,
Dec. 2003.

J.L. Dawson and T.H. Lee, “Automatic
phase alignment for a fully integrated
CMOS cartesian feedback power
amplifier system,” in IEEE International
Solid-State  Circuits  Conference Digest of
Technical Papers, San Francisco, CA,
Feb. 2003, pp. 262-263.

September 2006

J-L.Dawson, S.P. Boyd, M. Hershenson,

and T.H. Lee, “Optimal allocation of
local feedback in multistage amplifiers
via geometric programming,” [EEE
Transactions on Circuits and Systems I, vol
48, no. 1, pp. 1-11, Jan. 2001.

J.L. Dawson and T.H. Lee, “Automatic
phase alignment for high bandwidth
cartesian feedback power amplifiers,”
in Proc. IEEE Radio and Wireless
Conference, Denver, CO, Sept. 2000, pp.
71-74.
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J.L.Dawson, S.P.Boyd, M. Hershenson,

276 and T.H. Lee, “Optimal allocation of
local feedback in multistage amplifiers
via geometric programming,” in Proc.
43" Midwest Symposium on Circuits and
Systems, Lansing, MI, Aug. 2000, pp.
530-533.



Jesus del Alamo
Professor

Department of Electrical Engineering and Computer Science

COLLABORATORS

B. R. Bennett, NRL

T. Enoki, NT'T

D. Greenberg, IBM

K. Hayashi, Mitsubishi Electric
T. Hisaka, Mitsubishi Electric
A. Inoue, Mitsubishi Electric

T. Suemitsu, NTT

RESEARCH STAFF

J. Hardison
D. Zych

POSTDOCTORAL FELLOW
D.H. Kim

GRADUATE STUDENTS

B. Cukalovic, Teaching Assistant,
EECS

S. Gikandi, Teaching Assistant, EECS
A. Haldar, Teaching Assistant, EECS
J. Joh, Res. Asst., EECS

J. Scholvin, Res. Asst., EECS

A. Villanueva, Res. Asst., EECS

N. Waldron, Res. Asst., EECS

M. Wong, Res. Asst., EECS

J. Wu, Res. Asst., EECS

SUPPORT STAFF
E. Kubicki, Admin. Asst. IT

PUBLICATIONS

R.J. Blanchard and J.A. del Alamo,
“Stress-related hydrogen degradation
of 0.lum InP HEMTs and GaAs
PHEMTSs,” IEEE Transactions on Electron
Devices, to be published.

J. Scholvin, J.G. Fiorenza, and J.A.
del Alamo, “The impact of substrate
surface potential on the performance
of RF power LDMOSFETs on high-
resistivity SOL” IEEE Transactions on
Electron Devices, to be published.

A. Inoue, H. Amasuga, S. Goto, T.
Kunii, M.I. Wong, and J.A. del Alamo,
“A non-linear drain resistance model
for a high power millimeter-wave
PHEMT,” to be presented at [EEE
MTT-S International Microwave Symposium
(IMS), San Francisco, CA, June 2006.

D.-H. Kim, J.A. del Alamo, J.H. Lee,
and K.S. Seo, “The impact of side-
recess spacing on the logic performance
of 50 nm In;,Ga,;As HEMTs,”
presented at the 18" Conference on Indium
Phosphide & Related Materials, 2006.

D.-H. Kim and JA. del Alamo,
“Beyond CMOS: logic suitability of
In, ,Ga,;,As HEMT)” in Proc. 2006
International ~ Conference  on  Compound
Semiconductor  Manufacturing ~ Technology
(CS MANTECH), Vancouver, Canada,
Apr. 2006, pp. 251-254.

J- Scholvin, D.R. Greenberg, and
JA. del Alamo, “Performance and
limitations of 65 nm CMOS for
integrated RI power applications,” in
IEEE International Electron Devices Meeting
Technical Digest, Washington, DC, Dec.
2005, pp. 381-384.

D.-H. Kim, J.A. del Alamo, J.H. Lee,
and K.S. Seo, “Performance evaluation
of 50 nm In,,Ga,;As HEMTs for
beyond-CMOS logic applications,” in
IEEE International Electron Devices Meeting
Technical Digest, Washington, DC, Dec.
2005, pp. 787-790.

A.S. Villanueva, J.A. del Alamo, T.
Hisaka, K. Hayashi,and M. Somerville,
“Non-uniform degradation behavior
across device width in RIF power
GaAs PHEMS,” in IEEE International
Electron Devices Meeting Technical Digest,
Washington, DC, Dec. 2005, pp. 803-
806.

ML.E. Wong, J.A. del Alamo, A. Inoue,
T. Hisaka and K. Hayashi, “Impact of
drain recess length on the RF power
performance of GaAs PHEMTs,”
presented at 6th Topical Workshop on
Heterostructure Microelectronics, 2005.

N.S. Waldron, A,J. Pitera, M.L. Lee,
E.A. TFitzgerald, and J.A. del Alamo,
“Positive temperature coefficient of
impact ionization in strained-Si/SiGe
heterostructures,” IEEE Transactions on
Electron Devices, vol. 52, no. 7, pp. 1627-
1633, July 2005.
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Eugene A. Fitzgerald
Professor

Department of Materials Science & Engineering

COLLABORATORS

S. Ringel, Ohio State University

S.E. Yoon, Nanyang Technology
University, Singapore

WK. Choi, National University of

Singapore
S.J. Chua, National University of
Singapore
K.L.  Pey, Nanyang Technology

University, Singapore
WK. Chim, National University of
Singapore

GRADUATE STUDENTS

M. Lee,
DMSE
N. Quitoriano, Res. Asst., DMSE
D. Isaacson, Res. Asst., DMSE
M. Mori, Res. Asst., DMSE

C. Dohrman, Res. Asst.,, DMSE
S. Gupta, Res. Asst., DMSE

K. Chilukuri, Res. Asst., DMSE
K. Lee, Res. Asst., EE and DMSE
Y. Bai, Res. Asst., DMSE

Postdoctoral  Associate,

SUPPORT STAFF
A. Afonso, Admin. Asst. II

PUBLICATIONS

E.A. Fitzgerald, “Engineered
substrates and their future role in
microelectronics,” Materials Science and
Engineering B, vols. 124-125, pp. 8-15,
Dec. 2005.

E.A. TFitzgerald, M.L. Lee, B. Yu, K.E.
Lee, C.L. Dohrman, D. Isaacson,
TA. Langdo, and D.A. Antoniadis,
“Dislocation engineering in strained
MOS materials,” in IEEE International
Electron Devices Meeting Technical Digest,
Washington, DC, Dec. 2005, pp. 513-
516.

M.A. Rahman, T. Osipowics, K.L.
Pey, L]J. Jin, WK. Choi, D.Z. Chi,
D.A. Antoniadis, E.A. Fitzgerald
and D.M. Isaacson, “Suppression of
oxidation in nickel germanosilicides by
Ptincorporation,” Applied Physics Letters,
vol. 87, pp. 182116:1-3, Oct. 2005.

H.Q. Le, SJ. Chua, YW. Koh, K.P
Loh, Z. Chen, C.V. Thompson, and
E.A. Titzgerald, “Growth of single
crystal ZnO nanorods on GaN using
an aqueous solution method,” Applied
Physics Letters, vol. 87, pp.101908:1-3,
Sept. 2005.

LJ. Jin, K.L. Pey, WK. Choi, E.A.
Fitzgerald, D.A. Antoniadis, A,J. Pitera,
M.L. Lee, D.Z. Chi, M.A. Rahman, T.
Osipowics, and C.H. Tung, “Effect
of Pt on agglomeration and Ge out
diffusion in Ni(Pt) germanosilicide,”
Journal of Applied Physics, vol. 98, pp.
33520:1-6, Aug. 2005.

N. Ariel, G. Ceder, D. Sadoway, and
E.A. Titzgerald, “Electrochemically
controlled transport of lithium through
ultrathin = Si0,,”  Journal of Applied
Physics, vol. 98, pp. 023516:1-7, July
2005.

C.L. Andre, D.M. Wilt, AJ. Pitera,
M.L. Lee, E.A. Fitzgerald and S.A.
Ringel, “Impact of dislocation densities
on n*/p and p*/n junction GaAs
diodes and solar cells on SiGe virtual
substrates,” Journal of Applied Physics,
vol. 98, pp.14502:1-5, July 2005.

A.P. Vajpeyi, S. Tripathy, S.J. Chua,
and E.A. Fitzgerald, “Investigation of
optical properties of nanoporous GaN
films,” Physica E, vol. 28, no. 2, pp.
141-149, July 2005.

N.S. Waldron, AJ. Pitera, M.L. Lee,
E.A. Titzgerald and J.A. del Alamo,
“Positive temperature coefficient of
impact ilonization in strained-Si,”
IEEE Transactions on Electron Devices, vol.
52, no. 7, pp.1627-33, July 2005.

C.L. Andre, J.A. Carlin, JJ. Boeckl,
D.M. Wilt, M.A. Smith, A]J. Pitera,
M.L. Lee, E.A. Titzgerald, and
S.A. Ringel, “Investigations of high
performance GaAs solar cells grown
on Ge-SiGe-Si  substrates,” [EEE
Transactions on Electron Devices, vol. 52,
no. 6, pp. 1055-1060, June 2005.

C.L. Andre, J.A. Carlin, J.J. Boeckl,
D.M. Wilt, M.A. Smith, A.J. Pitera,
M.L. Lee, E.A. Fitzgerald, and S.A.
Ringel, “Investigations of high-
performance GaAs solar cells grown
on Ge-Si; Ge -Si substrates,” [EEE
Transactions on Electron Devices, vol. 52,

no. 6, pp.1055-60, June 2005.

S. Gupta, M.L. Lee, and E.A.
Fitzgerald, “Improved hole mobilities
and thermal stability in a strained-
Si/strained-Sil-yGey/strained-Si
heterostructure grown on a relaxed
Sty Ge, bufter,” Applied Physics Letters,
vol. 86, pp. 192104:1-3, May 2005.

AJ. Pitera and E.A. Fitzgerald,
“Hydrogen gettering and strain-
induced platelet nucleation in tensilely
strained  Si, ,Ge,/Ge for layer
exfoliation applications,” Journal of
Applied Physics, vol. 97, pp. 104511:1-
11, May 2005.

LJ. Jin, K.L. Pey, WK. Choi, E.A.
Fitzgerald, A.J. Pitera, M.L. Lee,
and C.H. Tung, “Highly oriented
Ni(Pd)SiGe formation at 400 degrees
C,” Journal of Applied Physics, vol. 97,
pp- 104917:1-5, May 2005.



Clifton G. Fonstad, Jr.
Professor

Department of Electrical Engineering and Computer Science

COLLABORATORS

Y.S. Fatt, Nanyang Technological
University, Singapore

EJ Cadieu, Queens College of CUNY
C.S. Jin, National University of
Singapore

S. Prasad, Northeastern U.

D. Brooks, Northeastern U.

GRADUATE STUDENTS

E. Barkley, Res. Asst., EECS
S. Faminini, Res. Asst., EECS
J. Perkins, Res. Asst., EECS
J. Rumpler, Res. Asst., EECS

SUPPORT STAFF
A. Glass, Admin. Asst. II

PUBLICATIONS

H.K.H. Choy and C.G. Yonstad, Jr.,
“Enhanced room temperature PL from
metamorphic  InGaAs/ InGaAlAs
quantum wells on InGaAs graded
buffers after thermal annecaling,”
submitted for publication.

H.K.H. Choy and C.G. Fonstad, Jr.,
“Strain induced photolumines-cence
degradation of InGaAs/ InGaAlAs
quantum wells grown metamorphically
on InGaAs graded buffers,” submitted
for publication.

Y.D. Wang, K.Y. Zang, S.J. Chua, and
C.G. TFonstad, Jr, “Microstructures
and optical properties of ordered
InGaN nanodot arrays,” submitted for
publication.

YD. Wang, KY. Zang, S;J. Chua,
P. Chen, M.S. Sander, S. Tripathy,
and C.G. Fonstad, Jr., “High density
arrays of InGaN nanorings, nanodots,
and nanopyramids fabricated by a
template-assisted approach,” submitted
for publication.

Y.D. Wang, K.Y. Zang, S,J. Chua, P.
Chen, H.L. Zhou, S. Tripathy, and
C.G. Tonstad, Jr., “Improvement of
microstructural and optical properties
of GaN layer on sapphire by nano-
scale lateral epitaxial overgrowth,”
submitted for publication.

JJ- Rumpler and C.G. Fonstad, Jr.,
“The Micro-cleaving of precisely
dimensioned semiconductor lasers,”
submitted for publication.

J.J. Rumpler, E. Barkley, J.A. Perkins,
and C.G. TFonstad, Jr, “Precision
micro-cleaving of 1.55 pm laser diode
platelets for integration with dielectric
waveguides on silicon integrated
circuit wafers,” presented at the 78%
Conference on Indium Phosphide and Related
Materials, 2006.

Y.D. Wang, K.Y. Zang, S.J. Chua, S.
Tripathy, P Chen, and C.G. Fonstad, Jr.,
“Nanoair-bridged lateral overgrowth
of GaN on ordered nanopourous GalN
template,” Applied Physics Letters, no. 87,
pp- 251915:1-3, Dec. 2005.

H.K.H. Choy and C.G. Fonstad, Jr.,
“Effects of substrate temperature on
the growth of InGaAs compositionally
graded buffers and quantum well
structures grown above them,” Journal
of Vacuum Science & Technology B, vol. 23,
no. 5, pp. 2109-2113, Sep/Oct 2005.

P. Chen, S.J. Chua, Y.D. Wang, M.D.
Sander, and C.G. TFonstad. Jr., “InGaN
nanorings and nanodots by selective
area epitaxy,” Applied Physics Letters, no.
87, pp. 143111:1-3, Oct. 2005.

H.K.H. Choy and C.G. Fonstad, Jr.,
“Strong room temperature PL from
metamorphic InGaAs QWs: Issues
beyond dislocation density,” presented
at 2005 Electronic Materials Conference,
2005.

Y.D. Wang, S,J. Chua, S. Tripathy, M.S.
Sander, P. Chen, S. Tripathy, and C.G.
Fonstad, “High quality GaN nanopillar
arrays,” Applied Physics Letters, vol. 86,
pp. 071917:1-3, Feb. 2005.
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Jongyoon Han
Associate Professor

Department of Electrical Engineering and Computer Science / Biological Engineering

COLLABORATORS

S. Tannenbaum, MIT

S. Manalis, MIT

P. Doyle, MIT

M. Rubner, MIT

Tae-Song Kim, KIST, Korea
N. Hadjiconstantinou, MIT
Y. Chen, NUS, Singapore

GRADUATE STUDENTS

J. Fu, Res. Asst., ME

Y.-C. Wang, Res. Asst.,, ME

P. Mao, Res. Asst.,, ME

H. Bow, Res. Asst., EECS

H. Jang, Res. Asst., ME

P. Dextras, Res. Asst., BE

N. ReyesGonzalez, Res. Asst., EECS

RESEARCH STAFF

Y. Song, Ph.D.
J. Lee, Ph.D.
S. Kim, Ph.D.

SUPPORT STAFF
S. Chafe, Admin. Asst.

PUBLICATIONS

Y.-A. Song, S. Hsu, A. Stevens, and
J. Han, “Continuous-flow pi-based
sorting of proteins and peptides in
a microfluidic chip using diffusion
potential,”  Analalytical ~ Chemustry,
submitted for publication.

J. Fu, J. Yoo, and J. Han, “Molecular
sieving in  periodic  free-energy
landscapes created by patterned
nanofilter arrays,” Physical Review
Letters, submitted for publication.

J. Fu, P. Mao, and J. Han, “A nanofilter
array chip for fast gel-free biomolecule
separation,” Applied Physics Letters, vol.
87, pp. 263902:1-3, Dec. 2005.

Y.-C. Wang, C. Tsau, T. Burg, S.
Manalis, and J. Han, “Efficient
biomolecule  pre-concentration by
nanofilter  triggered  electrokinetic
trapping,” in  Proc. 9" Inlernational
Conference on  Miniaturized Systems for
Chemustry and Life Sciences (u'TAS), Boston,
MA, Oct. 2003, pp. 238-240.

P. Mao and J. Han, “Fabrication and
characterization of planar nanofluidic
channels and  massively-parallel
vertical nanofluidic membranes,” in
Proc. 9" uTAS, Boston, MA, Oct. 2005,
pp. 678-680.

Y.-A. Song and J. Han, “Continuous pi-
based sorting of proteins and peptides
in a microfluidic chip using diffusion
potential,” in Proc. 9* uTAS, Boston,
MA, Oct. 2005, pp. 1025-1027.

J- Fu and J. Han, “A nanofilter array
chip for fast gel-free biomolecule
separation,” in Proc. 9" uTAS, Boston,
MA, Oct. 2005, pp. 1531-1533.

P. Mao and J. Han, “Fabrication and
characterization of 20 nm nanofluidic
channels by glass-glass and glass-silicon
bonding,” Lab Chip, vol. 5, no. 8, pp.
837-844, Aug. 2005.

Y.C. Wang, A.L. Stevens, and J. Han,
“Million-fold  preconcentration  of
proteins and peptides by nanofluidic

filter,” Analytical Chemustry, vol. 77, no.
14, pp. 4293-4299, July 2005.

Y.-C. Wang, J. Fu, P Mao, and J.
Han, “Nanofluidic molecular filters
for efficient protein separation and
preconcentrations,” in 13% International
Conference on Transducers Digest of Technical
Papers, Seoul, Korea, June 2005, pp.
352-355.

M.H. Choi, Y.-C. Wang, J.S. Wishnok,
S.R. Tannenbaum, and J. Han, “On-
chip isoclectric focusing coupled to
micro liquid chromatography in blood
proteomics,” in Proc. 8" pTAS, Malmo,
Sweden, Sept. 2004, pp. 255-257.

J. Fu and J. Han, “Biomolecule
separation in nanofluidic filters by
steric hindrance mechanism,” in Proc.
8" uTAS, Malmo, Sweden, Sept. 2004,
pp. 285-287.



