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INTRODUCTION

Welcome to the 2007 MTL Annual Report. This report summarizes the 

research from faculty and senior research staff  associated with the MTL. The 

report covers diverse research areas related to electronic device fabrication, 

integrated circuits and systems, photonics, micro-electromechanical systems 

(MEMS), as well as molecular and nano-technologies. These investigators 

come from more than 38 different departments, labs, and centers across the 

Institute.

The MIT Microsystems Technology Laboratories (MTL) is an interdepartmental laboratory with a mission to foster research 
and education in semiconductor process and device technology, and integrated circuits and systems design. MTL provides 
micro- and nano-fabrication and computer aided design (CAD) infrastructure to the entire campus. Last year, more than 500 
researchers, primarily graduate students, conducted research using the MTL infrastructure. 

MTL’s fabrication environment includes three clean rooms: the Class 10 Integrated Circuits Laboratory, the Class 100 Technology 
Research Laboratory, and the flexible Exploratory Materials Laboratory.  The computational environment provides access to 
advanced electronic design automation (EDA) for device, circuit and system design. The fabrication and computation facilities 
of  MTL are maintained and operated by approximately 20 full-time technical staff  members. 

MTL partners with industry through the Microsystems Industrial Group (MIG). MTL research and operation is significantly 
subsidized by the MIG consortium. This year, two new members, NEC and Cadence, have joined the MIG. The members 
of  the Industrial Advisory Board (one member from each of  our MIG companies) provide significant guidance in shaping the 
vision of  MTL.

There are significant changes in MTL over the past year.  Several new committees have been established for setting strategic 
directions as well as dealing with operations issues. A new website with significant new content was launched in January of  2007 
(www-mtl.mit.edu). The newly formed MTL Seminar Committee has put together an outstanding seminar series open to the 
public.  

The flagship technical event of  MTL is our annual research conference (MARC) held annually in Waterville Valley, New 
Hampshire. The conference is run by MTL graduate students in collaboration with a steering committee. The conference has 
grown significantly over the past few years and is widely attended by industry, faculty, students and staff. MARC 2007 had more 
than 200 attendees. We have also initiated an MTL visit day to companies where MTL graduate students present leading-edge 
results to our MIG companies.

Research conducted at MTL (as organized in the Annual Report) can be broadly classified into five categories: Circuits and 
Systems, Electronic Devices, MEMS and BioMEMS, Molecular and Nanotechnology and Photonics. MTL has four affiliated 
industrial research centers with more focused interests: the Center for Integrated Circuits and Systems (CICS), Intelligent 
Transportation Research Center (ITRC), MEMS@MIT, and the Center for Integrated Photonic Systems (CIPS).

Anantha P. Chandrakasan 
Director, MTL
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Finally, we wish to thank our research sponsors:
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• Air Force Office of  Scientific Research
• Air Force Research Laboratory
• Army Research Laboratory
• Army Research Laboratory 

Collaborative Technology Alliance 
• Army Research Office Institute for 

Collaborative Biotechnologies
• Army Research Office Multi-

Disciplinary University Research 
Initiative 

• DARPA
• DARPA/AFOSR
• DARPA Electronic & Photonic 

Integrated Circuits Program
• Defense University Research Initiative 

on Nanotechnology
• Disruptive Technology Office
• Missile Defense Agency
• Multi-Disciplinary University Research 

Initiative

• National Defense Science and 
Engineering Graduate Fellowship

• Office of  Naval Research
• United States Air Force

Department of  Energy
• National Renewable Energy Laboratory

Jet Propulsion Laboratory
National Institutes of  Health

• National Cancer Institute
• National Cell Decision Process Center 

Grant
• National Institute of  Biomedical 

Imaging and BioEngineering
• National Institute of  Diabetes and 

Digestive and Kidney Diseases
National Aeronautics and Space 

Administration
NOAA: MIT Sea Grant College 

Program
National Science Foundation

• NSF Graduate Research Fellowship

• NSF Materials Research Science and 
Engineering Center at MIT

• NSF Nanoscale Interdisciplinary 
Research Team

• NSF/SRC Engineering Research 
Center for Environmentally Benign 
Semiconductor Manufacturing

• Presidential Early Career Award for 
Scientists and Engineers (PECASE)

Quantum Computing Graduate 
Research Fellowship

Small Business Administration
• Small Business Technology Transfer

U.S. Government

Private Industry 3M Corporation
Airbus S.A.S.
AMD
Analog Devices
Applied Materials Graduate Fellowship
BAE Systems
DuPont
Hewlett-Packard
IBM Corporation

• IBM Faculty Award
• IBM Faculty Fellowship

Intel Corporation
• Intel Foundation Ph.D. Fellowship
• Intel Higher Education Program

Mitsubishi Electric
Molecular Imprints, Inc.
National Semiconductor
NEC Research Fund
Nokia
Pacific Scientific
Pfizer
Pirelli, S.p.A.

Plymouth Grating Laboratory
Rhodia
STMicroelectronics
Symbol Technologies
Texas Instruments, Inc.

• TI Fellowship

MIT Biotechnology Process Engineering 
Center

Bushchbaum Fund
Cambridge-MIT Institute
Center for Bits and Atoms
Center for Integrated Circuits and 

Systems
Center for Integration of  Medicine and 

Innovative Technology
Center for Materials Science and 

Engineering
Deshpande Center for Technological 

Innovation
Draper Labs

DuPont-MIT Alliance
EECS Fellowship
Ford-MIT Alliance
Institute for Soldier Nanotechnologies
Intelligent Transportation  

Research Center
Karl Chang Innovation Fund
Lemelson Foundation Presidential 

Fellowship
Lincoln Laboratory
Lincoln Laboratory IPI Program
Media Laboratory
Microchemical Systems Technology 

Center

NanoStructures Laboratory
Pappalardo Fellowship
Presidential Fellowship
MIT/Industry Consortium on 

Advanced Automotive Electrical/
Electronic Components and Systems

MIT-Lemelson Fund
NanoStructures Laboratory
Research Laboratory of  Electronics
Singapore-MIT Alliance
Vitesse Chair

Other Alexander von Humboldt Foundation
CELab, Digital Life, and Things That 

Think Research Consortia
CSBi/Merck Fellowship
Fannie and John Hertz Foundation
Gates Millennium Scholars Graduate 

Fellowship
Government of  Malaysia
Institute for Microelectronics, 

Singapore
Korea Foundation for Advanced Studies
Korea Institute of  Science and 

Technology Intelligent Microsystem 
Center

Korean Institute of  Machinery and 
Materials

Korea Science and Engineering 
Foundation

La Caixa Foundation
MicroPhotonics Consortium
Natural Sciences and Engineering 

Research Council of  Canada
SRC/FCRP

• C2S2
• GSRC
• IFC
• MSD

Semiconductor Research Corporation

• SRC Student Fellowship
• SRC/SEMATECH Engineering 

Research Center for Environmentally 
Benign Semiconductor Manufacturing
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MTL Seminar Series Committee
Joel L. Dawson, Chair
Rhonda Maynard, Coordinator
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Vicky Diadiuk, Chair
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Tayo Akinwande 
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John Hennessy
Juejun Hu
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Ivan Nausieda
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Reja Amatya
Shaya Famini 
Ching-Yi Hong 
Yan Li 
Khoa Nguyen
Andrew Ritenour
Willie Sanchez
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A.I. Akinwande Display devices: flexible large area electronics, organic 
and inorganic thin film transistors, field emission 
displays; high aspect ratio gated microstructure arrays: 
field emission devices, electrospray thrusters and gas 
analyzers.

39-553b 617-258-7974 akinwand@mtl.mit.edu

D.A. Antoniadis Fabrication, measurements and modeling of silicon- and 
germanium-based devices for high-speed and low-power 
integrated circuits. 

39-427b 617-253-4693 daa@mtl.mit.edu

M.A. Baldo Molecular electronics, integration of biological materials 
and conventional electronics, electrical and exciton 
transport in organic materials, energy transfer, metal-
organic contacts, nanomechanical transistors.

13-3053 617-452-5132 baldo@mit.edu

K.K. Berggren Superconductive nanodevice physics and applications; 
nanofabrication methods, processes, and tool-
development for application to superconductive 
quantum computing and single-photon detection.

36-219 617-324-0272 berggren@mit.edu

S.N. Bhatia Micro- and nano-technologies for tissue repair and 
regeneration. Applications in liver tissue engineering, 
cell-based BioMEMS, and nanobiotechnology.  

E19-502d 617-324-0221 sbhatia@mit.edu
 

D.S. Boning Characterization and modeling of variation in 
semiconductor and MEMS manufacturing with emphasis 
on chemical mechanical polishing (CMP), electroplating, 
plasma etch, and advanced interconnect processes. 
Understanding the impact of process and device 
variation on circuit performance, and design for 
manufacturability.

38-435 617-253-0931 boning@mtl.mit.edu

V.M. Bove, Jr. Sensing, display, user interface, and computation for 
consumer electronics applications, particularly self-
organizing ecosystems of devices.  Advanced data 
representations for multimedia.

E15-368B 617-253-0334 vmb@media.mit.edu

V. Bulović Physical properties of organic and organic/inorganic 
nanocrystal composite thin films and structures; 
development of nanostructured electronic and 
optoelectronic devices.

13-3138 617-253-7012 bulovic@mit.edu

A.P. Chandrakasan Design of digital integrated circuits and systems. 
Energy efficient implementation of signal processing and 
communication systems. Circuit design with emerging 
technologies.

38-107 617-258-7619 anantha@mtl.mit.edu

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

PRINCIPAL 
INVESTIGATORS
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G. Chen Heat transfer and energy conversion at micro- and 
nanometer scales, such as thermoelectrics, and 
thermophotovoltaics and photovoltaics; hydrogen 
storage; development of thermally conductive polymers 
and liquids; nanoscale fluid flow.

3-260 617-253-0006 gchen2@mit.edu

M.J. Cima Forming methods for complex macro and micro 
devices, using three dimensional printing. Development 
of chemically-derived epitaxial oxide films for HTSC 
coated conductors. Implantable devices for drug 
delivery and biomedical applications. Devices and 
processes for high throughput combinatorial screening 
of complex materials formulations.

12-011 617-253-6877 mjcima@mit.edu

M.L. Culpepper Macro, micro and nano-scale machines for 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.

35-209 617-452-2395 culpepper@mit.edu

L. Daniel Parameterized model order reduction of linear and 
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. 

36-849 617-253-2631 luca@mit.edu

J.L. Dawson Analog system theory and its applications. RF 
transceivers, power amplifier linearization, high-speed 
data conversion, problems in nonlinear control.

39-527a 617-324-5281 jldawson@mtl.mit.edu

J.A. del Alamo Microelectronics device technologies for gigahertz and 
gigabit-per-second communication systems:  physics, 
modeling, technology and design. InGaAs as a post-
CMOS semiconductor logic technology. Technology 
and pedagogy of online laboratories for engineering 
education.

39-567a 617-253-4764 alamo@mit.edu

P.S. Doyle Complex fluids and microfluidics: single DNA dynamics, 
BioMEMs, magnetic fluids, rheology.

66-270 617-253-4534 pdoyle@mit.edu

C.G. Fonstad, Jr. Compound semiconductor heterostructure devices 
and physics.  Optoelectronics:  laser diodes, 
photodiodes, quantum effect devices, and OEICs.  
Monolithic heterogeneous integration.  Microscale 
thermophotovoltaics.

13-3050 617-253-4634 fonstad@mit.edu

J. Han Nanofluidic/Microfluidic technologies for advanced 
biomolecule analysis and sample preparation: novel 
nanofluidic phenomena, nanofluidic biomolecule 
separation and pre-concentration, Molecular transport in 
nano-confined space.

36-841 617-253-2290 jyhan@mit.edu

Faculty Name Research Areas & Special Interests Office Phone E-mail
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J.L. Hoyt Epitaxial growth, fabrication and device physics of 
silicon-based heterostructures and nanostructures.  
High mobility Si and Ge-channel MOSFETs, and silicon-
germanium photodetectors for electronic/photonic 
integrated circuits. 

39-427A 617-452-2873 jlhoyt@mtl.mit.edu

Q. Hu Physics and applications of millimeter-wave, terahertz, 
and infrared devices.

36-465 617-253-1573 qhu@mit.edu

K.F. Jensen Design, fabrication, testing, and integration of 
microsystems for chemical and biological discovery, 
synthesis and processing.  Microsystems for energy 
applications, including micro-combustors,-reformers, 
and thermophotovoltaicsystems.  Chemical kinetics and 
transport phenomena related to processing of materials 
for biomedical, electronic and optical applications.

66-350 617-253-4589 kfjensen@mit.edu

R.D. Kamm Fluid mechanics, biomedical fluid mechanics, molecular, 
cell and tissue biomechanics, respiratory physiology, 
transport phenomena

NE47-321 617-253-5330 rdkamm@mit.edu

S.-G. Kim Nanomanufacturing, MEMS assembly en masse, carbon 
nanotube transplanting assembly. self-cleaning RF 
MEMS switch, piezoelectric energy harvesting, printable 
PZT MEMS.

1-310 617-452-2472 sangkim@mit.edu

L.A. Kolodziejski Research in integrated photonic devices and 
optoelectronic components. Design and fabrication 
of photonic crystals and III-V semiconductor devices. 
Electronic materials growth and characterization. 

36-287 617-253-6868 leskolo@mit.edu

J. Kong Synthesis, characterization and applications of carbon-
based nanomaterials (nanotubes and graphene) and 
inorganic nanowires.

13-3065 617-324-4068 jingkong@mit.edu

J.H. Lang Analysis, design and control of electromechanical 
systems with application to traditional electromagnetic 
actuators, micron-scale actuators and sensors (MEMS), 
and flexible structures.

10-176 617-253-4687 lang@mit.edu

H.-S. Lee Analog and mixed-signal integrated circuits with a 
particular emphasis in data conversion circuits in scaled 
CMOS.

39-553 617-253-5174 hslee@mtl.mit.edu

C. Livermore Microelectromechanical systems (MEMS). Design and 
fabrication of high power microsystems, including 
electrical generators and MEMS components for lasers. 
Self-assembly techniques for nano- and micro-scale 
manufacturing.

3-449C 617-253-6761 livermor@mit.edu

S.R. Manalis Microdevices for biomolecular and single-cell detection. E15-422 617-253-5039 scottm@media.mit.edu

Faculty Name Research Areas & Special Interests Office Phone E-mail
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I. Masaki VLSI architecture.  Emphasis on interrelationship 
among applications, systems, algorithms, and chip 
architectures.  Major application fields include intelligent 
transportation systems, video, and multimedia.

38-107 617-253-8532 imasaki@aol.com

T.P. Orlando Our focus is on the implementation of the major 
components of a quantum computer using 
superconducting circuits.  This includes the study of 
single and coupled qubit behavior, qubit measurement, 
algorithm implementation, and scalability.

13-3006 617-253-5888 orlando@mit.edu

T. Palacios Design, fabrication and characterization of novel 
electronic devices in wide bandgap semiconductors; 
polarization and bandgap engineering; transistors 
for sub-mm wave power and digital applications; new 
ideas for power conversion and generation; interaction 
of biological systems with semiconductor materials 
and devices; nanowires and carbon nanotube –based 
transistors.

39-567B 617-324-2395 tpalacios@mit.edu

J.A. Paradiso Sensor networks, ubiquitous computing, energy 
harvesting, power management for sensor networks, 
passive sensors, human-computer interfaces, 
localization.

E15-327 617-253-8998 joep@media.mit.edu

D.J. Perreault Design, manufacturing, and control of power electronics 
and energy conversion systems,; power generation; 
rf and analog circuit design. Applications to industrial, 
commercial, scientific, transportation, and biomedical 
systems.

10-039 617-258-6038 djperrea@mit.edu

M.H. Perrott Circuit and architecture design for high speed mixed-
signal circuits such as phase-locked loops and 
A/D converters:  circuit topologies, architectural 
approaches, design methodologies, modeling, 
simulation techniques. Communication system 
simulation software and tutorials for engineering 
education.

38-344b 617-452-2889 perrott@mit.edu

R.J. Ram Photonic devices for applications in communications, 
computing, and biological sensing with special 
emphasis on fiber-to-the-home, InP photonic integration, 
Silicon photonics and high speed interconnects, 
microscale bioreactors, and biomanufacturing.

36-491 617-253-4182 rajeev@mit.edu

C.A. Ross Fabrication, properties and applications of magnetic and 
magnetooptical films and nanostructures; self assembly, 
block copolymer lithography.

13-4005 617-258-0223 caross@mit.edu

R. Sarpeshkar Biomedical systems, circuit modeling of biology, bio-
inspired systems.

38-294 617-258-6599 rahuls@mit.edu

Faculty Name Research Areas & Special Interests Office Phone E-mail
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M.L. Schattenburg Advanced lithography, including x-ray, electron-
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.

37-487 617-253-3180 marks@space.mit.edu

M.A. Schmidt Micromechanical systems (MEMS).  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.

39-521 617-253-7817 schmidt@mtl.mit.edu

Y. Shao-Horn Fundamental science and engineering of materials 
used in electrochemical conversion and storage 
systems such as fuel cells and batteries to provide 
high efficiency and low environmental impact energy 
sources. Characterizing and design of electronic, 
crystal and surface structures of materials for lithium 
storage and electrocatalysis of small molecules of 
energy consequence.