Judy L. Hoyt
Professor

Department of Electrical Engineering and Computer Science

COLLABORATORS

D. Antoniadis, MIT

J. del Alamo, MIT

E. Fitzgerald, MIT

L.C. Kimerling, MIT

B. Scharf, Analog Devices
J- Yasaitis, Analog Devices
C.-L. Chen, Lincoln Labs

GRADUATE STUDENTS

I Aberg, Res. Asst., EECS

C. Ni Chléirigh, Res. Asst., EECS
N. DiLello, Res. Asst., EECS

L. Gomez, Res. Asst., EECS

P. Hashemi, Res. Asst., EECS

M. Kim, Res. Asst., DMSE

0O.0. Olubuyide, Res. Asst., EECS
G. Xia, Res. Asst., EECS

RESEARCH STAFF

R. Lei, Visiting Scientist, Intel
G. Riggott, Research Specialist

SUPPORT STAFF
M. Hudak, Admin. Asst. IT

PUBLICATIONS

G. Xia, O.0O. Olubuyide, J.L. Hoyt,
and M. Canonico, “Strain dependence
of Si- Ge interdiffusion in epitaxial
Si/8i Ge,/Si  heterostructures  on
relaxed S1,_ Ge_ substrates,” Applied
Physics Letters, vol. 88, pp. 13507:1-3,
Jan. 2006.

R.Z. Lei, W. Tsai, I. Aberg, TB.
O’Reilly, J.L. Hoyt, D.A. Antoniadis,
H.I.Smith, A ]J. Paul, M.L. Green, J.
Li, and R. Hull, “Strain relaxation in
patterned strained silicon directly on
msulator structures,” Applied Physics
Letters, vol. 87, pp. 251926:1-3, Dec.
2005.

I. Aberg, TA. Langdo, Z.-Y. Cheng, A.
Lochtefeld, I. Lauer, D.A. Antoniadis,
and J.L. Hoyt, “Transport and leakage
in super-critical thickness strained
silicon on insulator MOSFETs with
strained Si thickness up to 135 nm,” in
Proc. IEEE International SOI Conference,
Honolulu, HI, Oct. 2005, pp. 24-26.

L. Aberg and J.L.. Hoyt, “Hole transport
in UTB MOSFETs in strained-Si
directly on insulator with strained-
Si thickness less than 5 nm,” [EEE
Electron Device Letters, vol. 26, no. 9, pp.
661-663, Sept. 2005.

C. Ni Chléirigh, O.O. Olubuyide, and
J-L. Hoyt, “Mobility and sub-threshold
characteristics in high-mobility dual-
channel strained Si/strained SiGe
p-MOSFETS,” in 63 Device Research
Conference Digest, Santa Barbara, CA,
June 2005, pp. 203-204.

O.0. Olubuyide, D.T. Danielson, L.C.
Kimerling, and J.L. Hoyt, “Impact
of seed layer on material quality
of epitaixal germanium on silicon
deposited by low pressure chemical
vapor deposition,” presented at 444 Intl.
Conf on Stlicon Epitaxy and Heterostructures,
2005.

I. Aberg, C. Ni Chléirigh, and J.L.
Hoyt, “Thermal processing and
mobility in strained heterostructures
on insulator,” in Proc. 207" Meeting of
The Electrochemical Society, Quebec City,
Canada, May 2005, pp. 505-514.

I. Aberg, C. Ni Chléirigh, O.O.
Olubuyide, X. Duan, and J.L.. Hoyt,
“High electron and hole mobility
enhancements in thin-body strained
Si/strained SiGe/strained Si
heterostructure on insulator,” in /EEE
International ~ Electron  Devices  Meeling
Technical — Digest, San Francisco, CA,
Dec. 2004, pp. 173-176.

H.M. Nayfeh, J.L. Hoyt, and D.A.
Antoniadis, ‘A physically based
analytical model for the threshold
voltage of strained-Si n-MOSFETs,”
IEEE Transactions on Electron Devices, vol.
51, no. 12, pp. 2069-2072, Dec. 2004.

G. Xia, HM. Nayfeh, M.L. Lee, E.A.
Fitzgerald, D.A. Antoniadis, D.H.
Anjum, J. Li, R. Hull, N. Klymko, and
J-L. Hoyt, “Impact of ion implantation
damage and thermal budget on
mobility enhancement in strained-
Si N-channel MOSFETs,” [EEE
Transactions on Electron Devices, vol. 51,

no. 12, pp. 2136-2144, Dec. 2004.

JL.  Hoyt, “Enhanced mobility
CMOS,” in Proc. 206" Meeting of The
Electrochemical ~ Society, Honolulu, HI,
Oct. 2004, pp. 15-24.

C. Ni Chléirigh, C. Jungemann, ]J.
Jung, O.O. Olubuyide and J.L.. Hoyt,
“Extraction of band offsets in strained
Si/strained SiGe on relaxed SiGe
dual-channel ~ enhanced  mobility
structures,” in Proc. 206" Meeting of The
Electrochemical  Society, Honolulu, HI,
Oct. 2004, pp. 99-110.

I. Aberg, O.O. Olubuyide, J. Li, R.
Hull, and J.L. Hoyt, “Fabrication of
strained  Si/strained SiGe/strained
Si heterostructures on insulator by a
bond and etch-back technique,” in
Proc. IEEE International SOI Conference,
Arlington, VA, Oct. 2004, pp. 35- 36.

J- Jung, S. Yu, M. L. Lee, J.L. Hoyt,
E.A. Titzgerald, and Dimitri A.
Antoniadis, “Mobility enhancement
in dual-channel p-MOSFETs,” IEEE
Transactions on Electron Devices, vol. 51,
no. 9, pp. 1424-1431, Sept. 2004.

J- Jung, C. Ni Chléirigh, Shaofeng
Yu, O.O. Oluyuide, J.L. Hoyt,
and D.A. Antoniadis, “Tradeoff
between mobility and subthreshold
characteristics in dual-channel
heterostructure n- and p-MOSFETs,”
IEEE Electron Device Letters, vol. 25, no.
8, p- 562, Aug. 2004.
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Qing Hu
Professor

Department of Electrical Engineering and Computer Science

COLLABORATORS
J.L. Reno, Sandia National Lab

POSTDOCTORAL ASSOCIATE
B.S. Williams, MIT

GRADUATE STUDENTS

S.] Kumar, Res. Asst., EECS
H. Callebaut, Res. Asst., EECS
A. Lee, Res. Asst., EECS

Q. Qin, Res. Asst., EECS

SUPPORT STAFF
C. Bourgeois, Admin. Asst.

PUBLICATIONS

AWM. Lee, B.S. Williams, S. Kumar,
Q. Hu, and J.L. Reno, “Real-time
imaging using a 4.3-THz quantum
cascade laser and a 320%240
microbolometer focal-plane array,"
IEEE Photonics Technology Letters, to be
published.

S. Kumar, B.S. Williams, (). Hu, and
J.L. Reno, “1.9-THz quantum-cascade
lasers with one-well injector,” Applied
Physics Letters, vol. 88, pp. 121123:1-3,
Mar. 2006.

B.S. Williams, S. Kumar, Q. Hu, and
JL. Reno, “High-power terahertz
quantum-cascade lasers,”  Electronics
Letters, vol. 42, no. 2, pp. 89-91, Jan.
2006.

B.S. Williams, S. Kumar, Q. Hu, and J.L.
Reno, “Distributed-feedback terahertz
quantum-cascade lasers using laterally
corrugated metal waveguides,” Oplics
Letters, vol. 30, no. 21, pp. 2909-2911,
Nov. 2005.

H. Callebaut and Q). Hu, “Importance
of coherence for electron transport in
terahertz quantum cascade lasers,”
Journal of Applied Physics, vol. 98, pp.
104505:1-11, Now. 2005.

AWM. Lee and Q). Hu, “Real-time,
continuous-wave terahertz imaging
using a microbolometer focal-plane
array,” Optics Letters, vol. 30, no. 19, pp.
2563-2565, Oct. 2005.

Q. Hu, B.S. Williams, S. Kumar,
H. Callebaut, S. Kohen, and J.L.
Reno, “Resonant-phonon-assisted
THz quantum cascade lasers with
metal-metal waveguides,” Journal of
Semiconductor Science and Technology, vol.

20, no. 7, pp. S228-5236, July 2005.

A.L. Betz, R.'T. Boreiko, B.S. Williams,
S. Kumar, Q). Hu, and J. L. Reno,
“Frequency and phaselock control of a
3-THz quantum cascade laser,” Optics
Letters, vol. 30, no. 14, pp. 1837-1839,
July 2005.

B.S. Williams, S. Kumar, Q. Hu, and
J-L. Reno, “Operation of terahertz
quantum-cascade lasers at 164 K
in pulsed mode and at 117 K in
continuous-wave mode,” Optics Express,
vol. 13, no. 9, pp. 3331-3339, May
2005.

S. Kohen, B.S. Williams, and Q.
Hu, “Electromagnetic modeling of
terahertz quantum cascade laser
waveguides and resonators,” Journal of
Applied Physics, vol. 97, pp. 053106:1-9,
Mar. 2005.

M.S. Vitiello, G. Scamarcio, B.S.
Williams, S. Kumar, Q. Hu, and J.L.
Reno, “Measurement of subband
electronic temperatures and population
inversion in THz quantum cascade
lasers,” Applied Physics Letters, vol. 86,
pp- 111115:1-3, Mar. 2005.

Q. Hu, “Terahertz quantum cascade
lasers,” presented at the Conference
on  Lasers and  Electro-Optics/Quantum
Electronics  and  Laser  Science (CLEO/
QFELS), 2005.

Q. Hu, “High-temperature operation
of THz quantum-cascade lasers,”
presented at the Conference on Lasers and
Electro-Optics Europe, 2005.



Klavs F. Jensen
Lammot DuPont Professor

Department of Chemical Engineering and Materials Science

COLLABORATORS

M.G. Bawendi, MIT
S. Buchwald, MIT
A. Epstein, MIT

M. Kreutzer, MIT
C. Livermore, MIT
S. R. Manalis, MIT
M.A. Schmidt, MIT
AJ. Sinskey, MIT

T. Swager, MIT

P. Sorger, MIT

H.L. Tuller, MIT

B. Wardle, MIT

P. Seeberger, ETH

POSTDOCS

A. Adamo, ChemE

K. Deshpande, ChemE
J. EI-Ali; ChemE

A. Guenther, ChemE,

GRADUATE STUDENTS

J. Albrecht, ChemE

B. Blackwell, ChemE
S.A. Khan, ChemE
E.V. Loewer, ChemE
PP. Mcmullen, ChemE
E R Murphy, ChemE
O.Mattis Nielsen, EECS
Y. Olsson, DMSE

J- Rempel, ChemE

H. Sahoo, ChemE
M.Sultana, ChemE

L. Ye, ChemE

N. Zaborenko, ChemE
7. Zhang, ChemE

B. K. Yen, ChemE

SUPPORT STAFF
J.A. Chisholm, Admin. Asst. IT

PUBLICATIONS

F. Trachsel, A. Gluienther, and S. Khan,
and K.E Jensen, “Measurement
of residence time distribution in
microfluidic systems,” Chem. Eng Sci.,
vol. 60, no. 21, pp. 5729 — 5737, Now.
2005.

N. De Mas, A. Guenther, T. Kraus,
M.A.  Schmidt, K.F Jensen, ‘A
microfabricated scaled-out multilayer
gas-liquid microreactor with integrated
velocimetry sensors,” Ind. Eng Chem.
Res, vol. 44, no. 24, pp. 8997-9013,
Nov. 2005.

P. Boccazzi, A. Zanzotto, N. Szita, S.
Bhattacharya, K.E Jensen, and A.].
Sinskey, “Gene expression analysis of
Escherichia coli grown in miniaturized
bioreactor  platforms  for  high-
throughput analysis of growth and
genomic data,” Applied Microbiology and
Buotechnology, vol. 68, no. 4, pp. 518—
532, Sept. 2005.

J-Y. Rempel, B.L. Trout, M.G.
Bawendi, and K.E. Jensen, “Properties
of the CdSe(0001) (0001, and 1120)
single crystal surfaces: relaxation,
reconstruction, and adatom and
admolecule adsorption,” % Phys. Chem.
B, vol. 109, no. 41, pp. 19320-19328,
Sept. 2005.

J.G. Kralj, E.R. Murphy, and K.F

Jensen, “Preparation of sodium
nitrotetrazolate using microreactor
technology,”  in Proc. 41st AIAA/

ASME/ASEE Joint Propulsion Conference,
Tucson, AZ, July 2005.

AL, Lopeandia, L.I. Cerd6, M.T.
Clavaguera-Mora, A.R. Arana, K.F.
Jensen, EJ. Mufioz, and J. Rodriguez-
Viejo, “Sensitive power compensated
scanning calorimeter for analysis
of phase transformations in small
samples, Rev. Sci. Instruments, vol.76,
pp- 065104: 1-5, June 2005.

K.E Jensen and PH. Seeberger,
“Mikrocaktoren zur synthese und
reactionsoptimierung,” Nachrichten aus
der Chemie, vol. 53, pp. 628-631, June
2005.

B.K.H.Yen, A. Ginther, M.A. Schmidt,
K.F. Jensen, and M.G. Bawendi, ‘A
microfabricated gas-liquid segmented
flow reactor for high temperature
synthesis: The case of CdSe quantum
dots,” Angewandte Chemie International
Edition, vol. 44, no. 34, pp. 5447-5451,
June 2005.

N. Szita, P. Boccazzi, Z. Zhang, P.
Boyle, A.J. Sinskey, and K.E Jensen,
“Development of a multiplexed
microbioreactor system for high-
throughput bioprocessing,” Lab on a
Clap, vol. 5, pp. 819-826, June 2005.

J- EI-AlLL, S. Gaudet, A. Glenther, PK.
Sorger, and K.I Jensen, “Rapid cell
stimulus and lysis in a microfluidic
device with segmented gas-liquid flow,”
Analytical Chemistry, vol. 77, no. 10, pp.
3629-3636, May 2005.

TM. Floyd, M.A. Schmidt, and K.E.
Jensen, “A silicon micromixer with
infrared detection for studies of liquid
phase reactions,” Industrial & Engineering
Chemustry Research, vol. 44, no. 8, pp.
2351-2358, Apr. 2005.

J.G. Kralj, M.A. Schmidt, and K.F.
Jensen, “Sufactant-enhanced liquid-
liquid extraction in microfluidic
channels with inline electric-field

enhanced coalescence,” Lab on a Chip,
vol. 5, pp. 531-535, Apr. 2005.

A. Guenther, M. Jhunjhunwala, M.
Thalmann, M. A.Schmidt, and K.

E Jensen, “Micromixing of miscible
liquids in Segmented gas-liquid flow,”
Langmuu; vol. 21, no. 4, pp. 1547-
1555, Jan. 2005

H. Lu, M.A. Schmidt, and K.F. Jensen,
‘A microfluidic electroporation device
for cell lysis,” Lab on a Chip, vol. 5, pp.
23-29, Jan. 2005.

K.E Jensen, “Silicon-based
microreactors,” in  ACS  Symposium
#941:  Microreactor  lechnology — and

Process  Intensification, Y. Wang and
J-D. Holladay, Eds. Washington, DC:
American Chemical Society, 2005.

D.M. Ratner, E.R. Murphy, M.
Jhunjhunwala,D.A.Snyder, K. Jensen,
and PH. Seeberger, “Microreactor-
based reaction optimization in
organic chemistry - Glycosylation as

a challenge,” Chemical Communications,
vol. 5, pp. 578-570, Dec. 2004.
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http://www3.interscience.wiley.com/cgi-bin/jhome/26737
http://www3.interscience.wiley.com/cgi-bin/jhome/26737

Roger D. Kamm
Germeshausen Professor of Mechanical and Biological Engineering
Department of Biological Engineering

COLLABORATORS
S. Chung, Postdoctoral Associate

GRADUATE STUDENTS

P. Mack, Res. Asst., BE
V. Vickerman, Res. Asst., BE
J. Hsu, Res. Asst., BE

PUBLICATIONS

B. Yap and R.D. Kamm, “Cytoskeletal
remodeling and cellular activation
during deformation of neutrophils into
narrow channels,” Journal of Applied
Physiology, vol. 99, pp. 2323-2330, Dec.
2005.

B. Yap and R.D. Kamm, “Mechanical
deformation of neutrophils into narrow
channelsinduces pseudopod projection
and changes in  biomechanical
properties,” Journal of Applied Physiology,
vol. 98, pp. 1930-1939, May 2005.
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Sang-Gook Kim
Associate Professor

Department of Mechanical Engineering

COLLABORATORS

G. Chen, MIT

P. So, MIT

G. Barbastathis, MI'T

M. Culpepper, MIT

L. Kimmerling, MIT

M. Schmidt, MIT

H. Lee, MIT

T. Akinwande, MIT

B. Wardle, MIT

S. Kumara, Penn State University
X. Zhang, UC Berkeley

S. Bukkapatnam, Oklahoma State
University

GRADUATE STUDENTS

S. Doddabasanagouda, Res. Asst., ME
R. Xia, Res. Asst., EECS

Z.]. Traina, Res. Asst., ME

S. Kim, Res. Asst., ME

SUPPORT STAFF
R. Hardin, Admin. Asst.

PUBLICATIONS

W.C. Shih, S.G. Kim, and G.
Barbastathis, “High resolution
clectrostatic analog tunable grating
with a single-mask fabrication process,”

Journal of Microelectromechanical Systems,
to be published.

W,J. Choi, Y. Jeon, J-H Jeong, R. Sood
and S.G. Kim, “Energy harvesting
MEMS devices based on thin film
piezoelectric cantilevers,”  Journal of
Electroceramics, to be published.

S.G. Kim, “Transplanting assembly of
carbon nanotubes,” Annals of the CIRP,
vol. 55, no. 1, p.15, 2006.

J. Ueda, L. Odhner, S.G. Kim, H.H.
Asada, “Local stochastic control of
MEM-PZT cellular actuators with
broadcast feedback,” presented at the
Fust  IEEE/RAS-EMBS  International
Conference on  Biomedical Robotics and
Biomechatronics, 2006.

C. Mueller-Falcke, S.D. Gouda, S.
Kim and S.G. Kim, “A nanoscanning
platform for bio-engineering: An in-
plane probe with switchable stiffness,”
Nanotechnology, vol. 17, no. 4, pp. 69-76,
Feb. 2006.

N. DuToit, B.L. Wardle and S.G.
Kim, “Design considerations for
MEMS-scale piezoelectric mechanical
vibration energy harvesters”, Integrated
Ferroelectrics, vol. 71, pp. 121-160,
2005.

Y.B. Jeon, R. Sood, J.H. Jeong and
S.G. Kim, “MEMS power generator
with transverse mode thin film PZT}”
Sensors and Actuators A: Physical, vol.122,
no. 1, pp.16-22, July 2005.

S.G. Kim, G. Barbastathis, H.L. Tuller,
“MEMS for Optical Functionality,” in
Electroceramic-Based MEMS: Fabrication-
Technology and Applications, N. Setter, Ed.
New York: Springer, 2005.