3-158 617-253-2259 shaohorn@mit.edu

A.H. Slocum Precision machines and mechanisms from macro to 
nanoscale.

3-445 617-253-0012 slocum@mit.edu

H.I. Smith Co-director, NanoStructures Lab. Development of 
nanofabrication tools and techniques aimed at reaching 
molecular dimensions and sub-1nm positional accuracy; 
nanophotonics; templated self assembly.

36-225 617-253-6865 hismith@mit.edu

C.G. Sodini Design of technology-intensive Microsystems, 
emphasizing integrated circuit design at the device 
level, including organic integrated circuits, high data 
rate wireless LANs, and mm-wave imaging systems.

39-527b 617-253-4938 sodini@mit.edu

F.R. Stellacci Study and use of large supramolecular assemblies of 
molecules, with particular interest in situations where 
these assemblies can develop collective properties 
that are uniquely determined by their structure and 
molecular functions.

13-4053 617-324-2500 frstella@mit.edu

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

V. Stojanović On-chip interconnects and high-speed off-chip interfaces 
(electrical, photonic). Modeling and analysis of noise 
and dynamics in circuits and systems. Application of 
optimization techniques to digital communications, 
analog and digital circuits. Digital communications and 
signal-processing architectures, clock generation and 
distribution, high-speed digital circuit design, VLSI and 
mixed-signal IC design.

38-260 617-324-4913 vlada@mit.edu

C.V Thompson Processing and property optimization for thin films 
and nanostructures for applications in electronic 
and electromechanical integrated device systems.  
Advanced, reliable integrated circuit interconnects.

13-5069 617-253-7652 cthomp@mit.edu

H.L. Tuller Resonant and chemoresistive sensors, micro-fuel cells, 
high K dielectrics, electro-optic and piezoelectric thin 
films, solid state ionics, thin film transistors, MEMS 
structures and devices.

13-3126 617-253-6890 tuller@mit.edu

J. Voldman Microtechnology for basic and applied cell biology; 
Microfluidic perfusion culture, patterning, and 
manipulation of stem cells.  Electrostatics at the 
microscale, especially dielectrophoresis.

36-824 617-253-2094 voldman@mit.edu

B.L. Wardle 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.

33-314 617-252-1539 wardle@mit.edu
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Test Structures and Optimization Methodologies for Electrical Variation  
in IC Manufacturing
K. Balakrishnan, N. Drego, K. Gettings, D. Lim, D.S. Boning 
Sponsorship: SRC/FCRP C2S2, SRC/FCRP IFC, Samsung Electronics, IBM Faculty Fellowship

Modern circuit design needs efficient methods to characterize 
and model circuit variation in order to obtain high-yielding chips. 
Circuit and mask designers need accurate guidelines to prevent 
failures due to layout-induced variations. We address this need by 
contributing methodologies and new test structures to characterize 
the variations at device, interconnect, and system levels. Our re-
cent work examines the sources of  variation that affect the contact 
and via resistances associated with integrated MOSFET devices. 
Due to slight variations in the placement of  these metal contacts 
due to lithographic uncertainties as well as the impacts of  strain-
induced regions, the uniformity of  nominally identical contacts on 
a die may be lessened. Early results of  simulations performed in 
MEDICI demonstrate the effects of  geometric perturbations on 
the current flow through the contact.  

In order to address both device and interconnect variations, we 
introduce another methodology that uses a large number of  test 
structures, such as MOSFETs and Charge-Based Capacitance 
Measurement (CBCM), to model variations in threshold voltage 
and leakage current, among others, based on the architecture pro-
posed by Lefferts [1]. We designed, implemented and measured test 
circuits that include a large number of  high-performance devices 
(devices under test or DUTs) controlled by low leakage switches 
and sensors to ensure a nominal value at the DUT terminals, as 
shown in Figure 1. With this methodology we gather the statistics 
necessary to identify and model these variations and prevent them 
from contributing to performance failure. 

In addition, we also study an efficient method to characterize the 
variation in circuit parameters and optimize a circuit based on the 

variation model. While a direct measurement of  physical circuit 
parameters, e.g., threshold voltage and parasitic capacitance, is 
costly, the measurement of  electrical outputs such as drain currents 
and oscillation frequencies can be conducted in efficient ways. 
Combined with a response sensitivity model (RSM) evaluated from 
a circuit simulator such as SPICE, the statistical properties of  the 
circuit parameter variation with correlation can be estimated from 
the measured electrical observables. This scheme has been tested 
using a frequency divider that generates self-oscillation frequencies 
at multiple bias conditions. The knowledge about the uncertainty 
of  process and circuit parameters can be applied to a robust circuit-
optimization framework developed based on convex optimization 
theory [2].

Lastly, a test-structure consisting of  a DUT array containing 
~140K DUTs to study threshold voltage (VT) variation has been 
designed and submitted for fabrication. Due to the exponential de-
pendence of  drain current on VT in the sub-threshold regime of  
operation, VT variation can be effectively isolated from other varia-
tion sources (Figure 2). A hierarchical, memory-like access scheme 
and analog-to-digital converter enable efficient data collection with 
minimal post-processing required to compute the actual DUT VT. 
The large number of  DUTs in a dense array allows determination 
of  spatial correlation with high statistical significance. Additionally, 
a design consisting of  completely digital logic paths is currently be-
ing formulated to study spatial correlation at the digital circuit level 
rather than solely at the device parameter level. These measure-
ments will then be used to study architectural ideas to mitigate the 
impact of  variation. 
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Figure 1:  Full IDS vs. VGS curves for a transistor that is part 
of a large array, and with dynamically controlled and monitored 
terminals.

p Figure 2: Test structure to extract VT variation by measuring 
drain current in the sub-threshold regime.
p
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A Micropower DSP Architecture for Self-powered Microsensor Applications
N. Ickes, A.P. Chandrakasan 
Sponsorship: DARPA, Texas Instruments

Distributed microsensor networks consist of  hundreds or thou-
sands of  miniature sensor nodes. Each node individually moni-
tors the environment and collects data as directed by the user, and 
the network collaborates as a whole to deliver high-quality obser-
vations 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 tradi-
tional sensing systems.  However, the small size and highly distrib-
uted arrangement of  the individual sensor nodes make aggressive 
power management a necessity.

The aim of  our project is to develop a micropower DSP platform 
optimized for medium bandwidth microsensor applications, such 
as acoustic sensing and tracking.  These applications require sig-
nificant signal processing capability at each node within a sensor 
network, while maintaining a roughly 100µW average power con-
sumption to enable self-powered (energy scavenging) operation.  
As illustrated in Figure 1, our DSP includes a general-purpose 

processor core with an energy efficient instruction set, as well as 
coprocessors for accelerating Fourier transforms and FIR filter-
ing.  Power consumption in the large (62kB) on-chip memory is 
reduced by dividing the memory into banks (to reduce access en-
ergy) and by power-gating inactive banks (to reduce leakage en-
ergy). The CPU, FIR, and FFT cores are also power-gated.  The 
DSP was fabricated in 90-nm CMOS by ST Microelectronics.

As part of  ongoing work to develop a lightweight, power-aware 
operating system, the power-gating mechanisms have been char-
acterized with respect to wakeup and energy break-even times.  
This information is being used to develop scheduling and memo-
ry management mechanisms that efficiently utilize power gating.  
The goal is to automate the details of  power management behind 
standard programming interfaces, exposing only clear and easy-
to-use controls.  

Figure 1: DSP architecture, illustrating the twelve independent power domains, controlled by off-chip power switches.  When 
combined with an external nonvolatile memory (for program storage), radio, and ADC, the DSP becomes a complete microsensor 
node.

p
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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 meth-
odology 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 1 compares the delay distributions of  
an 8-bit adder in the sub-threshold and above-threshold regimes 
under transistor threshold voltage variation. Circuit performance 
exhibits much larger variability in sub-threshold, which can be 
mitigated through device sizing and choice of  logic styles.

The sub-threshold library employs a device-sizing methodology 
with functionality as the primary consideration, while implement-
ing appropriate trade-offs between energy, delay, and variability. 
The theoretical sizing approach is detailed in [1] and validated in 
a 65-nm CMOS test chip fabricated by Texas Instruments. The 
test chip, shown in Figure 2, consists of  two 16-bit FIR filters 
synthesized from the custom library using a standard CAD flow. 
By voltage scaling the power supply from 1.2V to 300mV, the test 
chip achieves 8 times energy reduction per filtering operation. 

Figure 1: Delay distribution of 8-bit adder in sub-threshold 
(top) and nominal VDD (bottom), under threshold voltage variation. 
Arrow points to outliers. 

p Figure 2: Die photograph of sub-threshold library test chip in 
65-nm CMOS. Total die area is 1.12 x 1.12mm2.
p
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Minimum Energy Tracking Loop with Embedded DC-DC Converter  
in 65-nm CMOS
Y.K. Ramadass, A.P. Chandrakasan 
Sponsorship: DARPA, Texas Instruments

Minimizing the energy consumption of  battery-powered systems 
is a key focus in integrated circuit design. Switching energy of  
digital circuits reduces quadratically as VDD is decreased below 
VT, i.e., sub-threshold operation, while the leakage energy in-
creases exponentially. These opposing trends result in a minimum 
energy point (MEP), defined as the operating voltage at which 
the total energy consumed per operation (Eop) is minimized [1]. 
The MEP can vary widely for a given circuit depending on its 
workload and environmental conditions, e.g., temperature. En-
ergy savings of  50 - 100% are demonstrated by tracking the MEP 
as it varies, and even greater savings can be achieved in circuits 
dominated by leakage. 

The energy-minimization circuitry shown in Figure 1 consists of  
a buck converter [2] that operates in the Pulse Frequency Modu-
lation (PFM) mode. The digital circuit (FIR filter), which oper-
ates at the VDD 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 circuit, an energy minimization 
algorithm changes the reference voltage to the buck converter 
suitably and the system approaches the minimum-energy operat-
ing voltage of  the digital circuit using a slope-detection strategy. 
A test chip containing the minimum-energy tracking loop and 
the embedded DC-DC converter was fabricated in Texas Instru-
ments’ 65nm CMOS process (Figure 2). The area overhead of  
the minimum energy tracking loop which comprises the energy-
minimizing block and the energy sense capacitors C1 and C2 is 
just 0.05mm2. The digital test circuitry operates at voltages as low 
as 0.25V. Energy savings of  the order of  50 – 100% were mea-
sured while tracking the MEP as it varies with workload and tem-
perature. The DC-DC converter was able to deliver load voltages 
between 0.25V and 0.7V with an efficiency > 80% at load power 
levels of  the order of  1µW and above.

Figure 1: Block diagram of the minimum-energy tracking loop 
and embedded DC-DC converter.
p Figure 2: Die Photo of the test chip in 65nm CMOS. The 

EMB is the energy-minimizing block, which comprises the 
energy-sensor circuitry and the energy-minimization algorithm.

p
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A 65-nm 8T Sub-threshold SRAM Employing Sense-amplifier Redundancy
N. Verma, A.P. Chandrakasan 
Sponsorship: DARPA, Intel Foundation Ph.D. Fellowship Program, NSERC

Deeply scaled technologies promise greater efficiency for digital 
circuits. Unfortunately, random device variations compromise the 
functionality of  large SRAM arrays, which traditionally rely on 
ratioed bit-cell topologies to achieve the highest density. By vir-
tue of  greatly reduced leakage and access energy, sub-threshold 
SRAMs tremendously lower the total system power but require 
new bit-cell topologies and peripheral assists to manage varia-
tion and read-current degradation [1]. This work demonstrates 
a 256kb SRAM in 65-nm CMOS that uses the bit-cell shown in 
Figure 1 [2]. The buffered read eliminates the read static noise 
margin limitation [3]; peripheral footer circuitry eliminates read 
data signal degradation due to bit-line leakage; peripheral supply 

drivers weaken the accessed storage cells to enforce the relative 
device strengths required for write-ability; and sense-amplifier re-
dundancy provides a favorable trade-off  between the offset and 
the area of  the sensing network. These techniques are applied 
in the prototype test-chip shown in Figure 2. The test-chip in-
tegrates 256kb-in-8, 256-row-by-128-column blocks. Test results 
show that the design achieves full read and write functionality to 
350mV, where the leakage power savings are over 20x compared 
to a 6T SRAM at 1V and over 3x compared to a 6T SRAM op-
erating at its projected lowest voltage. Additionally, sense-ampli-
fier redundancy reduces the probability of  error from offsets by a 
factor of  5 for a given area constraint.      

Figure 1: An 8T bit-cell with 2T read-buffer for read stability 
and peripheral control of buffer-foot and VVDD to manage bit-line 
leakage and write-ability in the presence of variation.

p Figure 2: Prototype 256kb SRAM in 65-nm CMOS organized 
as 8 blocks with 256 rows and 128 columns. Test-chip achieves 
full read and write functionality to 350mV. 

p
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A 65-nm, Ultra-dynamic Voltage, Scalable SRAM with Operating Range 
from 300mV to 1.2V for Optimal Performance and Energy
M.E. Sinangil, N. Verma, A.P. Chandrakasan 
Sponsorship: DARPA

Memory blocks account for a large fraction of  the total chip area 
and total power consumption, so making a low power memory 
is very important for applications where power consumption is 
crucial. Dynamic Voltage Scaling is a very well-known method 
for reducing the power consumption of  a system when the per-
formance requirements change [1]. If  the performance require-
ment for a system is varying, the voltage level and hence the speed 
of  the system can also be changed instead of  running the whole 
circuit at the highest speed and voltage all the time. Since energy 
consumption depends on the voltage level, significant savings can 
be achieved. Figure 1 shows the normalized leakage power of  a 
64kbit-SRAM memory array over different voltages. Operating 
the memory at 0.3V provides nearly 30X leakage power reduc-
tion. Figure 2 shows the normalized frequency of  operation for 
the same memory over 0.3V to 1.2V range.

Designing a memory for operation in both sub-threshold and 
above threshold is challenging because of  the totally different 
characteristics of  these regions. It is shown that a classical 6Tcell 
cannot operate in sub-threshold because of  the degraded Read 
and Write Static Noise Margins (SNM). An 8T design is shown to 
be fully operational in the sub-threshold region [2]. In this design, 
the addition of  a read-buffer to the bit-cell and the peripheral 
assists ensures the correct read operation. Correct write opera-
tion requires the header of  the bit-cell to be driven to ground. 
However, for the high voltage operation, some of  the peripheral 
assists may not be needed and, even more importantly, they might 
severely degrade the performance of  the circuit. Because of  that, 
the bit-cell transistor sizing and peripheral circuitry design should 
be made by considering their effects on circuit operation for both 
ends of  the voltage range. 
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Figure 1: Normalized leakage power of a 64kbit-SRAM memory 
array over the range 0.3V to 1.2V.
p Figure 2: Normalized frequency of operation of the 

memory over the range 0.3V to 1.2V.
p
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Algorithms and Architectures for Ultra-low-power Video Compression
D. Finchelstein, V. Sze, A.P. Chandrakasan 
Sponsorship: Nokia, Texas Instruments

Multimedia applications, such as video playback, 
are becoming increasingly pervasive.  Since the 
platforms are often energy-constrained devices (cell 
phones, IPODs), the user experience is enhanced 
by extending the battery life during video decoding.  
The latest video coding standard is H.264 [1], and 
it is used in DVB-H and HDTV. While it provides 
a 50% improvement in compression efficiency over 
previous standards, this coding efficiency comes at 
the cost of  increased decoder complexity of  4X 
over MPEG-2 and 2X over MPEG-4 Visual Sim-
ple Profile.  This increased complexity translates to 
increased energy consumption, which is a critical 
concern for mobile and handheld devices.

This project aims to build an ASIC decoder that 
exploits techniques such as pipelining, parallelism, 
ultra-low voltage operation, and ultra-dynamic 
voltage scaling [2]. For instance, the IDCT compu-
tation can be parallelized as shown in Figure 2.  In 
video decoders, memory consumes a large portion 
of  overall system power.  As a result, the number 
of  redundant memory transfers must be minimized 
and caching data in on-chip SRAMs/registers 
should be explored.  Using these techniques, the 
goal is to minimize system power, as compared to 
previously published decoders [3-4]. In addition to 
optimizing the hardware architecture of  the H.264 
decoder (Figure 1), we will also focus on the design 
of  future video coding standards, e.g., “H.265”. We 
envision that future algorithms will account for the 
energy and complexity costs of  their hardware im-
plementations.  By incorporating the energy-aware-
ness into the algorithm, future video coders can 
provide an explicit energy/PSNR trade-off, along 
with the existing bitrate/PSNR trade-off  curves.

Figure 1: H.264 video decoder architecture.p

Figure 2: Parallel IDCT architecture.p
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An All-digital UWB Transmitter in 90-nm CMOS
D. Wentzloff, A.P. Chandrakasan 
Sponsorship: SRC/FCRP C2S2, NSF

Pulsed ultra-wideband (UWB) transceivers offer the potential for 
ultra-low-energy/bit operation because the signals are inherently 
duty-cycled.  By eliminating components with long startup times, 
such as a phase-locked loop, all components in a pulsed-UWB 
transceiver can be disabled during the interval between pulses.  
This work focuses on an all-digital, pulsed-UWB transmitter that 
requires no analog bias currents, in which the energy is dissipated 
only in switching events, i.e., CV2, and by sub-threshold leakage 
currents.

This transmitter supports three channels with center frequencies 
of  3.45GHz, 4.05GHz, and 4.65GHz, and each channel carries 
550-MHz-wide pulses.  It communicates with a separate receiver 
IC [1] that performs energy detection in the desired channel. 
Pulse position modulation (PPM) is used to encode the data with 
a pulse repetition frequency (PRF) range of  10kHz-16.7MHz and 
a fixed PPM delay of  30ns.  A block diagram of  the transmitter is 
shown in Figure 1.  Pulses are formed by combining a program-
mable number of  equally-delayed edges, similar in operation to 
a frequency multiplier.  During pulsed operation, the last stage of  
the delay line feeding back to the input is disabled, and the input 
to the delay line is a clock signal operating at the PRF. Depend-
ing on the data, the rising edge of  this clock is externally delayed 
by the PPM interval of  30ns.  This clock propagates through a 

32-stage differential delay line with a delay controlled by an 8-
bit code, which generates a series of  edges.  The output of  each 
stage is independently masked, and thus only the selected edges 
are combined to form an RF pulse.  The 30 masked edges are 
combined using interleaved 15-edge combiners that toggle their 
outputs on falling edges on any of  their inputs [2]. Thus, pulses 
are generated only on the rising edge of  the PRF signal. The 
two combiners’ outputs are XOR’ed.  The resulting pulse has a 
center frequency determined by the delay per stage and a pulse 
width determined by the number of  edges selected.  The RF pad 
driver is essentially a CMOS inverter, with some added features 
for reducing leakage current and digitally controlling the output 
power (see Figure 2).  The pulsed output of  the inverter chain has 
spectral content at DC; therefore an off-chip band-select filter has 
been used to eliminate the DC content.

The chip was fabricated in a 90-nm CMOS process; a die photo 
is shown in Figure 2.  The transmitter consumes a fixed 96μW 
due to leakage currents.  The active energy added only while 
pulsing is 37pJ/pulse, independent of  the data rate.  Pulse gen-
eration has been demonstrated in the three desired channels and 
the transmitter operation was verified in a wireless link using an 
energy-detection receiver [1].  At 16.7Mb/s, the total energy con-
sumption (active and leakage power) is 43pJ/bit.

Figure 1: Block diagram of the all-digital transmitter.  All blocks 
are full-swing static CMOS circuits.
p Figure 2: Digital RF pad driver (top) and die photo of the 

transmitter (bottom).
p
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A 3- to 5-GHz Sub-banded UWB Receiver in 90-nm CMOS
F.S. Lee, A.P. Chandrakasan 
Sponsorship: SRC/FCRP C2S2, NSF

With the proliferation of  portable electronics and wireless sensor 
networks, energy-efficient radios have become an active area of  
research [1-3].  Though sub-nJ/b data reception is achievable 
for data rates >100Mbps using optimized coherent architectures 
[4], there is a need for simple, low-cost, low-power, and scalable 
radios as specified in the IEEE 802.15.4a task group [5]. This 
work explores the unique properties of  FCC-compliant pulsed 
UWB signals and scaled CMOS devices to improve energy/b 
of  existing low data-rate GHz-range integrated radios for use in 
wireless sensor network applications.

A non-coherent 0–16Mbps UWB receiver (Figure 1) using 3–
5GHz sub-banded PPM signaling is implemented in a 90-nm 
CMOS process (Figure 2) [6]. The RF and mixed-signal base-
band circuits operate at 0.65V and 0.5V. Using duty-cycling, ad-
justable bandpass filters, and a relative-compare baseband, the 
receiver achieves 2.5nJ/b at 10-3 BER with -99dBm sensitivity 
at 100~kbps.  The energy efficiency is maintained across three 
orders of  magnitude in data rate.  A basic acquisition algorithm is 
developed on an FPGA platform and a transceiver system demo 
is assembled using this chip.
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Figure 1: Receiver block diagram.p Figure 2: Chip die photo.p
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Pulsed UWB Transceiver for Small Lightweight Flying Vehicles
D.C. Daly, M. Bhardwaj, P. Mercier, A.P. Chandrakasan 
Sponsorship: DARPA, NSERC

Ultra-wideband (UWB) technology has recently gained popular-
ity for low-power, low-data rate wireless links [1-2].  In January 
2007, an amendment to the low-power IEEE 802.15.4 standard 
was approved that adds support for an alternate, UWB physical 
layer.  The UWB physical layer supports scalable data rates from 
kbps to Mbps, distances up to 100m, and both non-coherent and 
coherent signaling.  The signaling scheme includes pulse-position 
modulation (PPM) combined with BPSK pulse bursting.  Figure 
1 presents a time-domain waveform of  the 802.15.4a signaling 
scheme, in which multiple pulses are BPSK- modulated in a short 
burst during a single PPM time slot.

Our target wireless application is a small, lightweight flying ve-
hicle.  The flying vehicle must be able to communicate wirelessly 
up to 100 meters at a data rate of  tens to hundreds of  kbps.  As 
the vehicle is miniature, power consumption, volume, and weight 
must all be minimized.  In such systems, the transceiver must be 
highly integrated with few if  any off-chip components. Non-co-
herent UWB signaling is used to relax the frequency accuracy 
requirements of  RF circuit blocks, thereby allowing for a highly 
integrated, low-power implementation.  Figure 2 presents the 
proposed UWB transceiver architecture.  The receiver consists 
of  a windowed energy detector and the transmitter consists of  
an all-digital pulse generator followed by a power amplifier.  The 
lack of  phase information associated with non-coherent signal-
ing makes synchronization more challenging, leading to longer 
preambles. We are designing codes and algorithms to minimize 
this penalty.

Figure 1: Time-domain representation of UWB pulse bursting 
combined with pulse-position modulation.
p

Figure 2: Proposed 802.15.4a transceiver consisting of 
a burst-mode UWB transmitter and a non-coherent, energy-
detection receiver.

p
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Reaching the Optimal Mixed-signal Energy Point
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 recep-
tion, the receiver requires a 500 MS/s analog-to-digital converter 
(ADC) with 4 bits of  resolution.  While flash is the typical archi-
tecture chosen, successive approximation register (SAR) ADCs 
feature superior complexity characteristics with similar amenabil-
ity to deep submicron CMOS.  Time-interleaving multiple SAR 
ADCs allows this long latency architecture to equal the through-
puts necessary for UWB reception [1].  A comparative energy 
model concludes that SAR should outperform flash above 5 bits 
of  resolution in 0.18µm CMOS, with its energy advantage im-
proving in more advanced technologies [2].  The SAR architec-
ture is particularly well suited to meet the challenges of  design 
in deep submicron CMOS, including reduced voltage supplies, 
increased variability, and lower transistor output impedances.   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 con-
verter, but digital power and speed directly benefit from the re-
duced feature sizes.

A prototype 500-MS/s, 5-b, 6-way time-interleaved SAR ADC 
[3] has been designed and fabricated in Texas Instruments’ 65-
nm CMOS process.  The prototype includes the split capacitor 
array that conserves charge between bit-cycles to lower the over-
all switching energy, and it settles faster because fewer capacitors 
switch during each period.  The array also exhibits improved dif-
ferential nonlinearity, as seen in Figure 1, with the same integral 
nonlinearity, which decreases the capacitor matching required to 
avoid missing codes.  The ADC achieves Nyquist performance 
and consumes 6 mW from a 1.2 V supply. Its die photo is shown 
in Figure 2.

An understated trend in ADC design is the significant impact of  
digital circuitry on performance and power, particularly at me-
dium to low resolutions.  Even in this advanced technology, half  
of  the total ADC power is consumed by the digital circuitry.  A 
genuine mixed-signal energy optimization that explicitly includes 
all of  the analog and digital blocks, and their interactions, is be-
ing developed to minimize the power consumption of  this ADC.  
The optimization uses coupled energy and behavioral models to 
explicitly define the analog/digital interactions and tradeoffs.
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Figure 1: Behavioral simulations comparing the static linearity 
of the conventional and split capacitor arrays.
p Figure 2: Die photograph of 65-nm CMOS ADC.  Total die 

area is 1.2 x 1.8 mm2.
p
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18Gb/s Optical IO: VCSEL Driver and TIA in 90-nm CMOS
A. Kern, I. Young, A.P. Chandrakasan 
Sponsorship: SRC/FCRP IFC, Intel Corporation, NSF

Electrical IO is becoming limited by copper interconnect chan-
nel losses that depend on frequency and distance.  Package-to-
package optical interconnect sees negligible frequency-depen-
dent channel losses, but data rates are limited by the intrinsic 
optical dynamics and electrical parasitics of  the optical devices. 
This abstract summarizes the results of  [1] and [2], including a 
pre-emphasis VCSEL driver and a cross-coupled cascode tran-
simpedance amplifier (TIA) that apply circuit techniques to oper-
ate optical components beyond the intrinsic data rates imposed 
by these bandwidth limits.  Die photographs of  the fabricated 
VCSEL driver and TIA are shown  in Figure 1A and Figure 1B, 
respectively.

The presented VCSEL driver operates a standard commercial 
GaAs VCSEL at 18Gb/s by using pre-emphasis to compensate 
for the large capacitance and intrinsic optical dynamics of  the 
VCSEL.  The driver derives timing information directly from the 
full-rate input data and generates pre-emphasis pulses with width 
resolution less than one bit period in a manner that is compat-
ible with full-rate IO architectures. 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. DACs and a digital delay line provide 
digital control of  the pre-emphasis pulse height and pulse width.  
Optical measurements shown in Figure 2A and Figure 2B dem-
onstrate that pre-emphasis improves the vertical eye opening by 
122% and the horizontal eye opening by 76% for modulation 
from 2mA to 10mA.

The differential TIA is based on a proposed core amplifier that 
uses cross-coupled NMOS cascodes to increase gain and band-
width.  A proposed symmetric feedback method provides near-
constant gain from DC to 9GHz in the differential TIA when 
used in conjunction with a DAC to perform DC offset cancella-
tion. Measurements and simulations demonstrate that the TIA 
has the required gain and bandwidth to operate at 12.5Gb/s with 
260fF input capacitance (Figure 2C) and 18Gb/s with 90fF input 
capacitance (Figure 2D) for an input current of  200uA.

Figure 1:  Die photographs of the fabricated pre-emphasis 
VCSEL driver (A) and cross-coupled cascode transimpedance 
amplifier (B). 

p Figure 2: Measured eye diagrams of the VCSEL driver and 
transimpedance amplifier. For the VCSEL driver, pre-emphasis 
(A) improves the original eye (B). The TIA operates at 12.5Gb/s 
with 260fF (C) and 18Gb/s with 90fF (D) of input capacitance.  

p
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Reconfigurable Zero-crossing-based Analog Circuits
P. Lajevardi, A.P. Chandrakasan, H.-S. Lee 
Sponsorship: CICS, DARPA

Switched-capacitor circuits can be used to implement many ana-
log systems such as ADCs, DACs, filters, amplifiers, and integra-
tors.  In this research, a reconfigurable switched-capacitor system 
is proposed to implement different analog systems.  Using the 
same building blocks, Figure 1 shows the block diagram of  the 
system.  Each switched-capacitor block can implement an inte-
grator or a multiplier with a reconfigurable coefficient.    Such a 
system will be useful for software defined radios and fast prototyp-
ing of  analog circuits.  

The design of  such systems has not been practical since switched-
capacitor circuits are op-amp-based.  The design of  reconfigu-
rable switched-capacitor blocks with op-amp is very challenging 
if  widely ranging speed, accuracy, signal-to-noise ratio (SNR), 
and power consumption space are to be covered.  Many different 

op-amp topologies may be required to cover a large performance 
and configuration space.  While new technology nodes provide 
transistors with higher ft, the design of  op-amp is becoming more 
challenging as the supply voltage and intrinsic gain of  transis-
tors are decreasing.  Recently, [1] and [2] proposed zero-cross-
ing circuits to design ADCs.  Zero-crossing circuits can replace 
the op-amp in traditional switched-capacitor design with a com-
bination of  a current source and a zero-crossing detector.  The 
power consumption of  zero-crossing-based analog circuits scales 
according to the operating frequency and required SNR.  Zero-
crossing circuits are used to implement the reconfigurable analog 
blocks needed for this research.  The system can operate at differ-
ent speeds and SNR requirements while the power consumption 
is kept at the optimum level.

Figure 1: Block diagram of reconfigurable zero-crossing-based analog circuits.  Each configurable analog block can be programmed 
to perform an integration or multiplication.  
p
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Design and Characterization of CNT-CMOS Hybrid Systems
T.S. Cho, K.-J. Lee, T. Pan, J. Kong, A.P. Chandrakasan 
Sponsorship: SRC/FCRP IFC, Intel

Carbon nanotubes (CNTs) are nanometer-diameter cylinders 
formed from rolled-up graphene sheets [1]. CNTs have foundne sheets [1]. CNTs have founde sheets [1]. CNTs have found [1]. CNTs have found. CNTs have found 
widespread interest due to many of  its excellent electrical prop-electrical prop-prop-
erties.  In particular, the low density and high electron mobility 
of  CNTs make them attractive for electronic applications.  Our 
investigation of  hybrid CMOS-CNT systems attempts to take ad-
vantage of  the superior properties of  CNTs while building on top 
of  existing CMOS technology.technology..

We propose an integrated chemical sensor system to verify the 
concept of  a CNT-CMOS hybrid system design. The CNT.  The CNT The CNT 
changes its conductance when exposed to certain chemicals, and 
thus we can effectively use CNTs as resistive chemical sensors [2].use CNTs as resistive chemical sensors [2]. CNTs as resistive chemical sensors [2]. [2].. 
Room-temperature operation of the CNT sensors makes them anoom-temperature operation of  the CNT sensors makes them ansensors makes them anan 
appealing candidate for low-power chemical sensor application.  

However, poor control over the local and global variation of CNTover the local and global variation of CNTthe local and global variation of CNTlocal and global variation of CNTand global variation of CNTglobal variation of  CNTCNT 
devices, the resolution requirements in resistance measurements,s, the resolution requirements in resistance measurements,, the resolution requirements in resistance measurements, 
and the changes in resistance due to specific chemicals implies a 
large dynamic range in the front-end circuitry. We investigate in the front-end circuitry. We investigatein the front-end circuitry.  We investigate 
energy efficient architectures to accommodate the specification 
(Figure 1).  Chip fabrication is done by National Semiconductor.

Another system of  interest is a DC-DC power converter circuit.  
Near ballistic transport behavior [3] of  CNTFET makes it a po-
tential energy-efficient candidate in power applications. In addi-
tion, the power transistor size could be greatly reduced if  CNT-
FETs can replace the CMOS power transistors and the CNTs are 
aligned. Currently, we are looking into ways to model CNTFET 
behavior and fabricating CNT devices that can support large cur-
rents (Figure 2). 

Figure 1: Diagram of CMOS interface.  The interface 
architecture includes on-chip calibration functionality.  This 
interface chip and CNT sensors are integrated at the PCB level.

p Figure 2: Device schematic of a massively distributed 
CNTFET. Bundles of CNTs are fabricated to support large 
currents.  Additional chemical or electrical treatment may be 
required to eliminate metallic CNTs.

p
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A Piecewise-linear Moment-matching Approach to Parameterized Model 
Order Reduction for Highly Nonlinear Systems
B. Bond, L. Daniel 
Sponsorship: SRC/FCRP GSRC, NSF, DARPA

The automatic extraction of  parameterized macromodels for 
modern mixed signal System-on-Chips is an extremely challeng-
ing task due to the presence of  several nonlinear analog circuits 
and Micro-Electro-Mechanical (MEM) components.  The ability 
to generate Parameterized Reduced Order Models (PROM) of  
nonlinear dynamical systems could serve as a first step toward 
the automatic and accurate characterization of  geometrically 
complex components and sub-circuits, eventually enabling their 
synthesis and optimization. 

Our approach to this problem combines elements of  a non-pa-
rameterized trajectory piecewise linear method [1] for nonlinear 
systems with a moment matching parameterized technique [2] 
for linear systems.  By building on these two existing methods, we 
have created an algorithm for generating PROMs for nonlinear 

systems. The algorithms were tested on three different systems: a 
MEM switch, shown in Figure 1, and two nonlinear analog cir-
cuits.  All of  the examples contain distributed strong nonlinearities 
and possess some dependence on several geometric parameters.  