C. Mueller-Falcke, S.D. Gouda, S.

Kim, and S.G. Kim, “Switchable
stiffness nanoscanning probes for
biological applications,” presented

at  Nwmth  International ~ Conference  on
Minmiaturized Systems _for Chenustry and Life
Sciences (uTAS), 2005.

JH. Jeong, Y.B. Jeon, R. Sood and
S.G. Kim, “Energy harvesting devices
based on d33 mode Pb(Zr,T1)O, thin
film cantilevers,” presented at the 2nd
International Conference on Electroceramics,

2005.

S.G. Kim, “Transplanting carbon
nanotubes,” presented at ASME
International ~ Mechanical ~— Engineering

Congress and Exposition, 2005.

Y. Shi, S. Xu, S.G. Kim and M.
Libera, “Structural characteristics and
piezoelectric properties of electrospun
piezoelectric  nanofibers”, in  Proc.
Materials Research Society Fall Meetings
2005, Boston, MA, Nov. 2005, pp.
888-V08-06.1-888-V08-06.7.

Y. Shi, S. Xu and S.G. Kim, “Partially
aligned piezoelectric nanofibers by sol-
gel electrospinning process,” presented
at 4th ASME Integrated Nanosystems
Conference, 2005.

Y. Shiand S.G. Kim, “Micro undulated
contactsurfaces on the contactbehavior
of a MEMS switch,” in Proc. World
Tribology  Congress, Washington D.C.,
Sept. 2005, paper no. WTC2005-
63743.

C. Mueller-Falcke, S. D. Gouda, S.
Kim, and S.G. Kim, “A nanoscanning
platform for bio engineering,” in Proc.
First International Conference on Bio-Nano-
Informatics(BNI) Fusion, Marina del Rey,
CA, July 2005.

WJ. Choi, Y. Jeon, J-H Jeong,
R. Sood and S.G. Kim, “Energy
harvesting devices based on d33 mode
Pb(Zr,T1)Oy4 thin film cantilevers,” in
Proc. Int’l Conference on  Electroceramics,
Seoul, Korea, June 2005.

WJ. Choi, and S.G. Kim, “Energy
harvesting MEMS device based on thin
film piezoelectric cantilevers,” in Proc.
2nd International Workshop on Networked
Sensing Systems, INSS 2005, San Diego,
CA, June 2005, p. 54.

S.G. Kim, “Assembly of carbon
nanotubes; a mechanical way,” in NDSI
05: Conference on Nanoscale Devices and
System  Integration, IEEE Nanotechnology
Council, Houston, April 2005.

S.R.T. Kumara, S.G. Kim, X. Zhang,
and S. Bukkapatnam, “Self-sustainable
sensor networks for infrastructure
and process integrity monitoring,” in
Department of Homeland Security Conference,
Boston, MA, April 2005.
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Leslie Kolodziejski
Professor

Department of Electrical Engineering and Computer Science

COLLABORATORS

S. Hamilton, Lincoln Laboratory
B. Robinson, Lincoln Laboratory
E.P. Ippen, MIT

J.D. Joannopoulus, MIT,

FX. Kaertner, MIT

R. Ram, MIT

M. Soljacic, MIT

H.I. Smith, MIT

RESEARCH STAFF

G. Petrich, Principal Research
Scientist

GRADUATE STUDENTS

R. Bryant, Res. Asst., EECS
A. Grine, Res. Asst., EECS

R. Williams, Res. Asst., DMSE
S. Young, Res. Asst., EECS

SUPPORT STAFF

C. Gibbs, Admin. Asst.
T. Kuhn, Admin. Asst.

PUBLICATIONS

PT. Rakich, M.S. Dahlem, S. Tandon,
M. Ibanescu, M. Soljacic, G.S. Petrich,
J.D. Joannopoulos, L.A. Kolodziejski,
E.P. Ippen, “Achieving centimetre-
scale supercollimation in a large-area
two-dimensional photonic  crystal”
Nature Materials, vol. 5, no. 2, pp. 93-6,
Feb. 2006.

I J. Grawert, FO. Ilay, D. Kielpinski,
J'I. Gopinath, G.S. Petrich, L.A.
Kolodziejski, E.P. Ippen, EX. Kartner,
“Automatic feedback control of an Er-
doped fiber laser with an intracavity
loss modulator” Optics Letters, vol. 30,
no. 9, pp. 1066-1068, May 2005

EJ. Grawert, FEO. Ilay, D. Kielpinski,
J'IT. Gopinath, G.S. Petrich, L.A.
Kolodziejski, E.P. Ippen, EX. Kartner,
‘Automatic feedback control of an Er-
doped fiber laser with an intracavity
loss modulator” in Proc. of Conference
on Lasers and Electro-Optics (CLEO),
Baltimore, MD, vol. 3, no. 3, pp. 1656-
1658, May 2005.

M. Dahlem, P. Rakich, S. Tandon,
M. Ibanescu, M. Soljacic, G. Petrich,
J- Joannopoulos, L. Kolodziejski, E.
Ippen, “Centimeter-Scale  Super-
Collimation in a Large-Area 2-D
Photonic Crystal” in Proc. of Conference
on Lasers and Electro-Optics (CLEO),
Long Beach, CA, May 2006.



Jing Kong
Assistant Professor

Department of Electrical Engineering and Computer Science

COLLABORATORS

M. Dresselhaus, MIT

J. Zhang, Chemistry, Peking
University

7. FLiu, Chemistry, Peking University

GRADUATE STUDENTS

H.B. Son, Res. Asst., EECS

H. Farhat, Res. Asst., MSE
A.R. Cecco, Res. Asst., MSE
D.A. Nezich, Res. Asst., Physics
K.J. Lee, Res. Asst.,, EECS

SUPPORT STAFF
E. Moran, Admin. Asst.

PUBLICATIONS

YY. Zhang, J. Zhang, H.B. Son, J.
Kong, and Z.F. Liu, “Substrate-induced
Raman frequency variation for single-
walled carbon nanotubes,” Journal of
the American Chemical Society, vol. 127,
no. 49, pp. 17156, Dec. 2005.

B.J. LeRoy, J. Kong, VK. Pahilwani,
C. Dekker, and S.G. Lemay, “Three-
terminal scanning tunneling
spectroscopy of suspended carbon
Nanotubes,” Physics Review B, vol. 72,
pp- 075413:1-5, Aug. 2005.

P Jarillo-Herrero, J. Kong, H.S]J.
van der Zant, C. Dekker, L.P.
Kouwenhoven, and S. De Franceschi,
“Electronic  transport spectroscopy
of carbon nanotubes in a magnetic
field,” Physics Review Letters, vol. 94, pp.
156802: 1-4, Apr. 2005

S. Sapmaz, P. Jarillo-Herrero, J. Kong,
C. Dekker, L.P. Kouwenhoven, and
H.S]J. van der Zant, “Excitation
spectrum  of  metallic  carbon
nanotubes,” Physics Review B, vol. 71,
pp- 153402:1-4, Apr. 2005.

J- Kong, B.J. LeRoy, S.G. Lemay, and
C. Deckker, “Integration of a gate
electrode into carbon nanotube devices
for scanning tunneling microscopy,”
Applied  Physics  Letters, vol. 86, pp.
112106:1-3, Mar. 2005.

P. Jarillo-Herrero, J. Kong, H.S]J.
van der Zant, C. Dekker, L.P.
Kouwenhoven, and S. De Franceschi,
“Orbital Kondo effect in carbon
nanotubes,” Nature, vol. 434, no. 7032,
pp- 484-488, Mar. 2005.

I. Heller, J. Kong, H.A. Heering, K.A.
Williams, S.G. Lemay, and C. Dekker,
“Individual  single-walled  carbon
nanotubes as nanoelectrodes for
electrochemistry,” Nano Letters, vol. 5,

no. 1, pp. 137-142, Jan. 2005.

B.J. LeRoy, S.G. Lemay, J. Kong, and
C. Dekker, “Electrical generation and
absorption of phonons in carbon
nanotubes,” Nature, vol. 432, no. 7015,
pp- 371-374, Nov. 2004.

B.J. LeRoy, S.G. Lemay, J. Kong,
and C. Dekker, “Scanning tunneling
spectroscopy of suspended single-wall
carbon nanotubes,” Applied Physics
Letters, vol. 84, no. 21, pp. 4280-4282,
May 2004.
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Jeffrey H. Lang
Professor

Department of Electrical Engineering and Computer Science

COLLABORATORS

M.G. Allen, Georgia Institute of
Technology

A.P. Chandrakasan, MIT

A.H. Epstein, MIT

R. Ghodssi, University of MD
ES. Hover, MIT

S. Jacobson, MIT

D.J. Perreault, MIT

A.H. Slocum, MIT

M.S. Triantafyllou, MIT

GRADUATE STUDENTS

S. Hou, EECS
A. Weber, ME
B.C. Yen, EECS

SUPPORT STAFF
D. Bizi, Admin. Asst. I

PUBLICATIONS

M.P. Brenner, J.H. Lang, J. Li and,
A.H. Slocum, “Optimum design of an
electrostatic zipper actuator,” in Proc.
2004 NSTI Nanotechnology Conference and
Trade Show, Boston, MA, Mar. 2004,
pp- 371-374.

J. Qiu, J.H. Lang, and A.H. Slocum,
“A curved-beam bistable mechanism,”
Journal of Microelectromechanical Systems,
vol. 13, mo. 2, pp. 137-146, Apr.
2004.

C. Livermore, A. Torte, T. Lyszczarz,
S.D. Umans, A.A. Ayon, and J.H.
Lang, ‘A high-power MEMS
electric induction motor,” Journal of
Macroelectromechanical  Systems, vol. 13,
no. 3, pp. 465-471, June 2004.

D.P. Arnold, F. Cros, 1. Zana, M. Allen,
S. Das, and J.H. Lang, “Magnetic
induction machines embedded in
fusion-bonded silicon,” in Proc. Solid-
State  Sensor;  Actuator and Microsystems
Waorkshop, Hilton Head, SC, June 2004,
pp- 129-132.

S.M. Hou, J.H. Lang, A.H. Slocum,
A.C. Weber and JH. White, “A
high-Q  widely-tunable  Gigahertz
electromagnetic  cavity resonator,”
in Proc. Solid-State Sensoy;, Actuator and
Macrosystems  Workshop, Hilton Head,
SC, June 2004, pp. 250-253.

J. Sihler, A.H. Slocum, and J.H. Lang,
‘An electrostatically actuated low-
leakage silicon microvalve,” in Proc.
Solid-State Sensor; Actuator and Microsystems
Workshop, Hilton Head, SC, June 2004,
pp- 282-285.

J-Phinney, J.H. Lang,and D,]. Perreault,

“Multi-resonant microfabricated
inductors and transformers,” in Proc.
Power  Electronics  Specialists - Conference,
Aachen, Germany, June 2004, pp.
4527-4536.

X. Yang, A. Hoelke, S. Jacobson, J. H.
Lang, M.A. Schmidt, and S.D. Umans,
“An electrostatic on/off microvalve
designed for gas fuel delivery for
the MIT microengine,” Journal of
Microelectromechanical - Systems, vol. 13,
no. 4, pp. 660-668, Aug. 2004.

J.L. Steyn, S.H. Kendig, R. Khanna,
T. Lyszczarz, S.D. Umans, J.U
Yoon, C. Livermore, and J.H. Lang,
“Generating electric power with a
MEMS electroquasistatic  induction
turbine generator,” in Proc. 18th IEEE
International Conference on Micro Electro
Mechanical Systems, Miami, FL, Jan./
Feb. 2005, pp. 614-617.

S. Das, D.P. Arnold, I. Zana, J.W. Park,
J-H.Lang,and M.G. Allen, “Multi-Watt
electric power from a microfabricated
permanent magnet generator,” in Proc.
18th IEEE  International Conference on
Micro Electro Mechanical Systems, Miami,
FL, Jan./Feb. 2005, pp. 287-290.

J- Li, M.P. Brenner, T. Christen, M.S.
Kotilainen, J.H. Lang and A.H.
Slocum, “Deep-reactive 1on-etched
compliant starting zone electrostatic
zipping  actuators,”  Journal  of

Microelectromechanical - Systems, vol. 14,
no. 6, pp. 1283-1297, Dec. 2005.

S.F. Nagle, C. Livermore, L.G.
Frechette, R. Ghodssi, and J.H. Lang,
“An electric induction micromotor,”
Journal of Mucroelectromechanical Systems,
vol. 14, no. 65 pp.1127-1143, Oct.
2005.

J- Oy, J.H. Lang, and A.H. Slocum,
‘A bulk micromachined bistable relay

with U-shaped thermal actuators,”
Journal of Microelectromechanical Systems,
vol. 14, no. 5, pp. 1099-1109, Oct.
2005.

D.P. Arnold, S. Das, F. Cros, 1. Zana,
M.G. Allen, and J.H. Lang, “Magnetic
induction machines integrated into
bulk-micromachined silicon,” Journal

of Mucroelectromechanical Systems, vol. 15,
no. 2, pp. 406-414, Apr. 2006.

H. Koser, and J.H. Lang, “Magnetic
induction  micromachine-part It
Design  and  analysis,”  Journal of
Microelectromechanical - Systems, vol. 15,
no. 2, pp. 415-426, Apr. 2006.

F. Cros, H. Koser, M.G. Allen, and
JH. Lang, “Magnetic induction
micromachine-part II: fabrication and
testing,” Journal of Microelectromechanical
Systems, vol. 15, no. 2, pp. 427-439,
Apr. 2006.

H. Koser and J.H. Lang, “Magnetic
induction  micromachine-part III:
Eddy currents and nonlinear effects,”

Journal of Microelectromechanical Systems,
vol. 15, no. 2, pp. 440-456, Apr. 2006.



Hae-Seung Lee
Professor
Department of Electrical Engineering and Computer Science

COLLABORATORS

P. Holloway, National Semiconductor

GRADUATE STUDENTS

L. Brooks, Res. Asst., EECS
A. Chen, Res. Asst., EECS
A. Chow, Res. Asst., EECS

J. Fiorenza, Res. Asst., EECS
M. Guyton, Res. Asst., EECS
T. Sepke, Res. Asst., EECS
M. Spaeth, Res. Asst., EECS

VISITING SCIENTISTS

H.-Y. Lee, Samsung Electronics
S.-T. Ryu, Samsung Electronics

SUPPORT STAFF

C. Collins, Assistant to Director of
Center for Integrated Circuits and
Systems

PUBLICATIONS

T. Sepke, J.K. Fiorenza, C.G. Sodini, P
Holloway and H.-S. Lee, “Comparator-
based switched-capacitor circuits for
scaled CMOS technologies,” IEEE
Journal of Solid-State Circuits, accepted
for publication.

T. Sepke, J.K. Fiorenza, C.G. Sodini, P.
Hollowayand H.-S. Lee, “Comparator-
based switched-capacitor circuits for
scaled CMOS technologies,” in IEEE
International Solid-State Circuits Conference
Dagest of Technical Papers, San Francisco,
CA, Feb. 2006, pp. 220-221.

J. Yang, K.G. Fife, L. Brooks, C.G.
Sodini, A. Betts, P Mudunuru, and
H.-S. Lee, “A 3 megapixel, low-noise
flexible architecture CMOS image
sensor,” in [EEE International Solid-
State Crrcuits Conference Dagest of Technical
Papers, San Francisco, CA, Feb. 2006,
pp- 496-497.

A. Chen, A.I. Akinwande, and H.-S.
Lee, “A CMOS-based microdisplay
with calibrated backplane,” [EEE
Journal of Solid-State Circuits, vol. 40, no.
12, pp. 2746-2755, Dec. 2005. 289

A. Chen, A.I. Akinwande, and H.-S.
Lee, “A CMOS-based microdisplay
with calibrated backplane,” in IEEE
International Solid-State Circuits Conference
Dagest of Technical Papers, San Francisco,
CA, Feb. 2005, pp. 552-617.
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Carol Livermore
Assistant Professor

Department of Mechanical Engineering

COLLABORATORS

A. Epstein, MIT
K. Jensen, MIT

GRADUATE STUDENTS

F. Eid, Res. Asst., ME

T. Hill, Res. Asst., EECS
S. Jung, Res. Asst., ME
N. Shaar, Res. Asst., ME

SUPPORT STAFF
S. Bunker, Admin. Asst. I

PUBLICATIONS

T.F. Hill, B.A. Wilhite, L.F. Velasquez-
Garcia, A.H. Epstein, K.F. Jensen,
and C. Livermore, “A MEMS singlet
oxygen generator,” presented at Solid
State Sensor, Actuator; and Mucrosystems

Waorkshop, 2006.

S. Jung and C. Livermore, “Achieving
selective assembly with template
topography and ultrasonically induced
fluid forces,” Nano Letters vol. 5, no. 11,
pp- 2188-2194, Nov. 2005.

S.F. Nagle, C. Livermore, L.G.
Frechette, R. Ghodssi, and J.H. Lang,
“An electric induction micromotor,”
Journal of Macroelectromechanical Systems,
vol. 14, no. 5, pp. 1127-1143, Oct.
2005.

Steyn, J.L., S.H. Kendig, R. Khanna,
TM. Lyszczarz, S.D. Umans, J.U.
Yoon, C. Livermore, and J.H. Lang,
“Generating electric power with a
MEMS electroquasistatic induction
turbine-generator,” in Proc. 18th IEEE
International Conference on Micro Electro
Mechanical Systems, Miami, FL, Jan./
Feb. 2005, pp. 614-617.

Wilhite, B.A., C. Livermore, Y. Gong,
A.H. Epstein, and K.F Jensen, “Design
of a MEMS-based microchemical
oxygen 1odine laser system,” [EEE
Journal of Quantum Electronics, vol. 40,
no. 8, pp. 1041-1055, Aug. 2004.

C. Livermore, A. Forte, T. Lyszczarz,
S.D. Umans, A.A. Ayon, and J.H.
Lang, “A High-power MEMS electric
induction micromotoy,” IEEE Journal
of Microelectromechanical Systems, vol. 13,
no. 3, pp. 465-471, June 2004.

T.C. Neugebauer, D,J. Perreault,
J-H. Lang, C. Livermore, “A six-
phase multilevel interter for MEMS
electrostatic induction micromotors,”
IEEE ‘Transactions on Circuits and Systems
II, vol. 51, no. 2, pp. 49-56, Feb. 2004.

C. Livermore, A. Torte, T. Lyszczarz,
S.D. Umans, and J. Lang, “Microscale
electric induction machines for power
applications,” in Proc. Electrostatics 2003,
Edinburgh, Scotland, Mar. 2003, pp.
45-52.