In addition, we have proposed a model-construction procedure 
in which we approximate the system sensitivity to parameters of  
interest for the purpose of  efficiently sampling important regions 
of  the parameter space.  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 at several parameter 
values.  Typical PROMs constructed in this manner can be ac-
curately reduced in size by a factor of  10, yielding a speedup of  
a factor of  10 in general.  For further details on parameter-space 
accuracy and cost of  the algorithms, see [3].
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Figure 1: Application example: MEM switch realized by 
a polysilicon beam fixed at both ends and suspended over a 
semiconducting pad and substrate expansion

p Figure 2: Center point deflection predicted by our 
parameterized reduced model (crosses) at a series of 
parameter values, compared to a finite difference detailed 
simulation (solid lines).

p
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A Quasi-convex Optimization Approach to Parameterized Model-order 
Reduction
K.C. Sou, L. Daniel, A. Megretski 
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This work proposes an optimization-based model order reduc-
tion (MOR) framework [1]. The method involves setting up a 
quasi-convex program that explicitly minimizes a relaxation of  
the optimal H-infinity norm MOR problem. The method gener-
ates guaranteed stable and passive reduced models and it is very 
flexible in imposing additional constraints. The proposed opti-
mization approach is also extended to a parameterized model 
reduction problem (PMOR). The proposed method is compared 
to existing moment matching and optimization based MOR 
methods in several examples. For example, a 32nd order param-
eterized 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.

Figure 1: A 7-turn RF inductor for which a parameterized 
(with respect to wire width and wire separation) reduced model 
has been constructed.

p

Figure 2:  Matching of quality factor of 7-turn RF inductor 
when wire width = 16.5 µm, wire separation = 1,5,18,20 µm. 
Blue dash line: Full model. Red solid line: ROM.

p
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Open-loop Digital Predistortion Using Cartesian Feedback for  
Adaptive RF Power Amplifier Linearization
S. Chung, J.W. Holloway, J.L. Dawson 
Sponsorship: SRC/FCRP C2S2, KOSEF

This work focuses on implementing a new wideband linearization 
technique for RF power amplifiers (PAs). Linearization is neces-
sary for PAs because they consume the bulk of  the power in most 
transmitter chains. The efficiency improvement offered by linear-
ization translates into significant overall power savings in mobile 
broadband streaming video systems. Our technique combines the 
best of  two established RF PA linearization techniques: digital 
predistortion and Cartesian feedback. We get the modeling sim-
plicity of  Cartesian feedback, combined with the wideband ca-
pability of  digital predistortion. Substantial improvement in the 
PA output spectrum and adjacent channel power ratio can be 
achieved with little increase in power and die area.

Cartesian feedback is an analog technique, giving the ability to 
continuously linearize a PA without the extensive knowledge of  
PA characteristics [1], but the bandwidth of  classical Cartesian 
feedback systems is severely limited by the need for a surface-
acoustic wave filter. Digital predistortion is an inherently open-

loop technique and thus does not suffer from the bandwidth 
limitation. Nevertheless, digital predistortion requires detailed 
modeling of  a PA and cannot cope with the drift of  the PA char-
acteristics [2]. Our technique uses a slow Cartesian feedback loop 
to train a Cartesian look-up table predistorter to be used for digi-
tal predistortion [3], characterizing a PA over the input symbol 
constellation. 

We designed and implemented a 900-MHz RF transmitter with 
a class-A PA using discrete modules (Figure 1). A measured spec-
trum of  QAM-16 signals having 40 MHz bandwidth (Figure 2) 
shows approximately 10 dB linearity enhancement and good 
noise floor. The measured channel power is 27 dBm. The 1-dB 
compression point of  the PA is 26.5 dBm. The implemented 
transmitter achieved a 2.3-W reduction in power consumption. 
Our prototype provides linearization at symbol rates over two 
orders of  magnitude higher than is possible with conventional 
analog feedback. 
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Wideband Two-point Modulators for Multi-standard Transceivers
S. Rayanakorn, J.L. Dawson 
Sponsorship: SRC/FCRP C2S2

Two-point modulators are a fundamental building block in polar 
transmitters, which have the potential to accommodate multiple 
wireless standards.  A primary challenge for polar transmitters, 
however, is that they demand large baseband bandwidths com-
pared to their Cartesian counterparts.  To put polar transmit-
ters into use, the separate amplitude and phase paths have to be 
extremely broadband.  This project addresses the need on the 
phase path.

The two-point modulator, used to perform phase modulation, is 
a phase-locked loop (PLL) with two inputs (Figure 1).  The input 
data through the first path is low-pass filtered to the output by the 
closed-loop transfer function of  the PLL.  If  this terminal were 
the only input, the speed of  the PLL would therefore limit the 
achievable data rate.  However, in a two-point modulator, data 
injected into the second path is high-pass filtered to the output.  
The corner frequency of  this high-pass filter is exactly equal to 
the low-pass corner of  the PLL’s closed-loop transfer function.  
In theory, the bandwidth of  a two-point modulator is therefore 

unbounded.  However, nonlinearity in the voltage-controlled os-
cillator (VCO) (Figure 2) is a barrier to realizing this potential 
of  two-point modulators.  The high-pass second path does not 
benefit from the linearized VCO tuning characteristic that the 
PLL provides for the first path.  If  this linearity goes uncorrected, 
a wideband two-point modulator can introduce significant phase 
error.  

Adaptive digital predistortion, a linearization technique com-
monly applied to RF power amplifiers, is a promising solution.  
Recent work using analog feedback to train a predistorter has 
been shown to enable dramatic bandwidth extensions for Carte-
sian feedback power amplifiers [1].  With this same principle and 
the observation that the PLL continuously performs VCO linear-
ization, a predistortion block is added in the second data path.  
The introduction of  this predistortion circuit will eliminate the 
phase error, and it therefore enables the two-point modulator to 
function as a truly broadband phase path in polar transmitters.

Figure 1: Classical two-point modulator.p Figure 2: Voltage-controlled oscillator nonlinear tuning 
characteristic (frequency vs. control voltage).
p
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An Ultra-low Power CMOS RF Transceiver for Medical Implants
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Until recently, few medical implantable devices existed and fewer 
still provided the capability for wireless transmission of  informa-
tion.  Most devices capable of  data transmission did so through 
inductive coupling, which requires physical contact with the base-
station and allows for only low data rates.  In 1999, the FCC 
created the Medical Implant Communications Service (MICS) 
band in the range of  402–405 MHz specifically for medical te-
lemetry [1].  The MICS band plan allows for RF communication 
between a medical implant and a base-station that is up to two 
meters away.  This research seeks to design a transceiver specifi-
cally optimized for low-power, short-distance data transmission 
in a temperature-regulated environment, i.e., the human body.  
We do this by pushing as much complexity as possible out of  the 
implant and into the base-station, taking advantage of  the attri-
butes of  the environment, such as temperature control and slow 
transients, and incorporating the antenna into the oscillator for 
reduced power and improved performance.  By optimizing the 
transceiver for reduced volume and power, we hope to extend the 
battery lifetime and functionality of  medical implants for greater 
comfort and benefits to patients.

Figure 1a shows a conventional direct up-conversion transmit-
ter that comprises a digital baseband, digital-to-analog convert-
ers (DAC), low-pass filters, up-conversion mixers, an I/Q phase 
generator, a power amplifier (PA), a frequency synthesizer, and an 

antenna.  We propose a much simpler, almost all-digital imple-
mentation (see Figure 1b, composed of  a digital baseband and a 
digitally controlled oscillator (DCO)).  Instead of  direct I/Q up-
conversion, we propose using minimum frequency-shift keying to 
directly modulate the DCO with baseband information.  We ex-
ploit the inherent temperature regulation of  the human body and 
the lax frequency stability requirements of  the MICS standard to 
replace the frequency synthesizer with a much slower frequency-
control loop, which incorporates the base-station.  Furthermore, 
we create a linear digital-to-frequency converter by using pre-
distorted capacitor banks for coarse and fine frequency tuning.  
Instead of  driving the antenna with a matched PA, we exploit the 
low radiation power requirement to incorporate a loop antenna 
into the DCO.  The inherently high Q of  the antenna leads to im-
proved noise performance for a given amount of  power.  Figure 
2 shows the differential Clapp DCO including coarse- and fine- 
tuning capacitor banks, a circuit model for the loop antenna, and 
a cross-coupled pair of  transistors for power reduction [2].

Figure 1: (a) Conventional direct up-conversion transmitter. (b) 
Proposed transmitter comprised of a digital baseband, a digitally 
controlled oscillator, and a loop antenna.  

p Figure 2: Differential digitally controlled Clapp oscillator 
topology including a simple antenna model, coarse- and fine-
tuning capacitor banks, and a cross-coupled transistor pair for 
current switching.

p
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 An Integrated Circuit Capable of Rapid Multi-frequency Measurements 
and a Reconfigurable Electrode Array for Use in Anisotropic Electrical 
Impedance Myography
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Electrical impedance myography (EIM) is a noninvasive tech-
nique for neuromuscular assessment originally developed by Dr. 
Seward Rutkove [1] of  Beth Israel Deaconess Medical Center 
and Drs. Ronald Aaron and Carl Shiffman of  Northeastern 
University. The technique is capable of  detecting degenerative 
neuromuscular diseases such as amyotrophic lateral sclerosis (Lou 
Gehrig’s disease) and inclusion body myositis. In this technique, 
a low-intensity alternating current is applied to a muscle and the 
consequent surface voltage patterns are evaluated [2,4-5]. Al-
though the current system is sufficient to prove the value of  EIM, 
it is too slow and cumbersome, being made up of  large discrete 
components, to achieve its full potential as a diagnostic medical 
tool.

This project consists of  two main parts. For the first part, we will 
develop an IC that combines a spectrum analyzer and signal gen-
erator (Figure 1) capable of  making rapid measurements between 

100Hz and 10MHz. This will significantly miniaturize the system 
and reduce its power consumption, allowing us to build a hand-
held, battery-operated instrument.  Our focus will be on greatly 
increasing measurement speed, which will enable the clinician 
to do dynamic muscle characterization that is impossible with 
current technology. For the second part, we will develop a new, 
reconfigurable electrode array to make measurements at differ-
ent orientations on a patient (Figure 2). The electrode array, con-
sisting of  many small electrodes combinable into larger virtual 
electrodes, needs to inject current into a patient’s muscle, going 
through layers of  skin and fat, as well as measure voltage precisely 
and be reusable in a single patient [3]. Through the development 
of  a new electrode array and a new integrated circuit, our goal 
is to move EIM from a clinically proven concept to a widely ap-
plicable, inexpensive, and sophisticated diagnostic tool.

Figure 1: System diagram of integrated circuit.p Figure 2: Concept of reconfigurable electrode array.p
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Much work has been done within the optimization and circuit 
communities related to the optimization of  individual circuit 
blocks [1-2]. Both equation-based and simulation-based optimi-
zation methods have enjoyed recent success for certain problems 
[3-4]. However, the best of  these newest methods are still pain-
fully overwhelmed by the sheer size of  the design space typical of  
even modest-sized mixed-signal systems.  Employing hierarchy is 
a natural way to cope with a large number of  design variables, 
and many hierarchical approaches have been explored to simplify 
system level optimization [5-7]. Still, an efficient technique that 
brings value to the designer remains elusive.

We propose decomposing a large system into manageable circuit 
blocks and adopting a hierarchical, bottom-up (H-BU) approach.  
After efficient exploration of  the design space, we generate Pareto 
optimal curves for the smaller, less complex blocks.  The trad-

eoffs between system design variables are quantitatively modeled 
as simple monomial functions.  Unlike past works, we use simple 
models to take advantage of  the gentle nature of  the tradeoffs, 
thereby making the system formulation less complex and more 
solver-friendly.  This work applies the H-BU method on a 10-
stage pipeline ADC in a 0.18-um CMOS process as proof  of  
concept. 

The pipeline was optimized to achieve a sampling frequency of  
100 MHz with an SNR greater than 60 dB.  Figures 1 and 2 
plot the operating point of  each stage in the pipeline against the 
Pareto surfaces. Both figures are plotted in the dimensions of  the 
system design variables: Figure 1 plots the power against the slew 
rate, slewRate, and noise power, nPO, of  each pipeline stage and 
Figure 2 plots power against the load capacitance, CL, and set-
tling time constant, τhold, of  each pipeline stage. 

Figure 1: Pareto surface and power of each pipeline stage in 
flat and hierarchical solutions against slewRate and nPO.
p Figure 2: Pareto surface and power of each pipeline stage 

in flat and hierarchical solutions against CL and τhold.
p
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Over the last decade, the use of  mixed-signal circuits on system-
on-chip integrated circuits (IC) has increased at a steady rate. The 
challenges associated with large-scale analog system-level explo-
ration, including early-stage tradeoff  analysis, create the bottle-
neck for mixed-signal system design. Equation-based and simu-
lation-based optimization techniques have been predominant in 
the exploration of  a circuit’s design space. However, these tools 
are practical only for small electronic systems. We show that this 
need not be a limitation by establishing a general design meth-
odology for large systems. By decomposing a system into smaller, 
less complex building blocks, thereby adopting a Hierarchical, 
Bottom-up (H-BU) approach, we keep the problem tractable, and 
the tradeoff  space can be constructed in a piecewise manner up 
to the system level. This idea is illustrated via a transmitter seg-
ment in Figure 1.

The H-BU methodology and a suitably chosen optimization 
framework (i.e., geometric programming) [1-2] coupled with an 
equation-based design philosophy and intended to provide an al-
ternative analog IC system design process. Once the initial system 
decomposition is settled at the system level, each circuit designer 
produces a set of  Pareto-optimal (PO) surfaces, to send to the sys-
tem level designer for system level allocation. Whether a simula-
tion- or equation-based approach is used in the generation of  the 
surfaces, an equation-based approach should prevail at the system 

level. The reasons for using this approach are several: to eliminate 
the common convoluted use of  spreadsheets and systematize a 
straightforward formulation strategy, as well as take advantage of  
the gentle surfaces, which are amenable to equation fitting. These 
surfaces fully describe the block-level space in an optimal sense. 
At the system level, the system designer can select the operating 
points for each block so as to optimally distribute the allocated 
resources. Moreover, fitting the PO surfaces into functions ame-
nable to an MP allows the system designer to formulate a system 
level MP and to produce the PO surface characterizing the sys-
tem over any range of  interest. Figure 2 show a PO curve for the 
transmitter segment.

For large systems composed of  many blocks, tradeoff  information 
between the various blocks is of  enormous value. The value of  
this information lies in readily exposed relations hidden under-
neath strong non-inearities, indirect parameter correlations, sub-
system trans-coupling, and otherwise non-intuitive interactions 
between blocks. This information will allow designers to make the 
best decisions on how to choose optimal allocation of  the avail-
able resources. Moreover, if  each block is kept within a geometric 
programming framework, then each can be optimized efficiently. 
Regardless of  adherence to a GP framework at the bottom-level, 
the system-level formulation is always amenable to GP.

Figure 1: Hierarchical, bottom-up design methodology. By 
generating Pareto-optimal curves for each block, the system-level 
PO space can be created.

p Figure 2: A Pareto-optimal surface for transmitter 
segment.
p
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Two side effects of  technology scaling that have a significant im-
pact 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. Cascded amplifier stages have 
been a popular solution to increase amplifier gain, but they fur-
ther reduce the signal swings of  scaled technologies. An alterna-
tive method for achieving high gain in an operational amplifier 
without reducing signal swing is to cascade several lower gain 
amplifiers. Nested-Miller compensation approaches [1] 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 [2-3], a new comparator-based 
switched capacitor (CBSC) circuit design methodology has been 
explored that eliminates the use of  op-amps in sampled data sys-
tems.

A sampled-data system typically operates in two phases, a sam-
pling phase (φ1) and a charge transfer phase (φ2). 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 Fig-
ure 1a shows the conventional op-amp-based switched-capacitor 

gain stage. The circuit in Figure 1b shows the proposed CBSC 
approach, in which a comparator and a current source have re-
placed the op-amp. Assuming the comparator input Vx starts be-
low the common-mode voltage at Vxo, 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 CL.  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 is demonstrated by 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 1.5b/stage CBSC 
pipeline ADC was constructed and operates similar to the op-
amp version of  the ADC. The prototype CBSC ADC was imple-
mented in a 0.18µm CMOS technology. The active die area of  
the ADC is 1.2mm2. At a 7.9MHz sampling frequency, the DNL 
is +0.33/-0.28LSB, and the INL is +1.59/-1.13LSB.  It achieves 
an SFDR of  62dB, an SNDR of  53dB and an ENOB of  8.7b 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 0.8pJ/b figure of  merit.

Figure 1: (a) Traditional op-amp based multiply-by-two amplifier versus (b) 
proposed comparator-based multiply-by-two amplifier. 
p Figure 2: Multiply-by-two waveforms. p
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Technology scaling is creating significant issues for switched ca-
pacitor circuit design. Decreasing device gain and voltage sup-
plies make traditional implementations of  high-gain, high-speed 
operational amplifiers (op-amps) increasingly difficult and less 
power-efficient. A comparator-based switched capacitor (CBSC) 
circuit technique was introduced in [2] that replaces the func-
tionality of  an op-amp with a comparator and current source to 
help with these issues. The current source sweeps the output node 
with a voltage ramp until the comparator detects that the virtual 
ground condition has been realized. Whereas an op-amp-based 
implementation forces the virtual ground condition, CBSC circuits 
detect the virtual ground condition to realize the same precision 
charge transfer.

The comparator input in a CBSC implementation is a constant 
slope voltage ramp, and so the comparator performs a zero-cross-
ing detection.  This work generalizes CBSC by replacing the gen-
eral-purpose comparator of  CBSC circuits with a zero-crossing 
detector to realize new architecture called zero-crossing based 
circuits (ZCBC) [1]. Two stages of  the implementation of  the 1.5 
bit/stage ZCBC pipelined analog-to-digital converter (ADC) are 
shown in Figure 1. Devices M1 and M2 make a dynamic zero-
crossing detector that is fast, simple, and amenable to scaling.  It 

draws no static current and thus realizes a power-efficient thresh-
old detector. To improve linearity and output swing, the single 
current source of  the previous design was split to create current 
sources I1, I2, I3, and I4.  In this topology the capacitors are no 
longer charged through a series switch, so the associated non-
linear voltage drop is eliminated.  Furthermore, the traditional 
bit decision comparators in a pipelined ADC have been replaced 
with bit decision flip-flops for improved speed.

To demonstrate these techniques, an 8b, 200MS/s ZCBC pipe-
lined ADC was implemented in a 0.18-um CMOS technology 
in an active die area of  0.05mm2.  The differential non-linear-
ity (DNL) and integral non-linearity (INL) are 0.75LSB8 and 
1.0LSB8.  The measured effective number of  bits (ENOB) is 
6.4b. It consumes 8.5mW (2.9/5.6mW analog/digital) from a 
1.8V power supply. It draws only dynamic CV2f  power as there 
are no statically biased circuits in the complete ADC. The corre-
sponding figure of  merit (FOM=P/2fin/2ENOB) is 510 fJ/step at 
200MS/s. This demonstrates best-in-class performance in terms 
of  power-efficiency among other published ADCs in its class.

Figure 1: Two stages of the 1.5 bit/stage zero-crossing based pipelined ADC.p
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With an increasing need for higher data rates, both wireless ap-
plications and data links are demanding higher speed analog-to-
digital converters (ADC) with medium resolution.  In particular, 
this work will investigate ADC’s 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 a reduced sampling rate.  Therefore each 
channel is responsible for digitizing a different time slice.  This 
method requires that the individual converters, which make up 
the parallel combination, be matched.  Mismatches and non-ide-
alities, such as gain error, timing error, and voltage offset, degrade 
the performance. Therefore channel matching is an important 
design consideration for time-interleaved ADCs.

Although digital calibration can mitigate many of  these non-ide-
alities, timing mismatches are  non-linear errors, which are more 
difficult to remove. At sampling rates up to 10Gs/s, digital cali-
bration would consume a large amount of  power. An alternative 
solution uses a global switch running at the full speed of  the con-

verter.  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 in-
vestigate the applicability of  the global switch technique in 90- or 
65-nm CMOS technologies for 10Gs/s operation.

Power optimization is a major design consideration when imple-
menting a time-interleaved ADC.  We will lower total power con-
sumption by exploring innovative technologies for implementing 
the individual ADCs in the channel, such as the zero-crossing 
based circuits (ZCBCs) [3].  The ADC topology was previously 
presented.  In particular, this work investigates a fast, single-slope 
architecture (Figure 1). The faster each channel operates, the few-
er  channels are needed,  hence lowering power in clock and buf-
fer circuits.  The primary emphasis falls on the development of  
highly power-efficient single-slope ZCBC architecture. Since the 
single slope architecture is more sensitive to non-idealities such as 
ramp nonlinearity, we are carefully studying the sources of  non-
idealities and develop clever techniques to address the accuracy 
issues.

Figure 1: One stage of a single-slope ZCBC-based pipelined ADC.p
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Technology scaling poses challenges in designing analog circuits 
because of  the decrease in intrinsic gain and reduced swing. An 
alternative to using high- gain amplifiers in the implementation 
of  switched- capacitor circuits has been proposed [1] that replac-
es the amplifier with a current source and a comparator. The new 
comparator- based switched- capacitor (CBSC) technique has 
been implemented in two pipelined ADC architectures at 10MHz 
and 200MHz and 10bit and 8bit accuracy, respectively [1-2].

The purpose of  this project is to explore the use of  the CBSC 
technique for very high-precision AD converters. The goal of  the 
project is a 100MHz 16 bit pipelined ADC. First, we are investi-
gating multiphase CBSC operation to improve the power-linear-
ity trade off  of  the A/D conversion [3]. We are also developing 
linearization techniques for the ramp waveforms. Linear ramp 
waveforms require fewer phases, thus allowing faster operation. 
Techniques for improving linearity beyond using a cascoded cur-

rent source are explored. A linear ramp generator, which decou-
ples the current source from the output ramp through a Miller 
capacitor is proposed to improve the linearity of  the ramp wave-
form in all phases. This ramp generator improves the range by 
improving linearity through compensation of  the gate-to-source 
voltage of  the current source without the use of  a cascode. In 
addition it lends itself  to a symmetric differential implementa-
tion for the final phase to ensure adequate noise rejection. At 
the target resolution of  16 bits, power supply and substrate noise 
coupling can limit the performance. We are studying their effects 
in CBSC circuits. For reduced sensitivity to power supply and 
substrate noise, we are developing a differential CBSC architec-
ture. Other techniques that we are presently developing include 
power-efficient offset cancellation in comparators and exploiting 
a priori information from previous stages in the pipeline structure 
to increase linearity and speed.
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Sponsorship: CICS, DARPA

Many analog signal-processing circuits use operational amplifiers 
(op-amps) in a negative feedback topology.  The amount of  er-
ror in these feedback systems is inversely proportional to the gain 
of  the op-amp.  Because scaled CMOS technologies use shorter 
channel lengths and require lower power supply voltages, it be-
comes more difficult to implement high gain op-amps.  Recently, 
a comparator-based switched-capacitor (CBSC) technique was 
proposed [1] that uses a comparator rather than an op-amp to 
implement switched-capacitor topologies.

In this project, we investigate very-low-voltage delta-sigma con-
verters. One of  the biggest challenges of  low-voltage circuits is 
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 sig-
nal 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 with-
out a transmission gate to perform charge transfer. During the 
charge transfer phase, the op-amp is switched off, and the output 
is grounded. 

Similar to the standard switched-capacitor technique, CBSC cir-
cuits use two-phase clocking, having both sampling and charge-
transfer clock phases.  Unlike a standard switched-capacitor cir-
cuit, in a CBSC circuit all current sources connected to the output 
node are off  at the end of  the charge-transfer phase. Therefore, 
there is no op-amp or current source to turn off  to accommodate 
the charge transfer without a transmission gate. 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-dif-
ferential low-voltage CBSC integrator stage using the combined 
techniques.  We are designing a fourth-order sigma-delta ADC 
for operation at 1V power supply using this integrator stage.

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.
p
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Zero-crossing-based ADC for mm-Wave Applications
J. Chu, H.-S. Lee 
Sponsorship: SRC/FCRP C2S2

In an mm-wave imaging system, the resolution depends on the 
phase accuracy of  the signal. Our system design uses digital beam 
forming with extensive digital processing to reduce the phase 
variance and extract accurate phase information from an array 
of  receivers. This design choice demands a high-speed, medium-
resolution ADC to digitize the signal. Since there are up to 1000 
receivers in the imaging system, each requiring 2 ADC’s for in-
phase and quadrature signals, the power consumption of  each 
ADC is also a major constraint.  We are investigating a time-in-
terleaved ADC operating at 4 Gs/s with 8-10 bits of  resolution 
with less than 50mW of  power consumption. This work is also 
useful in many other applications including wireless and wireline 
communications.

Each individual channel will be implemented using a zero-
crossing-based circuit (ZCBC) [1], which is an extension of  the 
comparator-based switch-capacitor circuit (CBSC) design meth-

odology [2]. The focus of  the project is to explore novel circuit 
structures based on ZCBC to improve the FOM and power con-
sumption of  A/D converters. In particular, we are investigating 
the use of  a dynamically biased zero-crossing detector. The idea 
is to use the most power when the signal is crossing the threshold; 
this extra power decreases the delay and reduces the noise. Dur-
ing the other times, power can be reduced without degrading the 
ADC performance.  

Time interleaving will be used to achieve the speed requirement. 
In a time-interleaved structure, matching between the different 
channels will be very important to maintain the desired perfor-
mance. Any mismatch in non-idealities such as gain error, offset, 
and timing errors can greatly degrade the performance. We plan 
to use a global sampling technique, which mitigates the timing 
errors [3-4]. Careful design and layout will be needed to reduce 
the other mismatches.
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Comparator-based Circuits for HBTs
J. Feng, H.-S. Lee 
Sponsorship: BAE Systems

Recently, comparator-based switched-capacitor (CBSC) circuits 
and zero-crossing-based circuits (ZCBC) were introduced [1,2] 
as a viable alternative to op-amp-based circuits.  The use of  
op-amps in analog signal processing circuits is becoming more 
difficult due to the decreased intrinsic device gains and reduced 
signal swings obtained in scaled CMOS technologies.  Op-amps 
rely upon high gain in the negative feedback mode in sampled 
data systems because the gain determines the accuracy of  the 
output value.  CBSC and ZCBC-based circuits replace the op-
amp using a comparator and a current source (see Figure 1), and 
therefore do not require high gain and stability simultaneously 
as in op-amp-based circuits.  Since comparators can be designed 
without the use of  complementary devices, these techniques can 
be applied to a variety of  transistor technologies.  In this work, 
we explore the use of  heterojunction bipolar transistors (HBTs) in 
comparator-based circuits for sampled data systems.

HBTs offer much higher device speeds than CMOS devices 
and have demonstrated the fastest transistor speeds to date with 

cutoff  frequencies as high as fT=710 GHz using a pseudomor-
phic InGaAs/InP HBT [3].  Commercially, silicon germanium 
(SiGe) based HBTs have been developed with a cutoff  frequency 
of  fT=200 GHz as shown in Figure 2.  The faster device speeds 
that HBTs offer can help meet the demand for very high speed, 
high-resolution analog-to-digital converters (ADC) for various 
applications including wireless and wireline communications and 
radar systems.   HBTs also have a more constant gm/I ratio over 
the normal operating range, lower 1/f  noise, and better device-
matching of  differential pairs than CMOS devices.

This project focuses on the development of  innovative circuits 
and architectures to design a 12-bit pipelined ADC operating at 2 
GHz using either an HBT-only or SiGe BiCMOS process.  The 
first goal of  the project is focused on adapting switched emitter-
follower sample-and-hold circuits for switched-capacitor applica-
tions.  Ultimately, the project will culminate in the design of  a 
prototype ADC chip.

Figure 1: (a)  Traditional op-amp based multiply-by-two 
amplifier versus (b) comparator-based multiply-by-two amplifier.
p Figure 2: Unity cutoff frequency fT vs. collector current 

at VCE=1.5 V for 0.12 µm width SiGe HBT at different device 
lengths.

p
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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-digi-
tal converter (ADC)that can quantize a wideband 150-
MHz signal at 600 mega-samples per second, with 
signal-to-noise ratio and linearity in excess of  75dB 
(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 either employ  a 
low degree of  parallelism, such that the tones appear 
outside the signal band, or are low enough in resolu-
tion 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 individu-
al blocks to be pulled out for background calibration, 
while the remaining blocks continue to quantize the 
input signal.  Due to the large number of  channels to 
be calibrated, the calibration algorithm must be simple 
but effective. The sub-radix-2 calibration algorithm 
[1-2] is very effective in removing offset and linear-
ity 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 ef-
ficiency with reduced complexity. We are also explor-
ing several innovative techniques to calculate and re-
move 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 mea-
surement algorithms.  A novel token-passing control 
scheme is used to generate local clock phases for the 
individual blocks and channels, minimizing the num-
ber of  clock lines that must be routed across the chip.

The design was fabricated in a 0.18-µm digital CMOS 
process by National Semiconductor and is currently 
under test. A micrograph of  the finished chip is shown 
in Figure 2.
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Figure 1:  Top-level block diagram of the IMPACT ADC architecture.p

Figure 2:  Micrograph of the fabricated chip.p
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Prediction of Time-to-contact for Intelligent Vehicles
Y. Fang, B.K.P. Horn, I. Masaki  
Sponsorship: Intelligent Transportation Research Center

The time-to-contact (TTC) is the time it takes  two objects to touch 
if  they continue in their current trajectory. The TTC estimation 
based on video sequences from single camera provides a simple 
and convenient way to detect approaching objects, andpotential 
danger and to analyze surrounding environment for automotive 
and robotic applications. Most current TTC estimation methods 
depend on the computation of  the optical flow as an intermediate 
result by tracking “interesting feature points” over multiple im-
ages [4-6]. However, the optical flow estimation itself  is very noisy 
[1-2], especially when motion between two continuous frames is 
large. The TTC estimation based on optical flow  takes advantage 
only of  information about moving object boundaries. Thus the 

estimation accuracy and robustness are very noisy.  We propose a 
new direct “gradient-based” method [3,7-9] to determine TTC 
that operates directly on the spatial and temporal derivatives of  
brightness. The proposed method does not depend on “feature 
detection” and thus does not require careful calibration of  the 
optical system. The new method enhances robustness and is com-
putationally efficient, which is especially important to provide fast 
response for vehicle applications. The results of  TTC estimation 
present an expected trend as in Figure 1 and show the robustness 
to parameter choices. Figure 2 shows the intermediate results of  
TTC calculation process for one video sequence. 

Figure 1: Typical time to contact for most applications. The 
vertical axis shows the number of frames before contact will 
happen for different frames in a frame sequence.

p Figure 2: The TTC calculation process for one video 
sequence. The circle represents the focus of expansion with 
coordinate at the  bottom right corner. The three bars represent 
the relative speed between camera and object. The TTC value 
is at the  upper left corner of each image.

p
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Very High-frequency DC-DC Boost Conversion
A. Sagneri, R. Pilawa, D. Perreault 
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At current switching frequencies (about 1-10 MHz), the required 
energy storage in a typical dc-dc converter yields passive compo-
nent dimensions that are large with respect to integrated process-
es. Shrinking these components at constant energy storage results 
in an unacceptable efficiency penalty. Larger size accompanies 
greater cost, both because more material is required and because 
batch processing is more complicated.  This is especially true of  
magnetic materials, where deposited materials exhibit relatively 
poor characteristics and add significant cost.  On the other hand, 
continually improving semiconductor devices is a key enabler in 
the focus of  this research—to explore converter operation in the 
very high frequency (VHF, 30-300 MHz) regime.  At VHF, re-
duced energy storage translates directly to smaller passive compo-
nents.  Significantly, air-core inductors can be implemented in a 
small volume. These components are simple, small, and ready for 
batch fabrication.  Further, without the frequency dependent loss 
of  a magnetic core, passive components no longer limit switch-
ing frequency.  The other loss mechanisms—switching and gating 
loss—are dealt with through resonant circuit techniques.  The re-
sulting dc-dc boost converters shown here are capable of  nominal 
power levels above 20 watts and efficiency in excess of  87% while 
switching at 110 MHz (Figure 1).

The circuit topology in Figure 2 consists of  a resonant Φ2 inverter 
coupled to a resonant rectifier [1,3-5].  The result is a resonant 
dc-dc boost converter operating at VHF (Figure 1).  The inverter 
uses wave-shaping to minimize peak voltage stress (about 2.3 VIN)  
[1], in this case staying within typical integrated power process 
breakdown voltage limits (50 V) for input voltage over the auto-
motive range (8-18 V). A 110-MHz converter using a commercial 
MOSFET achieved greater than 87% efficiency. The converter 
nominally supplies 23 W output power, over an 8-18 V input 
range and a 22-33 V output range.  A 50-MHz converter using 
a MOSFET fabricated in an integrated power process achieved 
75% efficiency over the same voltage ranges with a 19 W nominal 
output power. The largest inductors in each design are 33 nH 
and 56 nH, respectively. Both converters use resonant gate drives 
for high efficiency and operate in bang-bang modulation under 
hysteretic voltage mode control [3-4,6].  This control scheme 
takes advantage of  exceptional transient performance to achieve 
wide load range at high efficiency [2]. Greater load range can be 
achieved by adding more cells. Current work focuses on designing 
optimal devices for a given power process and co-packaging of  
passive components.

Figure 1: Picture of a 110 MHz dc-dc boost converter.  Vin: 
8-18V, Vout: 22-33V, Pnom: 23W, efficiency: 87%. 
p Figure 2: A VHF dc-dc boost power stage and control 

scheme.  The dc-dc converter cell is modulated by a hysteretic 
controller ~ 200 kHz while the cell switches ~100 MHz.  Ripple 
is set by the hysteresis band. Power and ripple requirements 
size the bulk output capacitor.

p
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Techniques for Low-jitter Clock Multiplication
B.M. Helal, M.H. Perrott

High-frequency clocks are essential to high-speed digital and 
wireless applications.  The performance of  such clocks is mea-
sured by the amount of  jitter, or phase noise, their outputs ex-
hibit.  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 Os-
cillators (VCOs) [1].  Multiplying Delay-Locked Loops (MDLLs) 
have been introduced recently to significantly reduce the problem 
of  jitter accumulation in PLLs and reject VCO phase noise at a 
higher bandwidth than possible with PLLs [2-3]. 