C. Livermore, D.S. Duncan, R.M.
Westervelt, K.D. Maranowski,

and A.C. Gossard, “Measuring
interactions between tunnel-coupled
quantum dots in the quantum Hall
regime,” Journal of Applied Physics, vol.
86, no. 7, pp. 4043-4045, Oct. 1999.

A.S. Adourian, C. Livermore, R.M.
Westervelt, K.L.. Campman, and A.C.
Gossard, “Evolution of Coulomb
blockade spectra in parallel coupled
quantum dots,” Applied Physics Letters,
vol. 75, no. 3, pp. 424-426, July 1999.

C. Livermore, D.S. Duncan, R.M.
Westervelt, K.D. Maranowski,

and A.C. Gossard, “Conductance
oscillations in tunnel-coupled
quantum dots in the quantum Hall
regime,” Physical Review B, vol. 59, no.
16, pp. 10744-10747, Apr. 1999.

D.S. Duncan, C. Livermore, R.M.
Westervelt, K.D. Maranowski, and
A.C. Gossard, “Direct measurement
of the destruction of charge
quantization in a single electron box,”
Applied Physics Letters, vol. 74, no. 7, pp.
1045-1047, Feb. 1999.

C.H. Crouch, C. Livermore, R.M.
Westervelt, K.L.. Campman, and A.C.
Gossard, “Evolution of the Coulomb
gap in tunnel-coupled quantum dots,”
Applied Physics Letters, vol. 71, no. 6, pp.
817-819, Aug. 1997.

C. Livermore, C.H. Crouch, R.M.
Westervelt, K.L.. Campman, and A.C.
Gossard, “The Coulomb blockade in
coupled quantum dots,” Science, vol.
274, no. 5291, pp. 1332-1335, Now.
1996.



Scott R. Manalis
Associate Professor
Department of Biological and Mechanical Engineering

COLLABORATORS

J. Han, MIT

R. Sasisekharan, MIT
P. So, MIT

S. Suresh, MIT

POSTDOCTORAL SCIENTISTS

T. Burg, Res. Asst., BE
M. Godin, Res. Asst., BE
N. Milovic, Res. Asst., BE

GRADUATE STUDENTS

A. Bryan, BE

R. Chunara, HST and EECS
P. Dextras, BE

J- Hou, EECS

K.M. Naegle, BE

M. von Muhlen, BE

PUBLICATIONS

TP. Burg, A.R. Mirza, N. Milovic,
C.H. Tsau, G.A. Popescu, J.S. Foster,
and S.R. Manalis, “Vacuum packaged
suspended microchannel resonant mass
sensor for biomolecular detection,”
IEEE Journal of Microelectromechanical
Systems, to be published.

C.J. Hou, N. Milovic, M. Godin,
PR. Russo, R. Chakrabarti, and S.R.
Manalis, “Label-free microelectronic
PCR quantification,”  Analytical
Chemistry, vol. 78, no. 8, pp. 2526-2531,
Mar. 2006.

AW. Sparks and S.R. Manalis,
‘Atomic  force microscopy  with
inherent disturbance suppression for
nanostructure imaging,” Nanotechnology,
vol. 17, no. 6, pp. 1574-1579, Mar.
2006.

SNOILYOITaNd ® 44VLS HOHVIS3IY ALTNOVS

291



September 2006

MTL ANNUAL RESEARCH REPORT

292

Ichiro Masaki
Director

Intelligent Transportation Research Center

COLLABORATORS

J F. Coughlin, MIT
B.K.P. Horn, MIT
H.-S. Lee, MIT

C G. Sodini, MIT
J-M. Sussman, MIT

GRADUATE STUDENTS
Y. Fang, Res. Asst., EECS

SPECIAL STUDENT
M.T. Farrell, EECS

VISTING SCIENTIST
M. Ito, National Police Agency, Japan

SUPPORT STAFF
M. Flaherty, Admin. Asst. II

PUBLICATIONS

Y. Fang, K. Yamada, Y. Ninomiya,
B. Horn and I. Masaki, “A shape-
independent-method for pedestrian
detection with far infrared-images,”
IEEE Transactions on Vehicular ‘Technology,
vol. 53, no. 6, pp.1679-1697, Now.
2004.

Y. Fang, I. Masaki, and B.K.P. Horn,
“Depth-based target segmentation for
intelligent vehicles: Fusion of radar and
binocular stereo,” IEEE Transactions on
Intelligent Transportation Systems, vol. 3,no.

3, pp.196-202, Sept. 2002.

W.E Herrington, Jr., B.K.P. Horn, and
I. Masaki, “Application of the discrete
Haar wavelet transform to image fusion
for nighttime driving,” in Proc. Intelligent
Vehicles Symposium 2005, Las Vegas, NV,
June 2005, pp. 273-277.

Y. Fang, K. Yamada, Y. Ninomiya,
B.K.P. Horn, and 1. Masaki,
“Comparison between infrared-
image-based and visible-image-based
approaches for pedestrian detection,”
in Proc. Intelligent Vehicles Symposium
2003, Columbus, OH, June 2003, pp.
505-510.

Y. Fang, I. Masaki, and B. Horn,
“Distance/motion based segmentation
under heavy background noise,” IEEE
Intelligent Vehicles Symposium, June 2002,
pp- 483-488.

Y. Fang, Y. Ninomiya, and I. Masaki,
“Intelligent transportation systems,
challenges and opportunities,” 7#e

21 International Symposium on Mulltimedia
Mediation Systems, Mar. 2002, pp.72-77.

Y. Fang, I. Masaki, and B. Horn,
“Distance range based segmentation
in intelligent transportation systems:
Fusion of radar and binocular stereo,”
IEEE Intelligent Vehicles Symposwum, May
2001, pp.171-176.



Terry P. Orlando
Professor

Department of Electrical Engineering and Computer Science

COLLABORATORS

W.D. Oliver, MIT

K.K. Berggren, MIT

L.S. Levitoy, MIT

S. Lloyd, MIT

J.E. Mooij, Delft U. of Technology,
The Netherlands

K. Segall, Colgate U.

M. Tinkham, Harvard U.

S.0. Valenzuela, MIT

M.]J. Feldman, U. of Rochester
M.F. Bocko, U. of Rochester
J-L. Habif, MIT

Y. Yu, MIT

J.J- Mazo, U. of Zaragoza, Spain

GRADUATE STUDENTS

D.M. Berns, Res. Asst., Physics
B.M. Cord, Res. Asst., EECS

W.M. Kaminsky, Res. Asst., Physics
K.V.R.M. Murali, Res. Asst., EECS
J.C. Lee, Res. Asst., EECS

SUPPORT STAFF
G. Hall, Admin. Asst.

PUBLICATIONS

WD. Olver, Y. Yu, JC. Lee,
K.K. Berggren, L.S. Levitov, and
TP Orlando, “Mach-Zehnder
interferometry in a strongly driven
superconducting qubit,” Science, vol.
310, no. 5754, pp. 1653-1657, Dec.
2005.

DM. Berns and TP Orlando,
“Implementation schemes for the
factorized quantum lattice-gas

algorithm for the one dimensional
diffusion equation using persistent-
current qubits,”  Quantum Information
Processing, vol. 4, no. 4, pp. 265-282,
Oct. 2005.

K. Segall, JJ. Mazo, and TP
Orlando, “Multiple junction biasing
of superconducting tunnel junction
detectors,” Applied Physics Lelters, vol.
86, pp. 153507:1-3, Apr. 2005.

P. Hagelstein, S.D. Senturia, and T.P.
Orlando, Introductory Applied Quantum
and Statistical Mechanics. New, York: John
Wiley & Sons, Inc., 2004.

K.VR.M. Murali, Z. Dutton, W.D.
Oliver, D.S. Crankshaw, and TP
Orlando,  “Probing  decoherence
with  electromagnetically  induced
transparency in  superconductive
quantum circuits,”  Physical Review
Letters, vol. 93, no. 8, pp. 087003, Aug
2004.

D.S. Crankshaw, K. Segall, D.
Nakada, T.P. Orlando, L..S. Levitov, S.
Lloyd, S.O. Valenzuela, N. Markovic,
M. Tinkham, and K.K. Berggren,
“DC measurements of macroscopic
quantum levels in a superconducting
qubit structure with a time-ordered
meter,” Physical Review B, vol. 69, no.
14, pp. 144518:1-9, Apr. 2004.

Y. Yu, D. Nakada, J.C. Lee, B. Singh,
D.S. Crankshaw, T.P. Orlando, W.D.
Oliver, and K.K. Berggren, “Energy
relaxation time between macroscopic
quantum levels in a superconducting
persistent-current  qubit,”  Physical
Review  Letters, vol. 92, no. 11, pp.
117904:1-4, Mar. 2004.

JJ. Mazzo and T.P. Orlando, “Discrete
breathers in Josephson arrays,” Chaos,
vol. 13, no. 2, pp. 733-743, June 2003.

D.Nakada, K.K. Berggren, R. Macedo,
V. Liberman, and TP Orlando,
“Improved critical-current-density
uniformity by usinganodization,” IEEE
Transactions on Applied Superconductivity,
vol. 13, no. 2, pp. 111-114, Part 1, June
2003.

D.S. Crankshaw, J.L.. Habif, X. Zhou,
T.P. Orlando, M.J. Feldman, and M.E.
Bocko, “An RSFQ variable duty cycle
oscillator for driving a superconductive
qubit,” IEEE Transactions on Applied
Superconductivity, vol. 13, no. 2, pp. 966-
969, Part 1, June 2003.

K. Segall, D.S. Crankshaw, D. Nakada,

B. Singh, J. Lee, TP Orlando,
K.K. Berggren, N. Markovic,
and M. Tinkham, “Experimental

characterization of the two current
states i1 a Nb persistent current
qubit,” IEEE Transactions on Applied
Superconductivity, vol. 13, no. 2, pp.
1009-1012, Part 1, June 2003.

L. Tian, S. Lloyd, and T.P. Orlando,
“Projective measurement scheme for
solid-state qubits,” Physical Review B,
vol. 67, no. 22, pp. 220505:1-4, June
2003.

K. Segall, D. Crankshaw, D. Nakada,
T.P. Orlando, L.S. Levitov, S. Lloyd,
N. Morkovic, S.O. Valenzuela, M.
Tinkham, and K.K. Berggren, “Impact
of timeordered measurements of the
twostatesinaniobium superconducting
qubit structure,” Physical Review B, vol.
67, no. 22, pp. 220506:1-4, June 2003.
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Michael H. Perrott
Assistant Professor

Department of Electrical Engineering and Computer Science

COLLABORATORS

F. Kaertner, MI'T
G. Wei, Harvard

GRADUATE STUDENTS

B. Helal, Res. Asst., EECS

C. Hsu, Res. Asst., EECS

K. Johnson, Res. Asst., EECS
C. Lau, Res. Asst., EECS

M. Park, Res. Asst., EECS

M. Park, Res. Asst., EECS

M. Straayer, Res. Asst., EECS

SUPPORT STAFF
V. DiNardo, Admin. Asst.

PUBLICATIONS

S.E. Meninger, M.H. Perrott, ‘A
I-MHZ bandwidth 3.6-GHz 0.18-
um CMOS fractional-N synthesizer
utilizing a hybrid PFD/DAC structure
for reduced broadband phase noise,”
IEEE Journal of Solid-State Circuits, vol.
41, no. 4, pp. 966-980, Apr. 2006.

E.A. Crain and M.H. Perrott, “A 3.125
Gb/s limit amplifier in CMOS with 42
dB gain and lps offset compensation,”
IEEE Journal of Solid-State Circuits, vol.
41, no. 2, pp. 443-451, Feh. 2006.

S.E. Meninger and M.H. Perrott, “A
dual band 1.8GHz/900MHz, 750
kb/s GMSK transmitter utilizing
a hybrid PFD/DAC structure for
reduced broadband phase noise,”
IEEE Symposium on VLSI Circuits Digest
of Technical Papers, June 2005, pp. 394-
397.

S.E. Meninger and M.H. Perrott,
“Bandwidth extension of low noise
fractional-N synthesizers,” IEEE Radio
Frequency Integrated  Circuits  Symposium
Dagest of “Technical Papers, June 2005, pp.
211-214.

E. Crain and M.H. Perrott, “A 3.125
Gb/s limit amplifier with 42dB gain
and 1ps offset compensation in 0.18um
CMOS,” in Proc. International Solid-State
Curcuits Conference, San Francisco, CA,
Feb. 2005, pp. 232-233.

J. Kim, EX. Kaertner, and M.H.
Perrott, “Femtosecond synchronization
of radio frequency signals with optical

pulse trains,” Optics Letters, vol. 29, no.
17, pp. 2076-2078, Sept. 2004.

E.A. Crain and M.H. Perrott, “A
numerical design approach for high-
speed, differential, resistor-loaded,
CMOS amplifiers,” presented at IEEE
International Sympostum on  Circuits and
Systems, 2004.

S.E. Meninger and M.H. Perrott, “A
fractional-N  frequency synthesizer
architecture utlizing a mismatch
compensated PFD/DAC structure for
reduced quantization-induced phase
noise,” IEEE Transactions on Circuils
and Systems II: Analog and Digital Signal
Processing, vol. 50, no. 11, pp. 839-849,
Nov. 2003.

C.Y. Lau and M.H. Perrott, “Phase
locked loop design at the transfer
function level based on a direct closed
loop realization algorithm,” in Proc. 40
Design Automation Conference, Anaheim,

CA, June 2003, pp. 526-531.

M.H. Perrott, M.D. Trott, and C.G.
Sodini, ‘A modeling approach for
sigma-delta fractional-N frequency
synthesizers allowing straightforward
noise analysis,” Journal of Solid-State
Circuts, vol. 37, no. 8, pp. 1028-1038,
Aug. 2002.

M.H. Perrott, “Fast and accurate
behavioral simulation of fractional-
N synthesizers and other PLL/DLL
circuits,” in Proc. 39" Design Automation
Conference, New Orleans, LA, June
2002, pp. 498-503.



Rajeev Ram
Associate Professor

Department of Electrical Engineering and Computer Science

COLLABORATORS

A. Sinskey, MIT

R. Kirchain, MIT

A. Gossard, UCSB

J. Hudgings, Mount Holyoke College

POST DOCTORATES

X. Guo, EECS
H.TL. Lee, EECS

GRADUATE STUDENTS

R. Amatya, Res. Asst., EECS
K.S.K. Lee, Res. Asst., EECS
T. Liptay, Res. Asst., EECS

P. Mayer, Res. Asst., EECS

J. Orcutt, Res. Asst., EECS
T. Zaman, Res. Asst., EECS

SUPPORT STAFF
C. Bourgeois, Admin. Asst. I

PUBLICATIONS

E. Fuchs, EJ. Bruce, R.J. Ram, and
R.E. Kirchain, “Process based cost
modeling of photonics manufacture:
The cost competitiveness of monolithic
integration of a 1550nm DFB laser
and an electro-absorptive modulator
on an InP platform” IEEE jJournal of
Lightwave Technology, to be published.

T. Zaman, X. Guo, and R,J. Ram,
“Polarization independent integrated
optical circulator”, [IEEE  Photonics
Technology Letters, to be published.

H.L.T. Lee and R_J. Ram, “Integrated
fluid injectors and mixers for pH
control in miniature bioreactor arrays,”
in Proc. Ninth International Conference on
Maniaturized Systems for Chemustry and
Life Sciences (uIAS), Boston, MA, Sept
2005, pp. 34-36.

P. Mayer and RJ. Ram, “Cross-
plane thermoreflectance imaging of
thermoelectric  elements,” in  Proc.

Materials  Research Symposium, Boston,
MA, Dec. 2005, pp. F10-06:1-6.

P. Mayer and R.J. Ram, “Thin-film
thermoelectric ~ generator  element
characterization,” in  Proc.  24th
International Conference on Thermoelectrics,

Clemson, SC, June 2005, pp. 280-283.
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Caroline A. Ross
Professor

Department of Materials Science and Engineering

COLLABORATORS

H.I. Smith, MIT

C. Thompson, MIT

E.L. Thomas, MIT

A. Mayes, MIT

R.C. O’Handley, MIT

G. Dionne, Lincoln Lab

G.J. Vancso, U. Twente

C. Pike, UC Davis

JA.C. Bland, U. of Cambridge
R. Dunin-Borkowski, U. of
Cambridge

M. Pardavi-Horvath, George
Washington U.

R.D. McMichael, NIST

A. Petford-Long, Oxford U.

POSTDOCTORAL ASSOCIATES

EJ. Castano
M. Bolduc
J-D. Suh

GRADUATE STUDENTS

V. Chuang, Res. Asst., MSE

F Ilievski, Res. Asst., MSE

W. Jung, Res. Asst., MSE

Y.S. Jung, Res. Asst., MSE

E. Lyons, Res. Asst., MSE

D. Morecroft, Res. Asst., MSE
V. Sivakumar, Res. Asst., MSE

SUPPORT STAFF
G. Joseph, Admin. Asst. II

PUBLICATIONS

M. Pardavi-Horvath , C.A. Ross, and
R.D. McMichael, “Shape effects in the
ferromagnetic resonance of nanosize
rectangular permalloy arrays,” IEEE
Transactions on Magnetics, vol. 41, no. 10,
pp- 3601-3603, Oct. 2005.

A. Rajamani, G. Dionne, D. Bono,
and C.A. Ross, “Faraday rotation,
ferromagnetism, and optical properties
in Fe-doped BaTiO,,” Journal of Applied
Physics, vol. 98, pp. 063907:1-5, Sept.
2005.

IJ. Castafio, D. Morecroft, W. Jung
and C.A. Ross, “Spin-dependent
scattering in multilayered magnetic
rings,” Physical Review Letters, vol. 95,
pp- 137201:1-4, Sept. 2005.

TJ. Bromwich, A. Kohn, AXK.
Petford-Long, T. Kasama, R. Dunin-
Borkowski, S. Newcomb, and C.A.
Ross, “Remanent magnetization states
and interactions in square arrays of
100 nm cobalt dots measured using
transmission electron microscopy,”
Journal of Applied Physics, vol. 98, pp.
053909:1-8, Sept. 2005.

K. Nielsch, I]J. Castano, C.A. Ross, and
R. Krishnan, “Magnetic properties of
template-synthesized cobalt/polymer
composite nanotubes,” Journal of
Applied Physics, vol. 98, pp. 034318:1-7,
Aug. 2005.