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 Sel signal, to pass the reference edge in-
stead of  the output edge at the proper time, as shown in Figure 
1.  The major disadvantage of  a typical MDLL is static delay 
offset, which causes its output to exhibit deterministic jitter and 

reference spurs.  Static delay offset is caused mostly by path and 
current mismatches in the phase detector and charge pump, re-
spectively [2-3].  When the VCO is not perfectly tuned, the last 
output edge and the reference edge that replaces it occur at a time 
offset, causing an inconsistent transition time.  Figure 2 illustrates 
the problem of  static delay offset in a locked MDLL, showing a 
deterministic jitter of  ∆ seconds peak-to-peak.

A digital correlation technique was developed to eliminate sourc-
es of  analog mismatches and drastically reduce static delay offset 
in MDLLs, thereby allowing their use in applications that require 
low-jitter, high-frequency clocks.  A test chip was fabricated us-
ing a CMOS 0.13µm process.  A highly-digital MDLL prototype, 
which used a scrambling time-to-digital converter, generated a 
1.6GHz output from a 50MHz reference input.  Measured re-
sults demonstrated reference spurs below -59 dBc and estimated 
random and deterministic jitter below 1 ps [4].
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Figure 1: Classical MDLL block diagram.p Figure 2:  Timing diagram illustrating the effect of static 
delay offset.
p
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Recent advances in frequency synthesizer architectures have 
formed the groundwork for a very exciting and active area of  
research. On the one hand, the need for a wider-bandwidth frac-
tional-N synthesizer has inspired researchers to develop phase 
noise cancellation techniques to avoid tradeoffs between noise 
performance and synthesizer bandwidth [1], as shown in Figure 
1. On the other hand, the continuing development of  the deep 
submicron CMOS process has initiated people’s interest in all-
digital phase locked loop (PLL) [2], which not only leverages the 
high-speed digital capability available in a deep submicron process 
but also avoids the problems those a conventional charge-pump 
PLL may encounter, such as high variation and leakage current. 
The work in [2] demonstrated that an all-digital synthesizer can 
meet GSM specifications, but the need of  a strong DSP capability 
and a complicated VCO structure prevents it from being a simple 
solution for many applications. In addition, the bandwidth of  [2] 
is ten times lower than that achievable by analog techniques [1]. 
Therefore, the goal of  this research is to find a digital synthesizer 
solution that not only is simpler than [2] but also can achieve a 
high bandwidth comparable to the analog approach [1].

The high in-band phase noise due to the quantization noise of  
the time-to-digital converter (TDC) in [2] limits the PLL band-
width to roughly 40 kHz. Recently, a new TDC architecture in-
troduced in [3] demonstrated the possibility of  first-order noise 
shaping the TDC quantization noise. This technique shows the 
potential to achieve <-110 dBc/Hz in-band phase noise, accord-

ing to simulation results. With such a low in-band noise floor, we 
are able to extend the PLL loop bandwidth to roughly 400 kHz 
without violating the GSM mask. 

The digital controlled oscillator proposed in [2] requires a large, 
fine-resolution switched capacitor bank, which is a challenging 
design. An alternative in [4] combines a digital-to-analog con-
verter (DAC) and a conventional analog LC voltage-controlled 
oscillator into a DAC-controlled oscillator. However, the resistor-
string DAC used in [4], which offers an easy implementation, will 
not support dynamic element matching techniques (DEM). Ap-
plying DEM to remove the resistor mismatching is critical, since 
the DAC nonlinearity will fold MASH quantization noise to low-
frequencies and thereby overwhelm the benefit of  our low-phase-
noise TDC. Therefore, we modified the resistor-string DAC into 
another form that enables us to apply DEM technique easily. Just 
as with the design in [4], this DAC does not require an analog 
buffer or an op-amp.  

By combining the techniques stated above, we expect to achieve a 
400-kHz bandwidth digitally-enhanced fractional-N synthesizer 
with a carrier frequency of  3.6 GHz, which is an order of  mag-
nitude higher than offered by [2]. Figure 2 illustrates the block 
diagram of  our architecture. Behavior simulation verifies that the 
proposed architecture can still meet GSM mask even with the 
high bandwidth.

Figure 1: Conventional phase cancellation fractional-N 
synthesizer.
p Figure 2: Proposed digital enhanced phase cancellation 

fractional-N synthesizer.
p
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Voltage-controlled Oscillator-based A/D Conversion
M. Park, M.H. Perrott 
Sponsorship: NSF

There has recently been increasing interest in developing highly 
digital analog-to-digital converter (ADC) structures for on-chip 
testing and ease of  integration in future CMOS processes.  An 
intriguing circuit to utilize in such cases is a ring oscillator volt-
age-controlled oscillator (VCO), which outputs a clock waveform 
whose frequency is a function of  an input tuning voltage.  By 
comparing the clock frequency to that of  a separate clock ref-
erence using digital counters, one can create an all-digital A/D 
converter that can be readily utilized for on-chip monitoring of  
supply voltage variations and other on-chip waveforms [1-2]. A 
shortcoming of  the approach in [1] is that the effective conver-
sion rate must be quite low to achieve high resolution, and the 
shortcoming of  the approach in [2] is that the overall A/D imple-
mentation ends up being primarily analog in nature.

In this project, we propose a VCO-based A/D converter struc-
ture, which allows second-order Σ−  noise shaping to be achieved 
with a highly digital structure. We suggest the use of  a primarily 

digital structure that is augmented by a small amount of  low-
performance analog circuitry to achieve the higher-order noise 
shaping.  Figure 1 shows the proposed second-order ∑-∆ ADC ar-
chitecture using a VCO as a first-stage integrator. The VCO and 
the dual-modulus divider form a feedback path. A second-stage 
integrator consists of  the charge pump and the capacitor.

The prototype chip was fabricated in a 0.18-µm CMOS process. 
Figure 2 shows the die photograph. The fabricated ADC achieves 
60 dB SNR over 1 MHz bandwidth with a sampling rate of  800 
MHz, and the quantization noise is second-order noise-shaped. 
The highly digital architecture makes it possible to realize ADCs 
with only a small number of  analog circuits, and it could poten-
tially be useful for on-chip signal monitoring for ASIC chips, es-
pecially in the future CMOS technology.

Figure 1:  Proposed second-order Σ−∆  ADC employing a 
VCO.
p Figure 2:  Die photograph of prototype IC.p
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A Σ∆ ADC with Noise-shaping VCO Quantizer and DEM Circuit
M. Straayer, M.H. Perrott 
Sponsorship: Lincoln Laboratory

A combined 5-bit, 1st order noise-shaped quantizer and dynamic 
element matching (DEM) circuit running at 950 MHz based on a 
multi-phase voltage controlled oscillator (VCO) is presented. This 
quantizer structure is the key element in a 3rd-order noise-shaped 
analog-to-digital converter (ADC) with 2nd order loop dynamics 
and a single op-amp. 

Figure 1 shows the basic operation of  the multi-phase VCO-based 
quantizer.  In this circuit, the VCO integrates an input voltage 
into a phase, and a digital quantizing register captures the phase 
state of  the VCO. The quantization is particularly efficient due to 
the digital form of  the ring oscillator. When the quantized phase 
is differentiated, a digital output proportional to the input voltage 
results. However, because the quantization error is also differenti-
ated, the VCO-quantizer achieves first-order noise-shaping. 

To improve the linearity and quantization noise performance of  
the converter, a sigma-delta feedback loop is formed with second-
order loop dynamics. Figure 2 shows a simplified block diagram 
of  this architecture. Interestingly, the rotation of  the VCO phase 
can be utilized to perform dynamic element matching on the 
feedback DAC elements. 

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

Figure 1: Magnetization as a function of applied field. p Figure 2: Magnetization as a function of applied field. p
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A Sub Picosecond Time-to-digital Converter for On-chip Jitter Measurement
K. Johnson, M.H. Perrott  
Sponsorship: SRC/FCRP C2S2

Digital chip clock distribution consumes a major portion of  the 
chip power budget.  On-chip jitter and phase noise measurement 
promises the ability to control the jitter and power consumption 
in real-time.  Current on-chip jitter measurement systems mea-
sure either a histogram with fine resolution [1] or transient jitter 
using a time to digital converter (TDC) with coarser resolution 
[2].  A finer resolution TDC would result in a single circuit that 
satisfies both purposes.

In a related application space, recent innovations in frequency 
synthesizers [3] make increased use of  digital components includ-
ing a TDC as a phase detector.  The resolution of  the TDC sets 
an upper limit on the bandwidth of  the frequency synthesizer.  A 

finer resolution TDC would result in lower in-band phase noise, 
wider bandwidth, and greater frequency agility.

Our architecture uses dividers and delay stages to present the de-
lay to the digitizer (Figure 1).  The remainder of  the system is dis-
crete time.  Our work has a time resolution below the minimum 
inverter delay.  All signals are full-swing digital signals with no 
information stored as low-frequency analog voltages to increase 
immunity to supply noise.  The architecture is suitable for digital 
standard cells, which allows for simple migration as technology 
scales.  

Figure 1: A TDC converter architecture. The dividers and the delay chain present edges to the digitizer.p
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Techniques for Highly-digital Implementation of Clock and Data Recovery 
Circuits
C. Lau, M.H. Perrott 
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A clock and data recovery (CDR) circuit is an essential building 
block in a chip-to-chip communication system.  Its key functions 
are to extract the clock signal and retime the data from an incom-
ing non-return to zero (NRZ) data stream.  As shown in Figure 1, 
conventional designs of  CDR circuits typically employ a phase-
locked loop (PLL), which consists of  analog components such 
as a phase detector (PD), charge pump, loop filter, and voltage 
controlled oscillator (VCO).  Although this analog implementa-
tion works well in most modern applications, we have started to 
see its limitations as we migrate to deep-submicron CMOS IC 
processes.  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, as the 
leakage current problem worsens in new generations of  CMOS 
process, it demands a great deal of  power and chip area to main-
tain not only the CDR’s performance but also its functionality.

In view of  the above challenge, it would be useful to pursue a new 
mixed-signal CDR architecture that minimizes its analog content 
and takes advantage of  digital circuits.  In line with this goal, re-
cent research on digitally-controlled oscillators (DCOs) has dem-
onstrated the feasibility of  achieving fine resolution in frequency 
synthesis through digital control [1].  Therefore, we propose a 
highly-digital CDR circuit that leverages digital circuits, 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 
signals in the subsequent digital blocks in the major loop.  In this 
way, we can preserve the digital nature in the control path to the 
DCO, thus alleviating the need for high-performance, low-leak-
age analog components.  We also utilize a simple analog feedback 
loop to linearize the bang-bang phase detector’s nonlinear dy-
namics.  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 has been 
implemented in the 0.18-um CMOS process and is being tested.

We acknowledge National Semiconductor for providing the fab-
rication services.

Figure 1: A conventional CDR architecture.p

Figure 2: The proposed digital CDR architecture.p
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Low-power CMOS Rectifier Design for RFID Applications
S. Mandal, R. Sarpeshkar 
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We have developed a general theory for far-field RF power ex-
traction (or harvesting) systems. Such systems consist of  an an-
tenna and impedance-matching network that capture and effi-
ciently transfer radiated RF power to a rectifier that converts it to 
DC for powering other circuits [1]. We have studied how funda-
mental physical relationships that link the operating bandwidth 
and range of  such systems are related to technology-dependent 
quantities like transistor threshold voltage and parasitic capaci-
tances. An important conclusion is that major improvements in 
rectifier efficiency are possible when advanced CMOS processes 
are used to fabricate them. The availability of  high-Q capacitors 
and transistors with lower gate resistance, threshold voltage and 
parasitic capacitances, i.e., higher fT, in such processes proves to 
be crucial.

We have used our theory to accurately model far-field power 
extraction systems for passive RFID tags operating at UHF 
(850-950MHz). Efficient planar antennas, coupled resonator im-
pedance matching networks and low power all-MOS rectifiers 
fabricated in standard CMOS technologies (0.5µm and 0.18µm) 
have been individually designed and later combined to form com-
plete power extraction systems.  One of  our systems was found 
to have power-up thresholds of  6µW±10% (at 1µW load) and 
8.5µW±10% (at 2µW load) while operating around 950MHz, 
closely matching values predicted by theory (5.2µW and 8µW, 
respectively). These low values of  the power-up threshold allow 
the operating range of  passive RFID tags to be extended with-
out increasing the transmitted power. As far as we know, our ex-
perimental results constitute the best performance reported from 
a far-field power extraction system built in standard CMOS to  
date.

Figure 1: Photograph of completed power extraction system. 
The planar antenna and impedance-matching network occupies 
most of the area. The packaged chip containing the MOS rectifier 
is also visible.

p

Figure 2: Measured load curves of the power extraction 
system. The load current was varied from 10nA to 10µA 
for available power levels PA  ranging from -24.7±0.5dBm 
(3.4µW±10%) to -17.7±0.5dBm (17.2µW±10%).

p
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Low-power Circuits for Brain-machine Interfaces
R. Sarpeshkar, W. Wattanapanitch, B.I. Rapoport, S.K. Arfin, M.W. Baker, S. Mandal, M. Fee, R.A. Andersen, S. Musallam

This work involves the development of  ultra-low-power circuits 
for brain-machine interfaces with applications for paralysis pros-
thetics, prosthetics for the blind, and experimental neuroscience 
systems.  The circuits developed include a micropower neural 
amplifier with adaptive power biasing for use in multi-electrode 
arrays (Figure 1); an analog linear decoding and learning archi-
tecture for data compression; radio-frequency (RF) impedance 
modulation for low-power data telemetry; a wireless link for ef-

ficient power transfer; mixed-signal system integration for effi-
ciency, robustness, and programmability; and circuits for wireless 
stimulation of  neurons.  Experimental results have been obtained 
from chips that have recorded from and stimulated neurons in 
the zebra-finch brain (Figure 2) and from RF power-link systems.  
Circuit simulations have also successfully processed prerecorded 
data from a monkey brain and from an RF data telemetry sys-
tem.
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Figure 1: The adaptive micropower neural amplifier circuit.p Figure 2: Recordings obtained from the RA region of a 
zebra-finch brain using the amplifier circuit shown in Figure 
1.
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A 77-GHz Receiver Front-end for Passive Imaging
J.D. Powell, H. Kim (Lincoln Laboratory), C.G. Sodini 
Sponsorship: SRC/FCRP C2S2, Lincoln Laboratory

The area of  Millimeter-Wave (MMW) system research and de-
sign has become increasingly popular in recent years, as advanced 
silicon processes have enabled integrated circuit operation in the 
MMW regime.  The SiGe process features 200+ GHz fT, includ-
ing fully modeled passive elements. Several applications exist for 
MMW design, including wireless communications at 60-GHz, 
collision-avoidance radar imaging at 77-GHz, and concealed 
weapons detection imaging at 77-GHz and higher.  Significant 
advances have been made in these areas using SiGe technology 
[1].  This research will focus on a passive imager front-end that 
has been developed and tested for the application of  concealed 
weapons detection.

The Passive Imager enables detection of  concealed weapons, 
given that they are composed of  materials that possess  emissive 
properties  that contrast with those of  the human body.  The in-
tegrated Passive Imager operates from 73-81 GHz.  Compared 
with current mm-wave research, this system is a wideband re-
ceiver that is fully differential, which allows many receivers to be 
tightly packaged in an array for the passive imager.  The Pas-
sive Imager RF Front-End is composed of  a low noise amplifier 
(LNA) tuned to the RF frequency band of  73-81 GHz; a double-
balanced mixer, which down-converts the RF frequency to the 

intermediate frequency (IF) range of  1-9 GHz; and an on-chip 
cross-coupled voltage controlled oscillator (VCO), which provides 
a local oscillator frequency of  72 GHz.  The LNA is a two-stage 
independently biased cascode design, which achieves 4-6 dB NF, 
20-26 dB gain, and excellent impedance matching.  The mixer 
design is a double-balanced Gilbert cell with IF amplifier.  The 
stand-alone mixer has a broadband 180° hybrid at LO and RF 
input ports for testing purposes.  The mixer achieves 12-14 dB 
NF, 20-26 dB conversion gain and P1dB of  -26 dBm.  The VCO 
core is a cross-coupled pair incorporating capacitive coupling and 
independent base biasing.  The capacitors in feedback act as ca-
pacitive dividers and enable higher output power from the VCO 
core, as well as a substantially higher output frequency.  The 
VCO achieves output power of  -2 to 0 dBm, center frequency of  
72-GHz and phase noise of  approximately -93 dBc/Hz.

The Passive Imager RF Front-End block diagram is shown in 
Figure 1.  The integrated chip, implemented in 0.13-um SiGe, is 
shown in Figure 2.  It achieves particularly impressive conversion 
gain for wide-bandwidth applications, with approximately 46-36 
dB conversion gain and 7-10 dB NF from 1-9 GHz.  The P1dB is 
approximately -38 dBm at 76 GHz RF.  

Figure 1: Block diagram of RF front-end.p Figure 2:  Die photo of front-end receiver composed of the 
LNA, VCO and mixer.
p
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Power Amplifier Design for Millimeter-wave Imaging
K.M. Nguyen, C.G. Sodini 
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This research investigates the challenges of  designing a power 
amplifier (PA) that could be used in a millimeter-wave (MMW) 
imaging system. A 130-nm SiGe BiCMOS process was used to 
develop an understanding of  the specification limits. At MMW 
frequencies, the operating frequencies are pushing towards the 
fT (200 GHz) of  the devices. Furthermore, the low breakdown 
voltage of  the bipolar devices limits the voltage swing and output 
power of  the PA. To overcome this, a cascode topology was used 
in which the DC base resistance of  the cascode transistor was 
reduced to increase the breakdown voltage of  the transistor and 
allow more voltage swing. The reduced Miller effect from the cas-
code gave an increase in power gain. 

A simulation study was conducted to determine the device pa-
rameters that limited the performance of  MMW PAs. The oper-
ating frequency was pushed to 120 GHz, and a nominal PA was 
designed and simulated. Parameters within the model file were 
systematically changed, and the nominal PA was redesigned to 
compensate for the adjusted parameters. The change in perfor-
mance could be attributed to the specific parameter. We found 

that the most significant parameters were the intrinsic and extrin-
sic base-collector capacitances rather than the base transit time. 
This showed that reducing the line widths of  the bipolar devices  
provides greater gains in PA performance than reducing the base 
widths. 

A test chip was submitted for fabrication in December 2006. Due 
to limitations of  available test equipment, the operating frequency 
was reduced to 110 GHz. Using a 2-stage cascode design, the PA 
achieves a simulated maximum output power of  10.7 dBm and 
6.7 dBm 1-dB compression point. The maximum power added 
efficiency is 5.1%, and it has a 13.6 dB power gain.   Figure 1 
shows a 77 GHz PA that was submitted for fabrication in January 
2007 using a  topology similar to the 110 GHz design. Simulation 
results of  this PA are shown in Figure 2. It shows a maximum out-
put power of  12 dBm and an 8.1 dBm 1-dB compression point. 
The maximum power added efficiency is 6.0%, and it has a 15-
dB power gain at 77 GHz.

Figure 1: Layout of the 2-stage 77 GHz PA that was submitted 
in January 2007 in a 120-nm BiCMOS process.  The die dimension 
is 1.1mm x 0.75mm.

p Figure 2: Simulated results of the 77 GHz PA. The top 
graph shows the input power versus output power, and the 
bottom graph shows the S21 power gain.

p
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A 77-GHz System for Millimeter-wave Active Imaging
A. Accardi, J. Chu, K. Nguyen, J. Powell, H. Kim (Lincoln Laboratory), G. Wornell, H.-S. Lee, C.G. Sodini 
Sponsorship: SRC/FCRP C2S2

Due to advances in silicon and digital processing technology, low-
cost millimeter-wave (MMW) imaging solutions with high anten-
na array density are now viable.  While millimeter resolution or 
better is desirable for many applications, this wavelength is large 
enough to avoid scattering by tiny interfering particles.  Further-
more, a large bandwidth can be supported at this high carrier 
frequency. The MMW technology is therefore well suited for ap-
plications such as automotive collision avoidance and concealed 
weapons detection.  

By superimposing the signals recorded at antennas configured 
in an array, the imaging receiver can be focused on a portion 
of  the scene corresponding to a particular pixel.  This process, 
called beam forming, makes use of  constructive interference at 
the carrier frequency and allows the receiver to be “electronically 
steered” without any moving parts.  However, very low phase 
noise is required for fine resolution at long range.

Traditionally, beam-formers at such high frequencies are fabri-
cated using custom analog technology to ensure precise phase 
control.  Our system performs digital beam forming, allowing for 
low-cost, large-scale production and low power consumption.  We 
address the phase noise by over-sampling, averaging, and employ-
ing feedback.  That is, we correct for phase noise introduced in 
the analog and data conversion circuitry in the digital domain, 
thereby driving research with high data rate, low phase noise, and 
low power consumption requirements.  Figure 1 illustrates the 
system and indicates the components we plan to fabricate.  Our 
goal is to justify the system architecture and establish a proof  of  
concept by implementing the most challenging components.
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Figure 1:  A functional block diagram indicating the key components in the active imaging system.  These components are part of the per-antenna 
processor (PAP), which is replicated for each node in the array.
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Coding in Wideband OFDM Wireless Communications  
with Adaptive Modulation
F. Edalat, C.G. Sodini 
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To achieve high-speed wireless communications, such as stream-
ing of  next-generation Gigabit Internet or HDTV, orthogonal 
frequency division multiplexing (OFDM) has been proven as the 
enabling technology. In an indoor environment where reflec-
tions from the surrounding objects result in multiple copies of  the 
transmitted signal arriving at the receiver, the channel is highly 
frequency-selective over a wide bandwidth. An OFDM system 
decomposes such a channel into multiple flat fading sub-bands by 
transmitting the high data-rate signal in multiple parallel lower 
data-rate blocks. Furthermore, an OFDM system can exploit this 
channel characteristic to maximize the data rate by adapting the 
modulation per bin based on the estimated Signal-to-Noise Ra-
tio (SNR), as shown in Figure 1 [1]. In addition, channel coding 
is necessary to achieve the required system performance with a 
limited transmit power. In this work, we determine suitable codes 
in an adaptive modulation OFDM system to achieve highest 
throughput with a constrained latency. In particular, we analyze 
the benefits and tradeoffs of  such codes as convolutional coding, 
trellis-coded modulation, and capacity-approaching low-density 
parity-check codes used in current OFDM systems. 

To measure the performance gain from coding with adaptive 
modulation in an indoor wireless environment, we have imple-
mented a transceiver prototype. In this prototype, the adaptive 
modulation takes place in three steps. In step 1, the transmitter 
sends a training sequence, and the receiver measures the SNR on 
each bin. If  the true SNR is known for each sub-band, the most 
efficient sub-band modulation that yields an uncoded bit error 
rate (BER) smaller than 10-3 is selected, as shown in Figure 2. 
However, the errors in the estimation of  channel and time and 
frequency synchronizations result in a loss in SNR that increases 
the SNR thresholds in Figure 2. Next, in step 2, the receiver feeds 
back to the transmitter the assigned modulation scheme, which 
the transmitter uses to sends the data packet in step 3. 

Figure 1: Top: Channel attenuation vs. frequency. Bottom: 
SNR vs. frequency with the number of bins assigned for each 
modulation in the parenthesis [1].

p

Figure 2: Sub-band modulation assignment at target uncoded 
BER of 10-3.
p
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An Organic Imager for Flexible Large-area Electronics
I. Nausieda, K. Ryu, A.I. Akinwande, V. Bulović, C.G. Sodini 
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Interest in organic semiconductors is sustained in part by the 
promise of  large-area and flexible electronics.  Early work in this 
field has focused on the fabrication and testing of  discrete de-
vices, such as an organic field effect transistor (OFET), or organic 
photoconductor (OPD).  Creating electronic systems, however, 
requires an integrated approach, for both fabrication and testing.

In this work, a 4x4 addressable imager consisting of  OFET 
switches with OPDs was fabricated and tested, using a near-room 
temperature (<95°C) process [1].  The individual pixel circuit is 
shown in the top left of  Figure 1.  The OFET and lateral OPD 
were sized in order for the OPD to determine the pixel conduc-
tance while the OFET was on and for the pixel conductance to be 
dominated by the OFET while it was biased off.  Since the OFET 
acts only as a switch, the circuit is robust to process variation and 
degradation over time.  Measurements indicate a pixel responsiv-
ity of  6x10-5 A/W and an on/off  ratio of  880 at a luminance 
of  5mWcm-2.  The conductivity versus luminance is pictured in 
Figure 1.

The fabricated active matrix imager is seen in Figure 2.  It oc-
cupies an area of  10.24mm2 and uses a 25-V power supply.  The 
imager was demonstrated to correctly image a “T” pattern after 
a first-order calibration.

Figure 1: Pixel conductivity versus luminance, for the cases of the OFET switch biased on and off.p

Figure 2: Optical micrograph of the 4x4 active matrix 
imager. 
p
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Channel- and Circuits-aware, Energy-efficient Coding for High-speed Links
N. Blitvic, L. Zheng, V. Stojanović 
Sponsorship: SRC/FCRP C2S2 

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. This 
project aims to extend the link system design to incorporate en-
ergy-efficient channel coding techniques.  To enable the system-
atic characterization of  different codes, we have developed a new 
statistical simulator [1].  The simulator employs a divide-and-
conquer approach to fully account for the effect of  long residual 
interference on the received voltage for systematic binary-linear-
block-coded transmissions. It is therefore the first link simulator to 
accurately account for dependencies in transmitted data instead 
of  approximating the transmissions as independent (uncoded). 
This method is of  most use for high-rate codes, but it remains 
valid for both arbitrarily long channel lengths and block lengths. 
The resulting probability distributions are computed analytically 
and are therefore accurate at the low bit-error-rates (BER) re-
quired in high-speed links.  

Integrating the voltage probability distributions computed 
through the previously described technique yields individual 
cross-over probabilities for different bit locations in a codeword.  
The resulting difference in the cross-over probabilities of  indi-
vidual bits compared to the cross-over probability of  an uncoded 
system indicates the extent to which coupling residual interfer-
ence with the data correlation due to binary linear block coding 
affects the performance of  the system.  Figures 1 and 2 illustrate 
this effect for two different link channels. Although the present 
focus is on developing simple codes tailored for interference-
dominated environments, the current framework also allows for 
the characterization of  classical error-detecting codes. For links 
with relatively well-compensated interference and low noise cor-
relation, the channel can be approximated as binary-symmetric. 
The individual crossover probabilities are therefore sufficient to 
compute the error probabilities after error correction. This prop-
erty was verified in [1] for some typical link channels and down to 
BERs achievable by Monte Carlo simulation. 
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Figure 1:  Voltage distributions for the set of all (10,8) linear 
block codes. Shown are the cumulative mass functions (CMF) for 
two different channels: Peters B3 operating at 5 Gbps [top] and 
Peters B32 operating at 10 Gbps [bottom]. The plots also show 
the voltage CMF computed under the assumption that the data is 
uncoded. 

p Figure 2:  Bit crossover probabilities for the uncoded case 
and two different (10,8) linear block codes on a B3 channel 
[top] and B32 channel [bottom]. Code 2 was chosen to yield the 
maximum deviation from the uncoded CMF, while Code 1 was 
chosen roughly in between the two extremes. The results are 
computed under the common assumption that the link noise is 
additive, white and Gaussian with σ ≈ 3mV.

p
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Design and Optimization of Equalized Interconnects for Energy-efficients for Energy-efficient for Energy-efficientefficientfficient 
On-chip Networkschip Networkship Networks
B. Kim, V. Stojanović  
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In recent high-performance processor design, multi-hierarchicalrecent high-performance processor design, multi-hierarchical high-performance processor design, multi-hierarchical-performance processor design, multi-hierarchicalperformance processor design, multi-hierarchicalprocessor design, multi-hierarchical design, multi-hierarchical 
co-optimization of  on-chip network and overall chip architecture 
improves the performance-power efficiency significantly [1]. the performance-power efficiency significantly [1]. 
Though equalized on-chip interconnects have been proposed equalized on-chip interconnects have been proposedhave been proposed proposed 
to improve the network efficiency [2-3], the multi-hierarchicalefficiency [2-3], the multi-hierarchical [2-3], the multi-hierarchical-3], the multi-hierarchical3], the multi-hierarchical 
co-optimization of  equalized interconnect has been a difficult 
problem due to its design complexity. 

This work presents a modeling and tool framework for fast design 
space exploration of  equalized on-chip interconnects by exporting 
abstracted low-level design parameters to a link model. Using-level design parameters to a link model. Usinglevel design parameters to a link model. UsingUsing 
this tool technique, we can explore how the transistor and wiretool technique, we can explore how the transistor and wire technique, we can explore how the transistor and wireexplore how the transistor and wiree how the transistor and wire the transistor and wire 
parameters affect link performance; equalization coefficients; affect link performance; equalization coefficients; link performance; equalization coefficients;; equalization coefficients; equalization coefficients;; 
and architecture-friendly metrics like delay, power, and areaarchitecture-friendly metrics like delay, power, and area-friendly metrics like delay, power, and arealike delay, power, and areadelay, power, and areaand areaarea 
throughput density. With this approach, we are able to find the, we are able to find the we are able to find the 
best link design for target throughput power and area constraints, 

thus enabling the architectural optimization of  energy-efficient 
on-chip networks. 

Figure 1 shows the hierarchical simulation framework. TheThehe 
lower level models are abstracted into the higher-level models.abstracted into the higher-level models. into the higher-level models. higher-level models.higher-level models.s. 
For example, RLGC matrices of  the wire’s transmission line are’s transmission line ares transmission line are 
used to derive the through- and cross-talk closed-form transfer- and cross-talk closed-form transfer and cross-talk closed-form transfer-talk closed-form transfertalk closed-form transfer-form transferform transfer 
functions of the channel. At the top level, the behavioral model of  the channel. At the top level, the behavioral model 
simulator uses the transfer functions to compute the link metrics 
and provides interconnect metrics for a low common mode (LCM) 
type equalized interconnect [4]. Figure 2 shows optimizationequalized interconnect [4]. Figure 2 shows optimization interconnect [4]. Figure 2 shows optimization Figure 2 shows optimizationFigure 2 shows optimization 
results comparing interconnect metrics between the LCM andinterconnect metrics between the LCM andbetween the LCM and LCM andLCM and 
the repeated interconnects. Our simulation shows that therepeated interconnects. Our simulation shows that thes. Our simulation shows that the. Our simulation shows that theOur simulation shows that the 
equalized LCM interconnect is much more power-efficient than-efficient thanefficient than 
the repeated interconnect for given target throughput density.interconnect for given target throughput density. for given target throughput density.

Wire Model
width, spacing

Circuit Model
Vdd, Vs, Wdrv

Channel Model

Link 
Power Model Link 

Performance
Model

Design Selection
Based on Metrics

Equalization 
Coefficients : w

Data Rate Density, 
Latency

Energy-per-bit

Energy-per-bit, Data Rate Density, Latency

RLGC 
parameters R, C Parameters

Connection to Network Architecture Optimizer

Figure 1: Hierarchical simulation framework.Hierarchical simulation framework..p Figure 2: Interconnects throughput density and powerInterconnects throughput density and power 
density trade-off.. 
p
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System-to-circuit Framework for High-speed Link Design-space Exploration
R. Sredojević, T. Khanna, V. Stojanović, J.L. Dawson

Currently, we aim to bridge the gap between analog/mixed-sig-
nal circuit and system design by providing a framework for fast 
design space exploration at the system-to-circuit level, based on 
the bottom-up information from the underlying circuits and pro-
cess technology. This gap is particularly severe in high-speed link 
I/O circuits, which are rapidly growing into mini-communica-
tion systems due to the bandwidth limitations of  packages and 
board traces [1]. Finding the best methods to compensate inter-
symbol interference and minimize timing noise while running cir-
cuits at lowest possible power end maximum possible data rate is 
a difficult balancing act that requires extremely tight connection 
between circuit and system levels. 

We try to provide a missing link between the system and circuit 
levels by formulating the system-to-circuit high-speed link descrip-
tion. This framework intimately connects circuit level parameters 
with block and system-level link specification, providing a direct 
vertical link from transistor sizes and parasitic to top-level link 
metrics:  data rate, power, and bit-error-rate. We want this frame-
work to provide answers to questions that link designers often ask: 
Which equalization method should be used (transmit pre-empha-
sis, linear analog receiver equalizer, decision-feedback equalizer)? 
What is the power/data-rate trade-off ?

One of  the most interesting descriptions of  a high-speed link de-
sign space is a power vs. data rate trade-off  for a given BER. Dif-
ferent link architectures, driver styles, and equalization methods 
can be plugged into our system-to-circuit framework to enable 
design space exploration. In Figure 1 we show the trade-off  for a 
high-speed link with one-tap of  transmit pre-emphasis and with 
receiver pre-amplifier equalization. When coupled with transmit 
pre-emphasis, receiver amplification improves the power-data 
rate trade-off  since receiver pre-amplifier can drive larger on-
chip impedance.

Next, in Figure 2 we show transmitter tap coefficients w for data 
rates in Figure 1. At lower data rates, where channel attenuation 
is not too strong, receive equalizer is very efficient, taking on most 
of  the equalization and amplification roles. At higher loss condi-
tions, the residual ISI in the channel saturates the input range of  
the receiver equalizer (the non-linearity limit) and transmit pre-
emphasis has to increase to narrow down the dynamic range of  
the signal at the input to the receiver (transmit pre-emphasis at-
tenuates the DC value of  the received signal).

R e f e R e n C e S
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Figure 1: Power vs. data rate trade-off for a given topology.p Figure 2: Transmit side tap coefficient. p
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System Architecture Implications of CNT Interconnects
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As CMOS processes scale into the nanometer regime, lithography 
limitations, electromigration problems that increase resistivity, 
and relative delay of  copper interconnects have driven the need to 
find alternative interconnect solutions.  Carbon Nanotube (CNT) 
interconnects have emerged as a potential candidate to supplant 
copper interconnects because of  their purported ballistic trans-
port and ability to carry large current densities in the absence of  
electromigration.  There have been several investigations [1-2] 
that assess the potential use of  CNTs as interconnects in scaled 
VLSI applications.  However, these works primarily focus on the 
relative interconnect delay of  CNTs to copper for forthcoming 
technology nodes and do not address any higher-level issues.