T. Kasama, R. Dunin-Borkowski,
S.B. Newcomb, M.R. McCartney,
EJ. Castano and C.A.Ross, “Off-
axis  electron  holography  of
pseudo-spin-valve thin film magnetic
elements,” Journal of Applied Physics,
vol.98, pp. 013903:1-7, July 2005.

W. Jung, E]J. Castano, D. Morecroft,
C.A. Ross, R. Menon, and H.I. Smith,
“Magnetization reversal in single-layer
and exchange-biased elliptical-ring
arrays,” Journal of Applied Physics, vol.
97, pp. 10K 113:1-3, May 2005.

C. Pike, C.A. Ross, R.T. Scalettar, and
G. Zimanyi, “First order reversal curve
diagram analysis of a perpendicular
nickel nanopillar array,” Physical Review
B, vol. 71, no. 13, pp. 134407:1-12,
Apr. 2005.

K. Nielsch, FJ. Castaio, S. Matthias,
W. Lee, and C.A. Ross, “Synthesis of
cobalt/polymer multilayer nanotubes,”
Advanced Engineering Materials, vol. 7, no.

4, pp. 217-221, Apr. 2005.

C.A. Ross, E]J. Castano, E. Rodriguez,
S. Haratani, B. Vogeli and H.L
Smith, “Size-dependent switching of
multilayer magnetic elements,” Journal
of Applied Physics, vol. 97, pp. 053902:1-
6, Mar. 2005.

T. Moore, TJ. Hayward, D.H.Y.
Tse, JJA.C. Bland, E]J. Castano, and
C.A. Ross, “Magnetization reversal
in individual micrometer sized
polycrystalline  permalloy  rings,”
Journal of Applied Physics, vol.97, pp.
063910:1-5, Mar. 2005.

G.F. Dionne, G.A. Allen, PR. Haddad,
C.A. Ross, and B. Lax, “Circular
Polarization =~ and  Nonrecipricol
Propagation in Magnetic Media,”
Lincoln Lab fournal, vol. 15, no. 2, pp.
323-340, 2005.

HJ. Jang, P Eames, E. Dan
Dahlberg, M. Farhoud, and C.A.
Ross, “Magnetostatic interaction of
cylindrical single domain nanopillars
in quasi-static magnetization states,”
Applied  Physics  Letters, vol. 86, pp.
023102:1-3, Jan. 2005.



Rahul Sarpeshkar
Associate Professor

Department of Electrical Engineering and Computer Science

POSTDOCTORAL ASSOCIATE
L. Turicchia, EECS

GRADUATE STUDENTS

S. Arfin, Res. Asst., EECS

M. Baker, Res. Asst., EECS

T. Lu, Res. Asst., EECS

S. Mandal, Res. Asst., EECS

M. O’Halloran, Res. Asst., EECS

C. Salthouse, Res. Asst., EECS

A. Selbst, Res. Asst., EECS

J.J- Sit, Res. Asst., EECS

M. Tavakoli-Dastjerdi, Res. Asst.,
EECS

W. Wattanapanitch, Res. Asst., EECS
K.H. Wee, Res. Asst., EECS

H. Yang, Res. Asst., EECS

S. Zhak, Res. Asst., EECS

SUPPORT STAFF
G. Jones, Admin. Asst.

PUBLICATIONS

M. O’Halloran and R. Sarpeshkar, “An
analog storage cell with 5 electron/
sec leakage,” presented at the /EEE
International  Symposium on  Circuits and
Systems, 2006.

S.Mandal, S. Zhak, and R. Sarpeshkar,
“Circuits for an RF cochlea,” presented
at the IEEE International Symposium on
Circuits and Systems, 2006.

B. Kim, S. Mandal, and R. Sarpeshkar,
“Power-adaptive operational amplifier
with positive-feedback self biasing,”
presented at the IEEE International
Symposium on Circuits and Systems, 2006.

S. Mandal, S.K. Arfin, and R.
Sarpeshkar, “Fast startup CMOS
current references,” presented at the
IEEE International Symposwum on Circuits

and Systems, 2006.

P. Loizou, K. Kasturi, T. Turicchia,
R. Sarpeshkar, M. Dorman, and T.
Spahr, “Evaluation of the companding
and other strategies for noise reduction
in cochlear implants,” presented at
the Conference on Implantable Auditory
Prostheses, 2005.

H. Yang and R. Sarpeshkar, “A time-
based energy-efficient analog-to-digital
converter,” IEEE Journal of Solid-State
Circuts, vol. 40, no. 8, pp. 1590-1601,
Aug. 2005.

AM. Simonson, AJ. Oxenham,
L. Turicchia, and R. Sarpeshkar,
“Evaluation of companding-based
spectral enhancement using simulated
cochlear implant processing,”

presented at the Meeting of the American
Auditory Soctety, 2006.

SNOILYOITaNd ® 44VLS HOHVIS3IY ALTNOVS

297



September 2006

MTL ANNUAL RESEARCH REPORT

298

Mark L. Schattenburg
Senior Research Scientist
MIT Kavli Institute

COLLABORATORS

H.I. Smith, MIT
D. Smith, PGL

D. Trumper, MIT
R. Hocken, UNCC

GRADUATE STUDENTS

M. Ahn, Res. Asst., ME

M. Akilian, Res. Asst., ME
C.-H. Chang, Res. Asst.,, ME
J- Montoya, Res. Asst., EECS
Y. Zhao, Res. Asst.,, ME

SUPPORT STAFF

R. Fleming, Lab Manager
R. Heilmann, Lab Asst. Director
Y.-O. Jung, Visiting Engineer

PUBLICATIONS

R.K. Heilmann, M. Akilian, C.-H
Chang, C.G. Chen, C. Forest, C. Joo, P.
Konkola, ]J.C. Montoya, Y. Sun, J. You
and M.L. Schattenburg, “Advances
in reflection grating technology for
Constellation-X,” in  Proc. SPIE Optics
Jor EUV, X-ray, and Gamma-ray Astronomy,
San Diego, CA, Aug. 2003, pp. 271-
282.

R.K. Heilmann, C.G. Chen, PT
Konkola and M.L. Schattenburg,
“Dimensional metrology for
nanometer-scale science and
engineering: Towards sub-nanometer
accurate encoders,” Nanotechnology, vol.
15, no. 10, pp. S504-S511, Oct. 2004.

C.-H. Chang, J.C. Montoya, M.
Akilian, A. Lapsa, R.K. Heilmann,
M.L. Schattenburg, M. Li, K.A.
Flanagan, A.P. Rasmussen, J.E. Seely,
J-M. Laming, B. Kjornrattanawanich
and L.I. Goray, “High fidelity blazed
grating replication using nanoimprint
lithography,” Journal of Vacuum Science
and Technology B, vol. 22, no. 6, pp.
3260- 3264, Nov. 2004.

R.K. Heilmann, M. Akilian, C.-H.
Chang, C.R. Torest, C. Joo, A. Lapsa,
J.C. Montoya and M.L. Schattenburg,

“Thin foil reflection gratings for
Constellation-X,” in  Proc. UV and
Gamma-Ray ~ Space  Telescope  Systems,

Glasgow, Scotland, June 2004, pp.
283-290.

M. Akilian, C. Forest, A. Slocum, D.
Trumper and M.L. Schattenburg,
“Thin optics constraint,” in Proc. 19th
Annual Meeting of the American Society for
Precision Engineering, Orlando, FL, Oct.
2004, pp. 209-212.

J- Montoya, R.K. Heilmann and M.L.
Schattenburg, “Measuring two-axis
stage mirror non-flatness using linear/
angular interferometers,” in Proc. 19th
Annual Meeting of the American Society for
Precision Engineering, Orlando, FL, Oct.
2004, pp. 382-385.

C.R. Canizares, J. Davis, D. Dewey,
K.A. Flanagan, E. Galton, D.P.
Huenemoerder, K. Ishibashi, T.L.
Markert, H.L. Marshall, M. McGuirk,
M.L. Schattenburg, N.S. Schulz, H.I.
Smith and M. Wise, “The Chandra high-
energy transmission grating: Design,
fabrication and ground calibration and
five years in flight,” Publications of the
Astronomical Society of the Pacific, vol. 117,
no. 836, pp. 1144-1171, Oct. 2005.

J. Montoya, C.-H. Chang, R.K.
Heilmann and M.L. Schattenburg,
“Doppler  writing and linewidth
control for scanning beam interference
lithography,” Journal of Vacuum Science
and Technology B, vol. 23, no. 6, pp.
2640-2645, Nov. 2005.

Y. Zhao, C.-H. Chang, J. Montoya,
R.K. Heilmann and M.L.
Schattenburg,  “Measurement  of
milli-degree  temperature  gradients
in environmental enclosures,” in Proc.

20th Annual Meeting of the American Society

Jor Precision Engineering, Norfolk, VA,

Oct. 2005, pp. 226-229.

C.-H. Chang, R.K Heilmann and M.L.
Schattenburg, “Advanced heterodyne
fringe-locking system using multiple
frequency shifts,” in Proc. of the 20th
Annual Meeting of the American Sociely for
Precision Engineering, Norfolk, VA, Oct.
2005, pp. 375-378.

R.K. Heilmann, M. Akilian, C.-H.
Chang, R. Hallock, E. Cleveland and
M.L. Schattenburg, “Shaping of thin
grazing-incidence reflection grating
substrates via magnetorheological
finishing,” in Proc. Optics for EUV, X-ray,
and Gamma-ray Astronomy II, San Diego,
CA, Aug. 2003, pp. 590009:1-7.

C.-H. Chang, M. Akilian and
M.L.  Schattenburg,  “Describing
isotropic and anisotropic out-of-plane
deformations in thin cubic materials
using Zernike polynomials,” Applied
Optics, vol. 45, no. 3, pp. 432-437, Jan.
2006.

M.P. Kowalski, R.K. Heilmann, M.L.
Schattenburg, C.-H. Chang, FB.
Berendse and W.R. Hunter, “Near-
normal-incidence extreme-ultraviolet
efficiency of a flat crystalline
anisotropically etched blazed grating,”
Applied Optics, vol. 45, no. 8, pp. 1676-
1679, Mar. 2006.

JE Seely, L.L Goray, B.
Kjornrattanawanich, J.M. Laming,
G.E. Holland, K.A. Flanagan, R.K.
Heilmann, C.-H. Chang, M.L.
Schattenburg and A.P. Rasmussen,
“Efficiency of a grazing-incidence off-
plane grating in the soft x-ray region,”
Applied Optics, vol. 45, no. 8, pp. 1680-
1687, Mar. 2006.

C.R. Torest, M. Spenko, Y. Sun,
A.H. Slocum, R.K. Heilmann and
M.L. Schattenburg, “Repeatable and
accurate assembly of x-ray foil optics,”
Journal of Precision Engineering, vol. 30,
no. 1, pp. 63-70, Jan. 2006.



Martin A. Schmidt
Professor

Department of Electrical Engineering and Computer Science

COLLABORATORS

A. Akindwande, MIT
V. Bulovic, MIT

A. Epstein, MIT

K.F. Jensen, MIT

GRADUATE STUDENTS

K. Cheung, Res. Asst., EECS

A. Gerhardt, Res. Asst., EECS

V. Leblanc, Res. Asst., DMSE

O. Mattis Nielsen, Res. Asst., EECS
V. Sharma, Res. Asst., EECS

ADMINISTRATIVE STAFF

A. Wasserman, Senior Administrative
Staff

PUBLICATIONS

N. De Mas, A. Guenther, T. Kraus,
M.A. Schmidt, K.E Jensen, ‘A
microfabricated scaled-out multilayer
gas-liquid microreactor with integrated
velocimetry sensors,” Ind. Eng Chem.
Res, vol. 44, no. 24, pp. 8997-9013,
Nov. 2005.

B.K.H.Yen, A. Giinther, M.A. Schmidt,
K.F Jensen, and M.G. Bawendi, “A
microfabricated gas-liquid segmented
flow reactor for high temperature
synthesis: The case of CdSe quantum
dots,” Angewandte Chemie International
Edition, vol. 44, no. 34, pp. 5447-5451,
June 2005.

V. Leblanc, S.-H. Kang, J. Chen, PJ.
Benning, M.A. Baldo,V. Bulovic, and
M.A.  Schmidt, “Micromachined
printhead for the patterning of organic
materials and metals,” in Digest of
Technical Papers. TRANSDUCERS “05.
The 13th International Conference on Solid-
State Sensors, Actuators and Macrosystems,

vol. 2, pp.1429 — 1432, June 2005.

TM. Floyd, M.A. Schmidt, and K.E.
Jensen, “A silicon micromixer with
infrared detection for studies of liquid
phase reactions,” Industrial & Engineering
Chemustry Research, vol. 44, no. 8, pp.
2351-2358, Apr. 2005.

J. Chen, V. Leblanc, S.H. Kang, M.A.
Baldo, PJ. Benning, M.A. Schmidt,
and V. Bulovic, “Direct patterning of
molecular organic materials and metals
using a micromachined printhead,” in
Proc. of the Materials Research Society Spring
Meeting, San Francisco, CA, Mar./Apr.
2005.

L.G. Frechette, S.A. Jacobson, K.S.
Breuer, FE Ehrich, R. Ghodssi, R.
Khanna, CW. Wong, X.Zhang,
M.A. Schmidt, and A.H. Epstein,
“High-speed microfabricated silicon
turbomachinery and fluid film
bearings,” IEEE/ASME  Journal of
Microelectromechanical - Systems, vol. 14,
no.l, pp. 141-152, Feb. 2005.

A. Guenther, M. Jhunjhunwala, M.
Thalmann, M.A. Schmidt, and K.E
Jensen, “Micromixing of miscible
liquids in segmented gas-liquid flow”
Langmur, vol. 21, no.4, pp. 1547-15553,
Jan. 2005.

H. Lu, M.A. Schmidt, and KT Jensen,
“A microfluidic electroporation device
for cell lysis,” Lab on a Chip, vol. 5, no.1,
pp- 23-29, Jan. 2005.

J.G. Kralj, M.A. Schmidt, and K.F.
Jensen, “Sufactant-enhanced liquid-
liquid extraction in microfluidic
channels with inline electric-field

enhanced coalescence,” Lab on a Chip,
vol. 5, pp. 531-535, Apr. 2005.

C. Tsau, S.M. Spearing, and M.A. Sch
midt,“Characterization of wafer-level
thermocompression bonds,” IEEE/
ASME Journal of Microelectromechanical
Systems, vol. 13, no.6, pp. 963-971,
Dec. 2004.

S.A. Khan, A. Gunther, F. Trachsel,
M.A.Schmidt, and K.F Jensen,
“Microfluidics for colloids processing,”
in Proc. 8" International Symposium on
Macro Total Analysis Systems, Malmo,
Sweden, Sept. 2004, pp. 411-413.

C.D. Baertsch, K.F. Jensen, J.L.. Hertz,
H.L. Tuller, VTS. Vengallatore,
S.M. Spearing, and M.A. Schmidt,
“Fabrication and structural
characterization of  self-supporting
electrolyte membranes for a micro
solid-oxide fuel cell,” Journal of Materials
Research, vol. 19, no. 9, pp. 2604-2615,
Sept. 2004.

X. Yang, A. Holke, S.A. Jacobson, J.H.
Lang, M.A. Schmidt, and S.D. Umans,
“An electrostatic, on/off MEMS valve
designed for gas fuel control for the
MIT  microengine,” IEEE/ASME
Journal of Microelectromechanical Systems,
vol. 13, no.4, pp. 660-668, Aug. 2004.
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Alexander Slocum
Professor

Department of Mechanical Engineering

COLLABORATORS
J. Lang, MIT

GRADUATE STUDENTS

A/J. Hart, ME
S. Hou, EECS
H. Ma, EECS
A. Weber, ME
O. Yaglioglu, ME

SUPPORT STAFF
M. Lynch, Admin. Asst. I1

PUBLICATIONS

M. Sweetland, J.H. Lienhard, A.H.
Slocum, ‘A convection/radiation
temperature control system for high
power density electronic  device
testing,” IEEE Transactions on Applied
Electronic Packaging, to be published.

M. Akilian, C.R. Forest, A.H. Slocum,
D.L. Trumper, DL., and M.L.
Schattenburg, “Thin optic constraint,”
Precision Engineering, to be published.

A.J Hart and A.H. Slocum, “Force
output, control of film structure, and
micro-scale shape transfer by carbon
nanotube growth under mechanical
pressure,” NanoLetters, vol. 6, no. 6, pp.
1254-1260, May 2006.

AJ Hart, B. O. Boskovic, A. T. H.
Chuang, V. B. Golovko, J. Robertson,
B. I G. Johnson, and A. H. Slocum,
“Uniform and selective CVD growth
of carbon nanotubes and nanofibres
on arbitrarily microstructured silicon
surfaces,” Nanotechnology, vol. 17, no. 5,
pp- 1397-1403, Mar. 2006.

A,J Hart and A.H. Slocum, “Rapid
growth and flow-mediated nucleation
of millimeter-scale aligned carbon
nanotube structures from a thin-film
catalyst,” Journal of Physical Chemistry B,
vol. 110, no. 16, pp. 8250-8257, Mar.
2006.

AJ Hart, AH. Slocum, L. Royer,”
Growth of high-quality single-walled
carbon nanotube films from Mo/Fe/
Al,O, deposited by electron beam
evaporation,” Carbon, vol. 44, no. 2, pp.
348-359, Feb. 2006.

H. Ma and A.H. Slocum, “A flexible-
input, desired-output motor controller
for engineering design classes,” IEEE
Transactions on Education, vol. 49, no. 1,
pp- 113-121, Feb. 2006.

E. Bamberg, C.P.  Grippo, P
Wanakamol, A.H. Slocum, M.C.
Boyce, E.L. Thomas, “A tensile
test device for i siu atomic force
microscope  mechanical  testing,”
Precision Engineering, vol. 30, no. 1, pp.
71-84, Jan. 2006.

J- Li, M.P. Brenner, T. Christen, M.S.
Kotilainen, J.H. Lang, and A.H.
Slocum, “Deep reactive ion-etched
compliant starting zone electrostatic
zipping  actuators,”  Journal — Of
Microelectromechanical - Systems, vol. 14,
no. 6, pp. 1283-1297, Dec. 2005.

JR.  White, CJ. White, A.H.
Slocum, “Octave-tunable miniature
rf resonators,” [EEE Microwave and
Wareless Components Letters, vol. 15, no.
11, pp. 793-795, Nov. 2005.

J- Qiu, J. Lang, A.H. Slocum, and A.
Weber, “Abulk-micromachinedbistable
relay with u-shaped thermal actuators,”
Journal Of Microelectromechanical Systems,
vol. 14, no. 5, pp. 1099-1109, Oct.
2005.



Henry I. Smith
Professor

Department of Electrical Engineering and Computer Science

COLLABORATORS

J.T. Hastings, Univ. Kentucky
C.A. Ross, MIT

C.V. Thompson, MIT

FR. Stellacci, MIT

E. Ippen, MIT

F. Kaertner, MIT

M. Schattenburg, MIT

GRADUATE STUDENTS

A. Patel, Res. Asst., EECS

C. Holzwarth, Res. Asst., MSE
T. B. O’Reilly, Res. Asst., ME
W. Aroro, Res. Asst., EECS

R. Barreto, Res. Asst., EECS
S. Tsai, Res. Asst., EECS

SUPPORT STAFF
T. Kuhn, Admin. Asst.

PUBLICATIONS

PT. Rakich, M.A. Popovic, M.R.
Watts, T. Barwicz, H.I. Smith and
E.P. Ippen, “Ultra-wide tuning of
photonic microcavities via evanescent
field perturbation,” Optics Letters, to be
published.

M.D. Galus, E.E. Moon, H.I. Smith,
and R. Menon, “Replication of
diffractive-optical ~arrays via step-
and-flash nano-imprint lithography,”
Journal of Vacuum Science and Technology,
to be published.

E.E. Moon, PN. Everett, and H.L
Smith, “Nanometer-precision pattern
registration for scanning-probe
lithographies using interferometric-
spatial-phase imaging,” Journal of
Vacuum  Science and Technology, to be

published.

H.I. Smith, R. Menon, A. Patel, D.
Chao, M. Walsh, and G. Barbastathis,
“Zone-plate-array lithography: A low-
cost complement or competitor to
scanning-electron-beam lithography;,”
Microelectronic  Engineering, 2006, to be
published.

T. Barwicz, M.A. Popovic, M.R.
Watts, PT. Rakich, E.P. Ippen and
H.I. Smith, “Fabrication of add-drop
filters based on frequency-matched
microring-resonators,”  Journal  of
Lightwave “Technology, May 2006, to be
published.

R. Menon, D. Gil, and H.I. Smith
“Experimental characterization of
focusing by high-numerical-aperture
zone plates,” Journal of the Optical Society
of America, vol. 23, no. 3, pp. 567-571,
Mar. 2006.

G. Onoa, T.B. O’Reilly, M.E. Walsh,
and H.I. Smith, “Bulk production of
singly dispersed carbon nanotubes with
prescribed lengths,” Nanotechnology, vol.
16, no. 12, pp. 2799-2803, Dec. 2005.

R.Z. Lei, W. Tsai, I. Aberg, T.B.
O’Reilly, J.L. Hoyt, D.A. Antoniadis,
H.I. Smith, A.J, Paul, M.L. Green, J.
Li, and R. Hull, “Strain relaxation in
patterned strained silicon directly on
insulator structures,” Applied Physics
Letters, vol. 87, no. 25, pp. 251926,
Dec. 2005.

Q. Leonard, D. Malueg, J. Wallace,
J-W. Taylor, S. Dhuey, I Cerrina, B.
Boerger, R. Selzer, M. Yu, Y. Ma, K.
Meyers, M. Trybendis, E.E. Moon,
and H.I. Smith, “Development,
installation, and performance of the
x-ray stepper JSAL 5C,” Journal of
Vacuum Science and “Technology B, vol. 23,
no. 5, pp. 2896, Nov. 2005.

E.E. Moon, M.K. Mondol, PN.
Everett, and H.I. Smith, “Dynamic
alignment control for fluid-immersion
lithographies using interferometric-
spatial-phase imaging,” Journal of
Vacuum Science and “Technology B, vol. 23,
no. 6, pp. 2607, Nov. 2005.

F Zhang, H.I. Smith, and J. Dai,
“Fabrication  of  high-secondary-
electron-yield grids for spatial-phase-
locked electron-beam lithography,”
Journal of Vacuum Science and Technology
B, vol. 23, no. 6, pp. 3061-3064, Now.
2005.

D. Chao, A. Patel, T. Barwicz, H.L.
Smith, and R. Menon, “Immersion
zone-plate-array lithography,” Journal
of Vacuum Science and ‘Technology B, vol.
23, no. 5, pp. 2657-2661, Nov. 2005.

W. Jung, IJ. Castano, D. Morecroft,
C.A. Ross, R. Menon, and H.I. Smith,
“Magnetization reversal in single-layer
and exchange biased elliptical ring
arrays,” Journal of Applied Physics, vol.
97, no. 10, pp. 10K 113, Oct. 2005.

AA. Yu, TA. Savas, G. Scott Taylor,

A.  Guiseppe-Elie, H.I.  Smith,
and I Stellacci, “Supramolecular
nanostamping:  Using DNA  as

moveable type,” Nano Letters, vol. 5, no.
6, pp. 1061-1064, June 2005.

R. Menon, D. Gil, G. Barbastathis, and
H.I. Smith, “Photon-sieve lithography,”
Journal of the Optical Society of America,
vol. 22, no. 2, pp. 342-345, Feb. 2005.

R. Menon, A. Patel, D. Gil, and
H.I. Smith, “Maskless lithography,”
Materials Today, vol. 8, no. 2, pp. 26-33,
Feb. 2005.

C.A. Ross, EJ. Castano, E. Rodriguez,
S. Haratani, B. Vogeli and H.L
Smith, “Size-dependent switching of
multilayer magnetic elements,” Journal
of Applied Physics, vol. 97, no. 2, pp.
281-286, Feb. 2005.
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Charles G. Sodini
Professor

Department of Electrical Engineering and Computer Science

COLLABORATORS
P. Holloway, National Semiconductor

GRADUATE STUDENTS

I Edalat, National Defense Science
and Engineering Fellow, EECS

J. Fiorenza, Res. Asst., EECS

A. Jerng, Res. Asst., EECS

L. Khuon, Res. Asst., EECS

K. Lamba, Res. Asst., EECS

A. Lin, Res. Asst., EECS

I. Nausieda, Res. Asst., EECS

K. Nguyen, Res. Asst., EECS

A. Pham, Res. Asst., EECS

J. Powell, National Science Foundation
Fellow, Lincoln Lab

K. Ryu, Res. Asst., EECS

T. Sepke, Res. Asst., EECS

K. Tan, Res. Asst., EECS

A. Wang, Res. Asst., EECS

SUPPORT STAFF
R. Maynard, Admin. Asst. II

PUBLICATIONS

L. Khuon and C.G. Sodini, “An area-
efficient 5-GHz multiple receiver RFIC
for MIMO WLAN applications,” to be
presented at the IEEE Radio Frequency
Integrated — Curcuits — Symposium, — San
Francisco, CA, June 2006.

A. Pham and C.G. Sodini, “A 5.8
GHz, 47°% efficiency, linear outphase
power amplifier with fully integrated
power combiner,” to be presented
at the IEEE Radio Frequency Integrated
Curcuats Symposium, San Francisco, CA,

June 2006.
A. Wang and C.G. Sodini, “On

the ecnergy efficiency of wireless
transcievers,” to be presented at
the IEEE International Conference on

Communications, Istanbul, Turkey, June

2006.

A. Pham, G.W. Wornell, and C.G.
Sodini, “A digital amplitude-to-phase
conversion for high efficiency linear
outphase power amplifiers,” presented
at the IEEE International Conference on
Acoustics, Speech, and Signal Processing,
2006.

T. Sepke, J.K. Fiorenza, C.G. Sodini, P
Holloway, and H.-S. Lee, “Comparator
based switched capacitor circuits for
scaled CMOS technologies,” in Proc.
IEEE  International  Solid-State  Circuits
Conference, San Irancisco, CA, Feb.
2006, pp. 220-221, 649.

D.B. Fuller, A.I. Akintunde, and C.G.
Sodini, “Leading, Following, or Cooked
Goose?  Explaining  Innovations,
Successes and Failures in Taiwan’s
Electronics Industry,” in Global Taiwan:
Building Competitive Strengths in a New
International ~ Economp, ed. Suzanne
Berger and Richard Lester, Armonk:
M.E. Sharpe, 2005, pp. 76-96.

K. Ryu, I. Kymissis, V. Bulovic, and
C.G. Sodini, “Direct extraction of
mobility in pentacene OFETs using
capacitance-voltage and  current-
voltage measurements,” IEEE Electron
Devices Letters, vol. 26, no. 10, pp. 716-
718, Oct. 2005.

L. Khuon, E.W. Huang, C.G. Sodini,
and GW. Wornell, “Integrated
transceiver arrays for multiple antenna
systems,” presented at [EEE 61
Semiannual Vehicular Technology Conference,

2005.

A. Jerng and C.G. Sodini, “The impact
of device type and sizing on phase
noise mechanisms,” IEEE FJournal of
Solid-State Circuits, vol. 40, no. 2, pp.
360-369, Feb. 2005.

A.Y. Wang and Sodini, C.G., “A simple
energy model for wireless microsensor
transceivers,” in Proc. IEEE Global

Telecommunications — Conference, Dallas,
TX, Dec. 2004, pp. 3205-3209.
R.'T. Howe and C.G. Sodini,

Microelectronics: An  Integrated Approach.
Upper Saddle River: Prentice Hall,
1997.

R. Reif and C.G. Sodini, “Hong Kong
Electronics Industry,” in Made in Hong
Fong, ed. Suzanne Berger and Richard
Lester, New York: Oxford University
Press, 1997, pp. 186-215.



Vladimir Stojanovic
Assistant Professor

Department of Electrical Engineering and Computer Science

COLLABORATORS

A. Amirkhany, Stanford University
M. Horowitz, Stanford University
S. Vamvakos, UC Berkeley

B. Nikolic, UC Berkeley

GRADUATE STUDENTS

N. Blitvic, Res. Asst., EECS

I Chen, Res. Asst., EECS

B. Kim, Res. Asst., EECS

M. Lee, Res. Asst., EECS

S. Song, Res. Asst., EESC

R. Sredojevic, Res. Asst., EECS

PUBLICATIONS

B. Garlepp, A. Ho, V. Stojanovic, F
Chen, C. Werner, G. Tsang, T. Thrush,
A. Agarwal and J. Zerbe, “A 1-10
Gbps PAM2, PAM4, PAM2 partial
response receiver analog front end with
dynamic sampler swapping capability
for backplane serial communications,”
presented at the IEEE Symposium on
VLSI Circuits, 2005.

C. Werner, C. Hoyer, A. Ho, M.
Jeeradit, I Chen, B. Garlepp, W.
Stonecypher, S. Li, A. Bansal, A.
Agarwal, E. Alon, V. Stojanovic and
J. Zerbe, “Modeling, simulation, and
design of a multi-mode 2-10 Ghb/
sec fully adaptive serial link system,”
presented at the IEEE Custom Integrated
Curcuits Conference, 2005.

E. Alon, V. Stojanovic and M.A.
Horowitz, “Circuits and techniques for
high-resolution measurement of on-
chip power supply noise,” IEEE Journal
of Solid-State Circuits, vol. 40, no. 4, pp.
820-828, 2005.

V. Stojanovic, A. Ho, B. Garlepp, F
Chen, J. Wei, G. Tsang, E. Alon, R.
Kollipara, C. Werner, J. Zerbe, and
M. Horowitz, “Autonomous dual-
mode (PAM2/4) serial link transceiver
with adaptive equalization and data
recovery,” IEEE Journal of Solid-State
Cureuits, vol. 40, no. 4, pp. 1012-1026,
Apr. 2005.

E. Alon, V. Stojanovic, J. M. Kahn, S.
Boyd, and M. Horowitz, “Equalization
of modal dispersion in multimode
fiber using spatial light modulators,”
presented at the IEEE  Global
Communications Conference, 2004.

A. Amirkhany, V. Stojanovic, and
M. Horowitz, “Multi-tone signaling
for high-speed backplane electrical
links,” presented at the IEEE Global
Communications Conference, 2004.

D. Markovic, V. Stojanovic, B. Nikolic,
M.A. Horowitz, and R.W. Brodersen,
“Methods for true energy-performance
optimization,” IEEE Journal of Solid-
State Circuits, vol. 39, no. 8, pp. 1282-
1293, Aug. 2004.

V. Stojanovic, A. Ho, B. Garlepp, E
Chen, J. Wei, E. Alon, C. Werner, J.
Zerbe, and M.A. Horowitz, “Adaptive
equalization and data recovery in dual-
mode (PAM2/4)serial link transceiver,”
presented at the IEEE Symposium on
VLSI Crrcuats, 2004.

A.Ho, V.Stojanovic, I Chen, C. Werner,
G. Tsang, E. Alon, R. Kollipara, J.
Zerbe,and M. A. Horowitz, “Common-
mode backchannel signaling system
for differential high-speed links,”
presented at the IEEE Symposiwum on
VLSI Circuits, 2004.

E. Alon, V. Stojanovic, and M.A.
Horowitz, “Circuits and techniques for
high-resolution measurement of on-
chip power supply noise,” presented
at the IEEE Symposium on VLST Circuats,
2004.

V. Stojanovic, A. Amirkhany, and M.
Horowitz, “Optimal linear precoding
with  theoretical ~and  practical
data rates in high-speed serial-link
backplane communication,” presented
at the IEEE International Conference on
Communications, 2004.

J- Zerbe, C. Werner, V. Stojanovic,
E Chen, J. Wei, G. Tsang, D. Kim,
W. Stonecypher, A. Ho, T. Thrush,
R. Kollipara, M. Horowitz, and K.
Donnelly, “Equalization and clock
recovery for a 2.5 - 10Gb/s 2-PAM/4-
PAM backplane transceiver cell,” IEEE
Journal of Solid-State Circuits, vol. 38, no.
12, pp. 2121-2130, Dec. 2003.

V. Stojanovic and M. Horowitz,
“Modeling and analysis of high-speed
links,” presented at the IEEE Custom
Integrated Circuits Conference, 2003.

J- Zerbe, C. Werner, V. Stojanovic,
F. Chen, J. Wei, G. Tsang, D. Kim,
W. Stonecypher, A. Ho, T. Thrush,
R. Kollipara, M. Horowitz, and K.
Donnelly, “Equalization and clock
recovery for a 2.5 - 10Gb/s 2-PAM/4-
PAM backplane transceiver cell,”
presented at the IEEE International
Solid-State Circuits Conference, 2003.

R.W. Brodersen, M.A. Horowitz,
D. Markovie, B. Nikolic, and V.
Stojanovic, “Methods for true power
minimization,” in Proc. International
Conference on Computer Aided Design, San
Jose, CA, Nov. 2002, pp. 35-42.

V. Stojanovic, D. Markovic, B.
Nikolic, M.A. Horowitz, and R.W.
Brodersen, “Energy-delay tradeoffs in
combinational logic using gate sizing
and supply voltage optimization,”
presented at the European Solid-State
Crrcuats Conference, 2002.

V. Stojanovic, G. Ginis, M.A. Horowitz,
“Transmit pre-emphasis for high-speed
time-division-multiplexed  serial-link
transceiver,” presented at the [EEE
International Conference on Communications,

2002.
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Carl V. Thompson

Stavros Salapatas Professor of Materials Science and Engineering
Department of Materials Science and Engineering

COLLABORATORS

D.A. Antoniadis, MIT

M. Burns, Rowland Institute at
Harvard University

W.K. Choi, National University of
Singapore

S.J. Chua, National University of
Singapore

C. Hau-Riege, Advanced Micro
Devices

C.L. Gan, Nanyang Technical
University

E.A. Fitzgerald, MIT

O. Nayfeh, MIT

K.L. Pey, National University of
Singapore

C.A. Ross, MIT

H.I. Smith, MIT

K. Turner, U. of Wisconsin

D.E. Troxel, MIT

POSTDOCTORAL FELLOW
R. Moenig

GRADUATE STUDENTS

S. Boles, Res. Asst., MSE

S.-W. Chang, Res. Asst., MSE
7. Choi, Res. Asst.,, MSE

A. Giermann, Intel Fellow, MSE
J. Leib, NSF Fellow, MSE

H.L. Leong, SMA Fellow, SMA
G. Nessim, Res. Asst., MSE

J. Oh, Res. Asst., MSE

G. Qiang, SMA Fellow, SMA

A. R. Takahashi, Res. Asst.,, MSE
R. Tadepalli, Res. Asst., MSE

F. Wei, Res. Asst., MSE

J- Ye, Res. Asst., MSE

SUPPORT STAFF
C. Mallet, Admin. Asst. IT

PUBLICATIONS

KY. Zang, YD. Wang, S]J. Chua,
L.S. Wang, S. Tripathy and C.V.
Thompson, “Nanoheteroepitaxial
lateral overgrowth of GaN on
nanoporous Si (111),” Applied Physics
Letters, to be published.

A.L. Geirmann and C.V. Thompson,
“Solid state dewetting for ordered
arrays of crystallographically oriented
metal particles,” Applied Physics Letters,
vol. 86, pp. 121903:1-3, Mar. 2005.

S.M. Alam, C.L. Gan, EL. Wei, C.V.
Thompson, and D.E. Troxel, “Circuit-
level reliability requirements for cu
metallization,” [EEE Transactions on
Device and Materials Reliability, vol. 5, no.
3, pp- 522-531, Sept. 2005.

R. Krishnan, H.Q). Nguyen, Carl V.
Thompson, W.K. Choi, and Y.L. Foo,
“Wafer-level ordered arrays of carbon
nanotubes with controlled size and

spacing on silicon,” Nanotechnology, vol.
16, no. 6, pp. 841-846, June 2005.

T. Trimble, L. Tang, N. Vasiljevic,
N. Dimitrov, M. van Schilfgaarde,
C. Triesen, C.V. Thompson, S.C.
Seel, J.A. Floro, and K. Sieradzki,
“Anion adsorption induced reversal
of coherency strain,” Physical Review
Letters, vol. 95, pp. 166106, Oct. 2005.

H.Q. Le, S.J. Chua, YW. Koh, K.P.
Loh, Z. Chen Z, C.V. Thompson, and
E.A. TFitzgerald, “Growth of single
crystal ZnO nanorods on GaN using
an aqueous solution method,” Applied
Physwcs Letters, vol. 87, pp. 101908:1-3,
Sept. 2005.

K.Y, Zang, L.S. Wang, S.J. Chua, and
C.V. Thompson, “Structural analysis
of metalorganic  chemical vapor
deposited AIN nucleation layers on
Si(111),” Fournal of Crystal Growth, vol.
268, no. 3-4, pp. 515-520, Aug. 2004.

C. Triesen and C.V. Thompson,
“Comment on compressive stress in
polycrystalline Volmer-Weber films,”
Physical Review  Letters, vol. 95, pp.
229601, Nov. 2005.

Z.-S. Choi, C.W. Chang, J.H. Lee,
C.L. Gan, C.V. Thompson, K.L.
Pey and WK. Choi, “Multi-via
electromigration test structures for
identification and characterization of
different failure mechanisms,” in Proc.
Materials, Technology and Reliability of
Advanced  Interconnects, San Francisco,
CA, Apr. 2005, pp. B9.4.1-B9.4.6.

S.M. Alam, D.E. Troxel, and C.V.
Thompson, “Thermal aware cell-
based methodology for full-chip
electromigration reliability analysis,”
in Proc. 15" ACM Great Lakes Symposium
on VLSI, Chicago,IL, Apr. 2005, p. 26.

S.M. Alam, FL. Wei, C.L. Gan,
C.V. Thompson, and D.E. Troxel,
“Electromigration Reliability
comparison of Al and Cu interconnect
technologies,” in Proc. Sixth International
Sympostum on Quality Electronic Design,
San Jose, CA, Mar. 2003, p. 303-308.

C.V.  Thompson, “Nanomaterials
in integrated circuits,” in Proc. of the
Sympostum on Future Integrated Systems,
Cambridge, United Kingdom, Aug.
2005, p.52.

C.V.Thompson, “Effectsof mechanical
properties on the circuit-level reliability
of Cu/low-k metallization,” in Proc. 8"
International Workshop on  Stress-Induced
Phenomena in  Metallization, Dresden,
Germany, Sept. 2005, pp. 231-243.



Todd Thorsen
Assistant Professor

Department of Mechanical Engineering

COLLABORATORS

D. Luo, Cornell

R. Gilbert, MIT

L.D. Samson, MIT

S. Amarasinghe, MIT

GRADUATE STUDENTS

J.P. Urbanski, Res. Asst., ME
H. Park, Res. Asst., ME

M. Kumar, Res. Asst., ME
R. Lam, Res. Asst., ME

SUPPORT STAFF
S. Buhrmester, Admin. Asst.

PUBLICATIONS

JA. Benn, J. Hu, B.J. Hogan, R.C.
Fry, L.D. Samson, and T. Thorsen,
“Comparative modeling and analysis
of microfluidic and conventional DNA
microarrays,” Analytical Biochemustry, vol.

348, no. 2, pp. 284-293, Jan. 2006.

J.P. Urbanski, W. Thies, C. Rhodes, S.
Amarasinghe, and T. Thorsen, “Digital
microfluidics using soft lithography,” in
Lab on a Chip, vol. 6, no. 1, pp. 96-104,
Nov. 2005.

B.G. De Geest, J.P Urbanski, T.
Thorsen, S.C. De Smedt, and ]J.
Demeester, “Synthesisof biogegradable
microgels in  microfluidic  devices,”
Langmur; vol. 21, no. 23, pp. 10275-
10279, Sept. 2005.

A.P. Vollmer, R.F. Probstein, R. Gilbert,
and T. Thorsen, “Development of an
integrated microfluidic platform for
dynamic oxygen sensing and delivery
in a flowing medium,” Lab on a Chip,
vol. 5, pp. 1059-1066, Aug. 2005.

JA. Levitan, S. Devasenathipathy,
V. Studer, Y. Ben, T. Thorsen,
TM. Squires, and M.Z. Bazant,
“Experimental observation of induced-
charge electro-osmosis around a metal
wire in a microchannel,” in Proc. of
International Conference on Electrokinetics,
Pittsburgh, PA, June 2004, pp. 122-
132.

T. Thorsen, “Microfluidic tools
for  high-throughput  screening,”
Buotechniques, vol. 36, no. 2, pp. 177-
179, Feb. 2004.

G.-R. Y1, S.-J. Jeon, T. Thorsen, V.N.
Manoharan, D.J. Pine, S.R. Quake,
and S.-M. Yang, “Generation of
uniform photonic balls by template-
assisted  colloidal  crystallization,”
Synthetic Metals, vol. 139, no. 3, pp. 803-
806, Oct. 2003.

G.-R.Yi, T. Thorsen, VN. Manoharan,
M.-J. Hwang, D.J. Pine, S.R. Quake,
and S.-M. Yang, “Generation of
uniform  colloidal assemblies in
soft-microfluidic ~ devices,” Advanced
Materials, vol. 15, no. 15, pp. 1300-
1304, Aug. 2003.

T. Thorsen, S.J. Maerkl, and S.R.
Quake, “Microfluidic large scale
integration,” Science, vol. 298, no. 5593,

pp- 580-584, Oct. 2002.

T. Thorsen, R.W. Roberts, FH. Arnold,
and S.R. Quake, “Dynamic pattern
formation in a vesicle-generating
microfluidic device,” Physical Review
Letters, vol. 86, no. 18, pp. 4163-4166,
Apr. 2001.

M.A.Unger, H.-P. Chou, T. Thorsen, A.
Scherer, and S.R. Quake, “Monolithic
microfabricated valves and pumps by
multilayer soft lithography,” Science,
vol. 288, no. 5463, pp. 113-116, Apr.
2000.

PC. Simpson, D. Roach, AT
Woolley, T. Thorsen, R. Johnston, G.FE.
Sensabaugh, and R.A. Mathies, “High-
throughput genetic analysis using
microfabricated 96-sample capillary
array electrophoresis microplates,” in
Proc. Natl. Acad. Sci., vol. 95, no. 5, pp.
2256-2261, Mar. 1998.

L. Calandro, T. Thorsen, L. Barcellos, J.
Griggs, D. Baer, and G.F. Sensabaugh,
“Mutation analysis in hereditary
hemo-chromatosis  (Commentary),”
Blood Cells, Molecules and Diseases, vol.
22, no. 16, 194a-194b, Aug. 1996.
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Joel Voldman
NBX Associate Professor

Department of Electrical Engineering and Computer Science

COLLABORATORS

G. Daley, Children’s Hospital
K.M. Lim, NUS, Singapore

G. Stephanopoulos, MIT

F. McKeon, Harvard Med. School
G. Vunjak-Novacovic, Columbia

J. White, MIT

GRADUATE STUDENTS

S. Desai, Research Asst., EECS
H.-Y. Lee, Research. Asst., EECS
L.Y. Kim, Research Asst., HST
J.R. Kovac, Research Asst., EECS
N. Mittal, Research Asst., Physics
K. Puchala, Research Asst., EECS
A.D. Rosenthal, Res. Asst., HST
P. Sampattavanich, Res. Asst., EECS
N. Tandon, Research Asst., EECS
B. Taff, Res. Asst., EECS

M. Vahey, Research Asst., EECS

SUPPORT STAFF
S. Chafe, Admin. Asst.

PUBLICATIONS

J. Voldman, “Electrical forces for
microscale cell manipulation,” Annual
Review of Biomedical Engineering, Aug.
2006, to be published.

J. Voldman, “Dielectrophoretic traps
for cell manipulation,” in BiwMEMS
and Biomedical Nanotechnology, A.P. Lee,
J. Lee, and M. Ferrari, Eds. New York,
NY: Springer, 2006.

A. Rosenthal, B.M. Taff, and M.D.
Vahey, “Quantitative modeling of
dielectrophoretic traps,” Lab Chip, vol.
6, no. 4, pp. 508-515, Apr. 2006.

L. Kim, M.D. Vahey, H.-Y. Lee, and
J- Voldman, “Microfluidic arrays for
logarithmically perfused embryonic
stem cell culture,” Lab Chip, vol. 6, no.
3, pp- 394-406, Mar. 2006.

B.M. Taff and J. Voldman, “A
scalable row/column-addressable
diclectrophoretic cell-trapping array,”
in Proc. Ninth International Conference on
Mimaturized Systems for Chemustry and
Life Sciences (uTAS), Boston, MA, Oct.
2005, pp. 865-867.

LY. Kim, H.-Y. Lee, and J. Voldman,
“Logarithmically perfused embryonic
stem cell culture on chip,” in Proc. Ninth
International  Conference on  Miniaturized
Systems _for Chemustry and Life  Sciences
(wTAS), Boston, MA, Oct. 2005, pp.
530-532.

A.D. Rosenthal and J. Voldman,
“Dielectrophoretic  traps for single-
particle patterning,” Biophysical Journal,
vol. 88, no. 3, pp. 2193-2205, Mar.
2005.

A.D. Rosenthal and J. Voldman,
“Simple, strong, and size-selective
dielectrophoretic trap for single-cell
patterning,” in Proc. Eighth International
Conference on  Miniaturized Systems _for
Chemustry and  Life  Sciences  (u'TAS),
Malmo, Sweden, Sept. 2004, pp. 228-
230.

D.S. Gray, JL. Tan, J. Voldman,
and C.S. Chen, “Dielectrophoretic
registration of living cells to a
microelectrode array,” Biosensors and
Buoelectronics, vol. 19, no. 12, pp. 1765-
1774, July 2004.

J. Voldman, “BioMEMS - Building
with cells,” Nature Materials, vol. 2, no.
7, pp- 433-434, July 2003.

J- Voldman, M. Toner, M.L. Gray,
and M.A. Schmidt, “Design and
analysis of extruded quadrupolar
dielectrophoretic  traps,” Journal of
Electrostatics, vol. 57, no. 1, pp. 69-90,
Jan. 2003.

J- Voldman, M. Toner, M.L. Gray, and
M.A. Schmidt, “A microfabrication-
based dynamic array cytometer,”
Analytical Chemistry, vol. 74, no. 16, pp.
3984-3990, Aug. 2002.

J- Voldman, M. Toner, M.L. Gray, and
M.A. Schmidt, “A dielectrophoresis-

based array cytometer,” in Proc
Transducers  2001: 11" International
Conference  on  Sohd-State ~ Sensos &

Eurosensors XV, Munich, Germany,

June 2001, pp. 322-325.

J- Voldman, R.A. Braff, M. Toner,

M.L. Gray, and M.A. Schmidt,
“Holding forces of single-particle
dielectrophoretic  traps,”  Biophysical

Journal, vol. 80, no. 1, pp. 531-541,
Jan. 2001.

J- Voldman, M.L. Gray, and M.A.
Schmidt, “An integrated liquid mixer/
valve,” Journal of Mucroelectromechanical
Systems, vol. 9, no. 3, pp. 295-302, Sept.
2000.

J- Voldman, R.A. Braff, M. Toner,
M.L. Gray, and M.A. Schmidt,
“Quantitative  design and analysis
of single-particle dielectrophoretic
traps,” in Proc. International Conference
on  Mimaturized Systems for Chemustry
and Life Sciences (u1AS), Twente, The
Netherlands, May 2000, pp. 431-434.

J- Voldman, M.L. Gray, and M.A.
Schmidt, “Microfabrication in biology
and medicine,” Annual Review of
Biomedical Engineering, vol. 1, pp. 401-
425, Aug. 1999.

J- Voldman, M.L. Gray, and M.A.
Schmidt, “Liquid mixing studies using
an integrated mixer/valve,” in Proc.
International  Conference on  Mimiaturized
Systems _for Chenustry and Life Sciences
(u1AS), Banft, Canada, Oct. 1998, pp.
181-184.
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vol. 71, pp. 121-160, 2005.
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on the surface of fibers,” in Proc. 47th
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Conference, Newport, RI, May 2006,
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N.E. duToit and B. L. Wardle,
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for  microfabricated  piezoelectric
vibration energy harvesters,” in Proc.
47th AIAA  Structures, Dynamics, and
Materials Conference, Newport, RI, May
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platesandshell contactlaws,” presented
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N. Wicks, B.L.. Wardle, and D. Pafitis,
“Horizontal cylinder-in-cylinder
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oil drilling applications,” presented
at the 15th International Conference on
Composite Materials (ICCM), 2005.

D. Quinn, S.M. Spearing, and B.
L. Wardle, “Residual stress and
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materials for a micro solid oxide fuel
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Bachelor of Science
THESES AWARDED SB !

2004

2005

2006

Buchner, T. (G. Barbastathis), “Kinematics of 3D Folding Structures for Nanostructured Origami™,”
December 2004.

Gibbons, J.S. (T.A. Thorsen), “Mobile Power Plants: Waste Body Heat Recovery,” June 2004.
Samouhos, S.V. (T.A. Thorsen), “Mobile Power Plants: Waste Body Heat Recovery,” June 2004.

Slowe, T.J. (M.L. Culpepper), “Design of a Prototyping Press for 3D Monolithic Compliant Mechanisms,”
June 2004.

Tsikata, S. (T.A. Thorsen), “Microfluidic Optical Devices,” June 2004,

Barron, K. (G. Chen), “Experimental Studies of the Thermoelectric Properties Of Microstructured and
Nanostructured Lead Salts,” February 2005.

Bourgeois, J. (M.L. Culpepper), “Modeling Effects of Adding a Flux Channel to a Planar Magnet-Coil
Actuator,” June 2005.

Cukalovic, B. (J.A. del Alamo), “WebLabSim Administrative Interface,” May 2005.

Dibiasio, C.M. (M.L. Culpepper), “Design of Micro—scale Nanomanipulators Utilizing Digital Actuation,” June
2005.

Hopkins, J. (M.L. Culpepper), “Design and Control of a Five—axis AFM Manipulation System,” June 2005.
Hu, J. (T.A. Thorsen), “Microfluidic Microarrays,” June 2005.

Mazzeo, B. (A.l. Akinwande), “Models for Energy States in Thin Film Transistors,” May 2005.

Smith, E. (T.A. Thorsen), “Fabrication of a Picoliter Microreactor,” June 2005.

Vitr, M. (G. Barbastathis), “Image Restoration for 3D Volume-Holographic Imaging Systems,” January 2005.

Allard, N. (M.L. Culpepper), “Compliant Mechanism Learning Toolkit,” June 2006.

Labuz, J. (M.L. Culpepper), “Design, Fabrication, and Testing of a Three-Dimensional Monolithic Compliant
Six-Axis Nanopositioner,” June 2006.

Turner, S. (M.L. Culpepper), “Design of an Adaptable, Protective Covering for Precision Experiments,” June
2006.
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Master of Engineerin
THESES AWARDED M.Eng. gl ing

2004 Akilian, M.K. (M.L. Schattenburg), “Thin Optic Surface Analysis for High Resolution X-ray Telescopes,”
September 2004.

Chang, C.-H. (M.L. Schattenburg), “Fabrication of Extremely Smooth Blazed Gratings,” June 2004.
Das, R. (M.A. Baldo), “Photovoltaic Devices using Photosynthetic Protein Complexes,” February 2004.
Mehta, A. (M.A. Schmidt, K.F. Jensen), “A Microfabricated Solid Oxide Fuel Cell,” June 2004.

Peters, J. (L. Daniel), “Design of High Quality Factor Spiral Inductors in RF MCM-D,” September 2004.

Quentmeyer, T. (V.M. Bove, Jr.), “Delivering Real-Time Holographic Video Content with Off-the-Shelf PC
Hardware,” May 2004.

Wang, Y.C. (T.A. Thorsen), “On-chip Multidimensional Biomolecule Separation Using Multilayer
Microfabricated Valves,” February 2004.

Wang, A.l. (A.l. Akinwande), “Threshold Voltage in Pentacene Field Effect Transistors with Parylene
Dielectric,” May 2004.

2005 Abrokwah, K. (D.S. Boning), “Characterization and Modeling of Plasma Etch Pattern Dependencies in
Integrated Circuits,” February 2005.

Ackerman, N. (A.P. Chandrakasan), “A Platform for Ultra Wideband Communication Systems,” May 2005.

Arora, W.J. (G. Barbastathis, H.l. Smith), “Nanostructured Origami™: Folding Thin Films out of the Plane of a
Silicon Wafer with Highly Stressed Chromium Hinges,” June 2005.

Gadish, N. (J. Voldman), “A Microfabricated Dielectrophoretic Micro-organism Concentrator,” August 2005.

Park, M. (M.H. Perrott), “Optical/Electrical Implementation Techniques for Continuous-Time Sigma-Delta A/D
Converters,” June 2005.

September 2006

Selbst, A. (R. Sarpeshkar), “Clock Division as a Power Saving Strategy in a System Constrained by High
Transmission Frequency and Low Data Rate,” June 2005.

Tsai, J. (A.P. Chandrakasan), “Design and Implementation of an Online Laboratory for Introductory Digital
Systems,” August 2005.

Urbanski, J.P. (T.A. Thorsen), “Application of Microfluidic Emulsion Technology to Biochemistry, Drug
Delivery and Lab-on-a-Chip Programmability,” June 2005.

Vollmer, A. (T.A. Thorsen), “Development of an Integrated Microfluidic Platform for Oxygen Sensing and
Delivery,” June 2005.

Walker, J.Z. (A.l. Akinwande, A.P. Chandrakasan), “A Low Power Display Driver with Simultaneous Image
Transformation,” February 2005.

Waller, L.A. (G. Barbastathis), “Feedback Loop Design and Experimental Testing for Integrated Optics with
Micro-mechanical Tuning,” June 2005.

Werkmeister, J. (A.H. Slocum), “Development of Silicon Insert Molded Plastic (SIMP,” June 2005.

10 Winter, A. (M.L. Culpepper), “Design of Fluid Film Journal Bearings Containing Continuous 3D Fluid Pathways
Which are Formed by Wrapping a Sheet Containing 2D Through—cut Features,” June 2005.
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THESES AWARDED Master of Engineering

2006

M.Eng

Bradley, M.S. (V. Bulovi¢), “Highly Absorptive Thin Films for Integrated Photonic Devices,” February 2006.

Kim, L. (V. Bulovi¢), “Deposition of Colloidal Quantum Dots by Microcontact Printing for LED Display
Technology,” February 2006.

Lamba, K. (V. Bulovi¢, C.G. Sodini), “An Integrated Circuit for Feedback Control & Compensation of an
Organic LED Display,” June 2006.

Lin, A. (V. Bulovi¢), “A Silicon Current Sensing Amplifier and Organic Imager for an Optical Feedback OLED
Display,” February 2006.

Lin, K. (M.L. Culpepper), “Multi-axis Compliant Mechanism-based Nanopositioner for Mult-mode Mechanical
Testing of Carbon Nanotubes,” February 2006.

Rayanakorn, S. (H.-S. Lee), “Design of Micropower CMOS Operational Amplifiers,” June 2006.

Reyes-Gonzalez, N.I. (J. Han), “AC-Electrophoresis of Biomolecules in Nanofluidic Filter Array Devices,”
January 2006.

Smalley, D. (V.M. Bove, Jr.), “Integrated-Optic Holovideo,” September 2006.
Timm, R. (M.L. Culpepper), “Visual-based Methods in Compliant Mechanism Optimization,” February 2006.

Young, S. (L.A. Kolodziejski), “Characterization of Novel IV Semiconductor Devices,” June 2006.

Lefi to right: Ryan Tabone, M.S. ‘05, Denis Daly,
M.S. ‘05, Naveen Verma, M.S. ‘05.
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Master of Science
THESES AWARDED S !

2004 Abu Ibrahim, F. (A.H. Slocum), “Low-Cost Precision Waterjet,” June 2004.
Au, S. (C. Livermore), “Solder Self-Assembly for MEMS Fabrication,” September 2004.

Caramana, C. (H.I. Smith), “Pattern-Placement-Error Detection for Spatial-Phase-Locked E-Beam
Lathography (SPLEBL),” June 2004.

Crain, E.A. (M.H. Perrott), “Fast Offset Compensation for a 10 Gb/s Limit Amplifier,” June 2004.

Cybulski, J.S. (G. Chen), “Fabrication, Modeling, and Electrical Characterization of Self-Assembling
Microscale Rollup Structures,” June 2004.

Hill, S.L. (V.M. Bove, Jr.), “Scalable Multi-view Stereo Camera Array for Real World Real-Time Image Capture
and Three-Dimensional Displays,” May 2004.

Jia, J. (C.V. Thompson), “The Mechanism of Thin Film Si Nanomachining Using Femtosecond Laser Pulses,”
June 2004.

Kuo, S. (M.H. Perrott), “Linearization of a Pulse Width Modulated Power Amplifier,” June 2004.

Lee, H. (M.J. Cima), “Experimental Study of the Atomization Processfor Viscous Liquids by Meniscus
Perturbation and Micro Air Jet,” June 2004.

Patel, A. (H.l. Smith), “The Development of a Prototype Zone-Plate Array Lithography (ZPAL) System,” May
2004.

Schmidt, A.J. (G. Chen), “Photothermal Lithography,” June 2004.
Thompson, K. (A.H. Slocum), “MEMS Fluid Coupling,” June 2004.
Verma, H. (C.V. Thompson), “Scanned Pulsed Laser Annealing of Cu Thin Films,” June 2004.

Wei, F. (C.V. Thompson), “The Electromigration Drift Velocity and the Reliability of Dual-Damascene Copper
Interconnect Trees,” February 2004,

September 2006

Wells, B. (C.V. Thompson), “Commercial Applications of Nanostructures Created with Ordered Porous
Alumina,” June 2004.

2005 Arango, A. (V. Bulovi¢), “Quantum Dot Heterojunction Photodetector,” February 2005.

Cheung, K. (M.A. Schmidt), “Die Level Glass Frit Vacuum Packaging for a Micro-Fuel Processor System,”
May 2005.

Dahl, R.A. (C.V. Thompson), “Femtosecond Laser-Microstructured Silicon for Photodetection: Technology
Transfer Analysis,” June 2005.

Dalton, B. (V.M. Bove, Jr.), “Audio Based Localisation for Ubiquitous Sensor Networks,” September 2005.
Daly, D. (A.P. Chandrakasan), “An Energy Efficient Transceiver for Wireless Sensor Networks,” May 2005.

duToit, N.E. (B.L. Wardle), “Modeling and Design of a MEMS Piezoelectric Vibration Energy Harvester,” May
2005.

Finchelstein, D. (A.P. Chandrakasan), “Low-Power Digital Processor for Wireless Sensor Networks,” May
2005.

Frantzeskakis, E. (C.V. Thompson), “Analysis of Potential Applications for the Templated Dewetting of Metal
Thin Films,” June 2005.

Gazor, M. (D.S. Boning), “Design for Manufacturability with Regular Fabrics in Digital Integrated Circuits,”
May 2005.

Herrington , W. (I. Masaki), “Image Fusion for a Nighttime Driving Display,” June 2005.
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Master of Science
THESES AWARDED S !

Ho Duc, H.L. (M.J. Cima), “Packaging for a Drug Delivery Microelectromechanical System,” February 2005.

In, H.J. (G. Barbastathis), “Origami Nanofabrication of Three-dimensional Electrochemical Energy Storage
Devices,” June 2005.

Lajevardi, P. (A.P. Chandrakasan), “Design of a 3-Dimension FPGA,” July 2005.
LeCoguic, A. (J. Han), “Gate Potential Control of Nanofluidic Devices,” May 2005.
Lee, H. (G. Chen), “Thermoelectric Properties of Si-=Ge Nanocomposites,” January 2005.

Mao, P. (J. Han), “Fabrication and Characterization of Nanofluidic Channels for Studying Molecular Dynamics
in Confined Environments,” January 2005.

Matalon, N. (C.G. Sodini), “An Implementation of a 5.25 GHz Transceiver for High Data Rate Wireless
Applications,” December 2005.

McCaghren, N. (D.S. Boning), “Visual Indicators for Process Control,” June 2005.

Nanda, G (V.M. Bove, Jr.), “Accessorizing with Networks: the Possibilities of Building with Computational
Textiles,” September 2005.

Pilpre, A. (V.M. Bove, Jr.), “Self-* Properties of Multi-Sensing Entities in Smart Environments,” May 2005.
Rushfeldt, S. (C.V. Thompson), “Sensor Applications of Carbon Nanotubes,” June 2005.

”

Ryu, K. (V. Bulovi¢, C.G. Sodini), “Characterization of Organic Field Effect Transistors for OLED Displays,

June 2005.

Tabone, R. (V. Bulovi¢), “Sub-20nm Substrate Patterning Using A Self-Assembled Nanocrystal Template,”
June 2005.

Verma, N. (A.P. Chandrakasan), “An Ultra Low Power ADC for Wireless Micro-Sensor Applications,” May
2005.

Wong, M. (J.A. del Alamo), “The Effect of Varying Gate-Drain Distance on the RF Power Performance of
Pseudomorphic High Electron Mobility Transistors,” August 2005.

2006 Barabas, J. (V.M. Bove, Jr.), “Sensor Planning for Novel View Generation by Camera Networks,” May 2006.

Garcia, E. (B.L. Wardle), “Characterization of Composites with Aligned Carbon Nanotubes (CNTs) as
Reinforcement,” May 2006.

Hadiashar, A. (J.L. Dawson), “Chopper Stabilization in Analog Multipliers,” June 2006.

Hirsh, D. (V.M. Bove, Jr.), “Piecing Together the Magic Mirror: Creating Responsive Spaces with
Autonomous Elements,” September 2006.

Mracek, A. (B.L. Wardle), “Towards and Embeddable Structural Health Monitoring Sensor: Design and
Optimization of MEMS Piezoelectric Vibration Energy Harvesters,” June 2006.
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Quinn, D. (B.L. Wardle), “Microstructure, Residual Stress, and Mechanical Properties of Thin Film Materials
for a Microfabricated Solid Oxide Fuel Cell,” May 2006

Vahey, M. (J. Voldman), “A Novel Method for the Continuous Separation of Microorganisms based on
Electrical Properties,” January 2006.

31

w



Doctor of Philosoph
THESES AWARDED PhD. ! phy

2004 Chiang, C. (C.V. Thompson), “Geometrical and Microstructural Effects on Electromigration in Advanced Cu-
Based Metallization Systems,” June 2004.

De Mas Valles, N. (K.F. Jensen, M.A. Schmidt), “Scalable Multiphase Microchemical Systems for Direct
Fluorination,” June 2004.

Freisen, C. (C.V. Thompson), “Stress Evolution During Growth and Atomic-Scale Surface Structure Effects in
Transition-Metal Thin Films,” June 2004.

Kershner, R.J. (M.J. Cima), “Surface Forces During Electrophoretic Assembly of Micron Scale Silica
Particles,” June 2004.

Li, J. (A.H. Slocum), “Electrostatic Zipping Actuators and Their Application to MEMS,” January 2004.
Liu, W. (G. Chen), “In-Plane Thermoelectric Properties of Si/Ge Superlattices,” July 2004.

Love, N. (I. Masaki), “Recognition of 3D Compressed Images and its traffic monitoring applications,” June
2004,

Moon, E. (H.l. Smith), “Interferometric-Spatial-Phase Imaging for Sub-Nanometer Three Dimensional
Positioning,” September 2004.

Shawgo, R.S. (M.J. Cima), “In vivo Activation and Biocompatibility of a MEMS Microreservoir Drug Delivery
Device,” June 2004.

Tupper, M.M. (M.J. Cima), “Fabrication and Assembly of Micron-scale Ceramic Components,” February
2004.

Walsh, M. (H.I. Smith), “On the Design of Lithographic Interferometers and their Application,” September
2004.

2005 Ariel, N. (E.A. Fitzgerald), “Integrated Thin Film Batteries on Silicon,” September 2005.

Barwicz, T. (H.l. Smith, H.L. Tuller), “Accurate Nanofabrication Techniques for High-Index-Contrast
Microphotonic Devices,” September 2005.

September 2006

Calhoun, B. (A.P. Chandrakasan), “Low Energy Digital Circuit Design Using Sub-threshold Operation,”
December 2005.

Checka, N. (A.P. Chandrakasan, R. Reif), “Substrate Noise Analysis and Techniques for Mitigation in Mixed-
Signal RF Systems,” June 2005.

Choy, H.K.H. (C.G. Fonstad, Jr.), “Quantum Wells on Indium Gallium Arsenic Compositionally Graded Buffers
realized by Molecular Beam Epitaxy,” January 2005.

Coe-Sullivan, S. (V. Bulovi¢), “Hybrid Organic/Quantum Dot Thin Film Structures and Devices,” June 2005.
Chen, A. (A.l. Akinwande, H.-S. Lee), “CMOS Micro-Display,” June 2005.

Krishnan, R. (C.V. Thompson), “Templated Self-assembly of Nanoporous Alumina: Pore Formation and
Ordering Mechanisms, Methodologies, and Applications,” June 2005.
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Li, Y. (M.J. Cima), “Mechanical Characterization and in vivo Operation of an Implantable Drug Delivery MEMS
Device,” February 2005.

14 Lauer, I. (D.A. Antoniadis), “The Effects of Strain on Carrier Transport in Thin and Ultra-Thin SOl MOSFETSs,”
September 2005.

Markina, A. (L.A. Kolodziejski), “Design and Simulation for the Fabrication of Integrated Semiconductor
Optical Logic Gates,” September 2005.
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Doctor of Philosoph
THESES AWARDED PhD. ! phy

2006

Meninger, S. (M.H. Perrott), “Low Phase Noise, High Bandwidth Frequency Synthesizer Techniques,” June
2005.

Pham, A. (C.G. Sodini), “Outphase Power Amplifiers in OFDM Systems,” December 2005.

Pitera, A. (E.A. Fitzgerald), “Engineered Substrates for Coplanar Integration of Lattice-Mismatched
Semiconductors with Silicon,” January 2005.

Qi, M. (H.I. Smith), “Three Dimensional Nanofabrication of Photonic Crystals and Polarization Splitters and
Rotators,” April 2005.

Sprunt, A. (A.H. Slocum), “A Variable Capacitor Made from Single Crystal Silicon Fracture Surface Pairs,”
August 2005.

Steyn, L. (A. Epstein, M.A. Schmidt), “A Microfabricated Electrostatic Indiction Turbine-generator,” May
2005.

Tandon, S. (H.I. Smith, L.A. Kolodziejski), “Engineering Light Using Large Area Photonic Crystal Devices,”
June 2005.

Tavakoli-Dastjerdi, M. (R. Sarpeshkar), “An Analog VLSI Front End for Pulse Oximetry,” October 2005.

Wang, H.R. (M.J. Cima), “Gradient-index (GRIN) Lenses by Slurry-based Three-Dimensional Printing (S-
3DP™),” February 2005.

Zanzotto, A. (K.F. Jensen), “Integrated Microbioreactors for Rapid Screening and Analysis of Bioprocesses,
February 2005.

Zhang, F. (H.l. Smith), “Real-Time Spatial-Phase-Locked Electron-Beam Lithography,” September 2005.

Willoughby, P. (A.H. Slocum), “Elastically Averaged Precision Alignment,” June 2005.

Callebaut, H. (Q. Hu), “Analysis of the Electron Transport Properties in Quantum Cascade Lasers,” April
2006.

Fan, A. (A.l. Akinwande), “3-D Integration Using Copper Wafer Bonding,” June 2006.

Gervais, T. (K.F. Jensen, P.K. Sorger), “Mass Transfer and Structural Analysis of Microfluidic Sensors,”
February 2006.

Kralj, J.G. (K.F. Jensen, M.A. Schmidt), “Continuous Flow Separation Techniques for Microchemical
Synthesis,” February 2006.

Lee, J.C. (T.P. Orlando), “Resonant Readout of a Superconducting Persistent Current Qubit,” June 2006.
Mallett, J. (V.M. Bove, Jr.), “The Role of Groups in Smart Camera Networks,” February 2006.

Montoya, J. (M.L. Schattenburg), “Towards Nano-accuracy in Scanning Beam Interference Lithography,”
June 2006.

Murali, K. (T.P. Orlando), “Electromagnetically Induced Transparency and Electron Spin Dynamics using
Superconducting Quantum Circuits,” February 2006.

Sun, W. (G. Barbastathis) “Profilometric Imaging Using Volume Holograms,” March 2006.
Tian, K. (G. Barbastathis) “Three-Dimensional Optical Information Processing,” March 2006.
Yang, H. (R. Sarpeshkar), “An Energy-Efficient Time-Based Analog-to-Digital Converter,” January 2006.
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MTL maintains a comprehensive Memo Series covering the activities
of MTL and related microsystems research at MI'T. A chronological

list of memosissued from 2006 appears below Copies of MTL Memos

ilable online exclusively to members of the Microsystems
VLSI MEMO SERIES

05-1164

05-1165

05-1166

05-1167

05-1168

06-1169

06-1170

06-1171

06-1172

06-1173

06-1174

06-1175

Industrial Group (MIG) at MTL. MIG members are invited to sign
up for an account that will grant them access to these materials in a
password-protected directory. Visit our website at http://mtlweb.

mit.edu for more information and current memos.

A Study of Plasma Etching for Use on Active Metals
Keane T. Nishimoto

Accurate Nanofabric Techniques for High-Index-Contrast Microphotonic Devices
Tymon Barwicz

The Effects of Strain on Carrier Transport in Thin and Ultra-Thin SOl MOSFETs
Isaac Lauer

Outphase Power Amplifiers in OFDM Systems
Anh D. Pham

Suspended Microchannel Reactors for Biomolecular Detection
Thomas Burg

Comparator-Based Switched-Capacitor Circuits for Scaled CMOS Technologies
Todd Sepke, John K. Fiorenza, Charles G. Sodini, Peter Holloway, Hae-Seung Lee

Strain dependence of Si-Ge interdiffusion in epitaxial Si / Si,_,Ge, / Si
heterostructures on relaxed Si,_, Ge, substrates
Guangrui Xia, Oluwamuyiwa O. Olubuyide, and Judy L. Hoyt

A Silicon Current Sensing Amplifier and Organic Imager for an
Optical Feedback OLED Display
Albert Lin

Transport in Thin-Body MOSFETs Fabricated in Strained Si and
Strained Si/SiGe Heterostructures on Insulator
Ingvar Aberg

An Implementation of a 5.25GHz Transceiver for
High Data Rate Wireless Applications
Nir Matalon

Chopper Stabilization in Analog Multipliers
Ali Hadiashar

Integrated Optical Isolators
Tauhid R. Zaman



06-1176

06-1177

06-1178

06-1179

06-1180

06-1181

06-1182

06-1183

06-1184

06-1185

06-1186

06-1187

06-1188

06-1189

06-1190

06-1191

06-1192

The Impact of CMP and Underlying Back-End Topographical Features on Losses in
Deposited Dielectric Waveguides
Edward Barkley and Clifton G. Fonstad, Jr.

An Adaptive Orthogonal Frequency Division Multiplexing Baseband Modem for
Wideband Wireless Channels
Jit Ken Tan

Exploring Predistortion Training Algorithms in a Cartesian Feedback-Trained
Digital Predistortion System for RF Power Amplifier Linearization
Jeffrey B. Huang

A Miniature, Implantable Wireless Neural Stimulation System
Scott K. Arfin

Outphase Power Amplifiers in OFDM Systems
Anh D. Pham

Ultra-wideband Digital Baseband
Raul Blasquez

An Energy Efficient Sub-Threshold Baseband Processor Architecture
for Pulsed Ultra-wideband Communications
Vivienne Sze

Resonant Readout of a Superconducting Persistent Current Qubit
Janice C. Lee

Energy-Aware Architectures, Circuits and CAD for Field Programmable Gate Arrays
Frank A. Honoré

Silicon-Germanium Interdiffusion and Its Impacts on Enhanced Mobility MOSFETs
Guangrui Xia

An Energy Optimal Power Supply for Digital Circuits
Yogesh Kumar Ramadass

A Sub-threshold Cell Library and Methodology
Joyce Y. S. Kwong

Characterization and Modeling of Plasma Etch Pattern Dependencies in Integrated
Circuits

Kwaku O. Abrokwah

The Application of Photosynthetic Materials and Architectures to Solar Cells
Jonathan King Mapel

Highly Absorptive Thin Films for Integrated Photonic Devices
Michael Scott Bradley

A Variable Capacitor Made from Single Crystal Silicon Fracture Surface Pairs
Alexander D. Sprunt

Design of a 3-Dimension FPGA
Payam Lajevardi
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MTL hosts a series of talks each semester known as the MTL VLSI
Seminar Series. Speakers for the Series are selected on the basis of
their knowledge and competence in the areas of microelectronics
research, manufacturing, or policy., The MTL VLSI Seminar
Series is held on the MI'T Campus on Tuesdays at 4:00 pm, and
VLSI SE M I N AR S ERIES 1s open to the public. A listing of recent seminars is also provided
at http://mtlweb.mit.edu. Streaming videos of the VLSI
Seminar Series are available online exclusively to individuals
whose companies are members of the Microsystems Industrial
Group (MIG) at MTL. For information regarding the MTL VLSI

Seminar Series, send e-mail to rmaynard@mtl.mit.edu.

'3

Q Limits on ADC Power Dissipation
Q September 20, 2005 | Boris Murmann, Stanford University

Bioelectronics
N February 14, 2006 | Rahul Sarpeshkar, MIT
™~ High Performance Link Challenges and Tradeoffs Above 5Gb/s
™~ September 27, 2005 | Jared Zerbe, Rambus

\ Transformation of CMOS Scaling: How Many “Moore” Generations? ]\’J
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