In this work, we intend to investigate the relative system impact 
of  using CNTs in order to gain insight as to how CNTs should be 
integrated into future processes.  The CNTs are in effect a mate-
rial similar to copper but with superior conducting properties as 
shown in Figure 1.  The use of  CNTs presents an opportunity to 

rescale the cross-sectional dimensions of  the interlayer dielectric 
(ILD) stack up to take advantage of  CNT properties.  Figure 2 
shows the energy delay tradeoff  curves for several ILD and wire 
cross-sections for hybrid CNT and copper interconnects.  The 
W and H values shown represent the wire width and dielectric 
height values normalized to the minimum copper wire width for 
the process and the nominal dielectric height, respectively.   The 
CNT interconnects are assumed to have a resistivity close to that 
of  bulk copper, which is roughly 2X better at sub-45-nm technol-
ogy nodes.  Results of  the study indicate there is potential for im-
provements in both delay and energy by introducing a combina-
tion of  CNT wires and CNT vias.  Initial studies investigating the 
impact of  using CNT interconnects on dense, buffered, on-chip 
routing networks show nearly a 2X increase in aggregate rout-
ing bandwidth and 3X longer routing distance before aggregate 
bandwidth saturates as compared to copper at the same technol-
ogy node.

Figure 1: Effective resistivity as a function of technology node.  Figure 
1 shows the effective resistivity of copper (Cu) interconnects and carbon 
nanotubes (CNTs) as the technology process scales.  The Cu values are 
taken from the ITRS roadmap and include grain boundary scattering effects. 
The three CNT curves show the effective resistivity for ideally contacted 
CNTs and CNTs with 50kΩ of contact resistance at lengths of 10 times and 
100 times the minimum metal pitch for the process node.

p Figure 2: Figure 2 shows energy vs. delay curves for various 
inverter driven copper and CNT wiring cross-section configurations at 
the 45 nm node.  The load being driven is an 8X minimum-sized buffer 
load, and the length of the wires is 1000 times the minimum wire pitch.  
Variable H is the dielectric height normalized to the nominal ILD height, 
and W is the minimum wire width normalized to the minimum wire width 
for the process.  Curves marked as “CNT” are assumed to have 1/2 
the resistivity of copper wires.

p
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Near-room-temperature Processed Metal Oxide Field Effect Transistors for 
Large-area Electronics
A. Wang, K. Ryu, J.M. Perkins, I. Nausieda, B. Yaglioglu, C.G. Sodini, V. Bulović, A.I. Akinwande  
Sponsorship: Hewlett-Packard

Recently, sputtered metal-oxide-based field effect transistors 
(FETs) have been demonstrated with higher charge carrier mo-
bilities, higher current densities, and faster response performance 
than amorphous silicon FETs, which are the dominant technol-
ogy used in display backplanes [1-2]. Furthermore, the optically 
transparent semiconducting oxide films can be deposited in a 
near-room-temperature process, making the materials compatible 
with future generations of  large-area electronics technologies that 
require use of  flexible substrates. [3]. It is possible to process FETs 
by shadow-mask patterning, but this method limits the range of  
feature sizes, accuracy of  pattern alignment, and scalability of  
the process to large substrates. Consequently, our project aims to 
develop a low-temperature, lithographic process for metal oxide-
based FETs, similar to one developed for organic FETs [4], that 
can be integrated into large-area electronic circuits.

Using an organic polymer, parylene, as the gate dielectric and 
indium-tin-oxide (ITO) for source/drain contacts, top-gate, litho-
graphically processed FETs have been fabricated on glass sub-

strates using ZnO:In2O3 channel layers. Figure 1 shows a micro-
graph of  a completed FET, with current-voltage characteristics 
shown in Figure 2. 

A reproducible FET process requires consistent control of  mate-
rial properties of  the metal oxide semiconductor film. We exam-
ine the effect of  varying deposition conditions (e.g., target com-
position, O2 partial pressure, film thickness) and post-deposition 
treatment on DC- and RF-sputtered amorphous oxide thin films 
in the In2O3-ZnO system. The electrical properties of  thin films 
are determined through resistivity and Hall measurements. These 
measurements are used as a guide to determine processing condi-
tions for the fabrication of  oxide-based field effect transistors and 
circuits. 

Figure 1: Top-view photomicrograph of lithographically 
patterned field effect transistor (W/L = 100µm/100µm). A 
schematic cross-section is also shown (inset). 

p Figure 2: Current-voltage output characteristics (top) and 
transfer characteristics (bottom) for lithographically patterned 
zinc-indium-oxide field effect transistor. The transfer curve 
shown is a double sweep taken in the triode region (W/L = 
100µm/100µm).

p
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Characterization of Field-ionization from PECVD-grown CNT Tips
B. Adeoti, A.I. Akinwande, L. Velasquez-Garcia, L. Chen 
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 CNTs. 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 de-
vice 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 is strongly 
dependent on the applied electric fields [1]. We optimize the elec-
tron 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 thick-
ness of  the tip; and the gate aperture. Varying the gate (or oxide) 
height without updating the height of  the CNT yields the deriv-
able 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), it is seen 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. Because it is not possible at this time to 
precisely control any of  the CNT structural parameters, we focus 
on controlling the electrical properties of  our device using the 
structural parameters of  the gate. 

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.

p Figure 2: The FI Field factor β 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.  
CNT : roc = 5.01nm | Base:- angle=85 , radius=101nm 
GATE : Aperture=1.01µm  Thickness=0.301µm  
VCNT = 10 V, VGATE = 0 V, VANODE = -150 V

p
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Field Emission from Double-gated, Isolated, Vertically Aligned Carbon 
Nanofiber Arrays
L.Y. Chen, L.F.V. Garcia, K. Cheung, X.Z Wang, K. Teo, A.I. Akinwande 
Sponsorship: DARPA

A collimated electron beam is often desired to achieve high per-
formance for practical applications such as field emission display 
and ebeam lithography.  We designed and fabricated a double-
gated, isolated, vertically aligned carbon nanofiber field emission 
array (VACNF FEA) to produce a collimated electron beam.  The 
first gate is used to extract electrons out of  the tip and the second 
gate (focus gate) is biased at a lower voltage than the first gate to 
focus the emitted electrons.

In this work, we designed a device that maximizes the electric 
field generated at the tip and minimizes the shield effect from 
the neighbor while it is capable of  handling a large breakdown 
voltage during the field emission operation.  To accomplish this, 
an isolated VACNF with 4-μm-tall per emission site is needed 
with each site 10µm apart.  The e-beam lithography and lift-
off  were used to define a 250-nm-diameter and 4-nm-thick Ni 
catalyst on an n-type Si substrate to guarantee nucleation of  Ni 
dots and subsequent growth of  CNFs.  The 4-μm-tall VACNF 
was grown using plasma-enhanced chemical vapor deposition at 
725ºC.  Once the CNF was synthesized, the extraction gate and 

the out-of-plane focus gate were fabricated with a novel photo-
resist planarization technique.  This technique offers a very fast, 
fairly uniform, and well-controlled planarization method of  mak-
ing the self-aligned gate, which can replace the CMP technique 
that has been reported and used by L. Dvorson et al., M.A. Guil-
lorn et al., and L.-Y. Chen et al. [1-3].  This abstract is perhaps the 
first report of  double-gated, self-aligned, field emitter arrays with 
isolated VACNF.

With this fabrication process, two types of  devices were fabricat-
ed: (1) with tip in-plane with the extraction gate and (2) CNF with 
tip 900nm below the extraction gate.  They were characterized 
as three-terminal devices (focus and extraction gate at same bias) 
and as four-terminal devices (focus and extraction gates at differ-
ent biases).  Figure 1 shows a scanning electron microscope (SEM) 
picture of  a complete device.  Using this device, a four-terminal 
current-voltage (I-V) measurement was performed.  As the focus 
voltage increases, the anode current increases, which is shown in 
Figure 2.
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Figure 1: An SEM picture of a complete double-gated, isolated 
VACNF FEA device. 
p Figure 2: The four-terminal I-V characteristic of the 

double-gated, isolated VACNF array.
p
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Electron Impact Ionization and Field Ionization of Gas through Double-
gated, Isolated, Vertically Aligned Carbon Nanofiber Arrays
L.Y. Chen, L.F.V. Garcia, K. Cheung, X.Z. Wang, K. Teo, A.I. Akinwande 
Sponsorship: DARPA

The goal of  this project is to fabricate double-gated carbon 
nanofiber field emission and field ionization arrays, which can 
be utilized as an ionizer in a micro gas sensor.  This device can 
help reduce the power consumption and the size of  the conven-
tional gas sensor.  To achieve this goal, the double-gated isolated 
VACNF device is designed so that the electric field is maximized 
at the tip and the shielding effect from the neighbor is minimized 
while it is capable of  handling a large breakdown voltage dur-
ing the field emission and field ionization operations.  Using a 
photoresist-based fabrication process, two types of  devices were 
fabricated: (1) CNF with tip in-plane with the gate and (2) CNF 
with tip 0.9µm below the gate.  Both devices have the following 
physical characteristics: (a) The tip height is about 4µm, (b) the 
gate diameter is 1.7µm, and (c) the focus diameter is 4.2µm.  Fig-
ure 1 shows a scanning electron microscope (SEM) picture of  a 
complete double-gated isolated vertically aligned carbon nanofi-
ber (VACNF) array with tip 0.9μm below the gate.  

Using the device shown in Figure 1, electron impact ionization 
and field ionization methods of  ionizing gas molecules were per-
formed.  The electron impact ionization uses a strong electric 
field to emit electrons followed by collisions between the energetic 
electrons and neutral gas molecules, resulting in ionization.  A lin-
ear relationship was obtained between the chamber pressure and 
the ratio of  the ion current and the electron current, as shown in 
Figure 2.  The field ionization is a gentler process in comparison 
to electron impact ionization. Instead of  electrons tunneling from 
the tip to the vacuum under a high field (as in field emission), in 
field ionization, electrons tunnel from the gas molecules into the 
tip, thereby ionizing the gas molecules.  It results in molecular 
ionization and a simpler mass spectrum due to less fragmentation 
of  molecules. 

Figure 1:  An SEM picture of a complete isolated VACNF array 
with tip 0.9µm below the gate.   
p Figure 2:  The linear relationship between the pressure and 

the ratio of the ion current and the emission current in electron 
impact ionization.  

p
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Correlation of Strain-modified Carrier Mobility and Velocity in Modern 
CMOS
A. Khakifirooz, D.A. Antoniadis 
Sponsorship: SRC/FCRP MSD

The introduction of  strain into the Si channel at the 90-nm node 
[1] has been critical to increasing carrier mobility and velocity 
in the channel and maintaining historical CMOS performance 
trends. Recent experimental data on strain-engineered MOS-
FETs [2] show strong correlation between the low field mobility 
and the saturation drain current, both measured in short channel 
devices. To study this dependence, it is more instructive to explore 
the correlation between the actual (average) velocity of  carriers 
at the potential barrier at the source side of  the channel (virtual 
source) and the mobility. We have proposed a simple methodology 
for extracting the virtual source velocity from literature data [3]. 
Figure 1 shows the correlation between the virtual source velocity 
and mobility in strain-engineered MOSFETs reported by Intel 
[2]. As seen, the ratio between the change in the velocity to that 
of  mobility is much higher than the commonly accepted value of  
0.5 [4-5]. A similar observation is made on short channel devices 
reported by other groups as shown in Figure 2. This strong cor-
relation between velocity and mobility can be explained based 

on the dependence of  both mobility and velocity on the effective 
mass of  carrier being modulated by applying mechanical stress. 
In addition, with less scattering in the channel, carriers gain ve-
locity much faster when traveling across the channel. The steeper 
velocity profile requires a steeper drop in the inversion charge 
density and hence a steeper change in the potential. As a result, 
the distance over which the potential drops by kT/q (the critical 
length of  backscattering) will be smaller. With these two effects 
combined together, the relative change in the velocity and mobil-
ity are related as follows:

 ∂vx0/vx0 = [α+(1−B)(1−α+β)] 
∂µµ

where α models the dependence through the change in the effec-
tive mass of  carriers, close to 0.5 for uniaxially strained transis-
tors; β models the change in the critical backscattering length, 
roughly -0.45 according to self-consistent simulations; and B is 
the ballistic efficiency. 
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Figure 1: Correlation between the relative change in the low 
field mobility and relative change in the virtual source velocity in 
state-of-the-art CMOS devices [2].

p Figure 2: Same as Figure 1, for short channel devices 
reported by other groups. The relative change in the mobility is 
usually taken from the change in the slope of Rtot-LG curves.

p
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Carrier Mobility Characterization in Germanium MOSFETs
A. Khakifirooz, A. Ritenour, J. Hennessy, D.A. Antoniadis 
Sponsorship: SRC/FCRP MSD

Germanium has attracted much attention in recent years as an 
alternative channel material for increasing the transistor perfor-
mance because of  its superior electron and hole mobility [1-3]. 
However, mobility values achieved so far have been considerably 
lower than what is expected in Ge. This points to the fact that 
high-k processes adapted for Ge devices are far from having op-
timum conditions. In addition to higher phonon scattering and 
surface roughness scattering associated with the presence of  high-
k dielectrics, due to the presence of  a high number surface states 
(usually more than 1012 cm-2eV-1), carrier mobility is severely 
degraded. On one hand, charged surface states act as a source 
of  Coulombic scattering, and on the other hand, their presence 
contaminates the estimation of  inversion charge and hence the 
mobility calculation. Pulsed I-V and Q-V methods provide a path 
to Dit-free measurement of  the mobility [4-5]. Alternatively, Hall 
and magnetoresistance measurements can be used to extract the 
intrinsic mobility of  the carriers in the channel. Although the 
mobility probed with these two methods is different from the ef-

fective mobility measured by the split-CV method, they provide 
complementary information to estimate the inversion charge and 
gain insights into various scattering mechanisms involved. Mea-
suring the device characteristics under relatively high magnetic 
fields is an integral part of  both methods. Figure 1 shows the rela-
tive change in the channel resistance in a wide PMOS Ge transis-
tor upon application of  a magnetic field. As expected, the data 
show a quadratic dependence of  resistance, R, according to

R(B)/R(0) = 1 + μ2
m B2 

where µm
 is the magnetoresistance mobility. Figure 2 shows the 

magnetoresistance mobility in PMOS Ge devices as a function 
of  the gate voltage and at two different temperatures. Combined 
with Hall measurements, these data provide valuable informa-
tion about the scattering mechanisms that limit the mobility in 
Ge transistors. 
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Figure 1: Relative change in the channel resistance in PMOS Ge 
transistors upon applying a magnetic field normal to the channel. The channel 
resistance shows a quadratic dependence on the magnetic field according to 
R(B)/R(0) = 1 + µ2

m B2 , where µm is the magnetoresistance mobility.

p Figure 2: Magnetoresistance mobility measured in PMOS Ge 
transistors as a function of the gate voltage. Combined with Hall 
measurements, these data provide valuable information about the 
scattering mechanisms that limit the mobility in Ge transistors.

p
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Investigation of Germanium MOSFETs with High-k Dielectric Stacks Based 
on Nitride Interfacial Layers
A. Ritenour, J. Hennessy, A. Khakifirooz, D.A. Antoniadis 
Sponsorship: SRC/FCRP MSD

To improve source injection velocity and consequently MOSFET 
performance, high mobility semiconductors are being explored 
as possible replacements for silicon. Germanium offers enhanced 
electron mobility and superior hole mobility at high inversion 
charge density; however, the formation of  a high-quality ger-
manium-dielectric interface remains a serious challenge. High-k 
dielectrics deposited directly on germanium exhibit poor physi-
cal and electrical properties, so an interfacial layer is required. 
Proposed interlayers include GeON [1], Si [2], and metal nitrides 
such as AlN [3] and Hf3N4 [4]. 

This work focuses on metal nitride interlayers deposited by atom-
ic layer deposition (ALD). The ALD WN/Al2O3/AlN gate stacks 
were developed for use in Ge MOSFETs. An AlN thickness of  
approximately 2 nm and post-metal anneal at 450ºC in form-
ing gas produced optimal electrical characteristics. Ge n- and p-
MOSFETs were fabricated with this gate stack, and peak electron 
and hole mobilities of  50 and 150 cm2/Vs, respectively, were ob-
served.  Investigation of  these devices revealed an asymmetric dis-
tribution of  interface states within the bandgap. Figure 1 shows 
the interface state distribution.  Conductance measurements on 
capacitors and low-temperature measurements on both capaci-
tors and MOSFETs were used to determine the interface state 
density in different regions of  the bandgap.  The poor mobility of  
Ge n-MOSFETs is due to carrier trapping and coulomb scatter-
ing resulting from a large density of  interface states (5x1013 cm-2 
eV-1) near the conduction band edge.

 

Figure 1: Distribution of interface states for WN/Al2O3/
AlN gate stacks on germanium. Interface state density 
in different regions of the bandgap was determined from 
conductance measurements on capacitors and low-temperature 
characterization of both capacitors and MOSFETs.

p
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Si Nanowires: Fabrication, FETs, and Modeling
O.M. Nayfeh, D.A. Antoniadis 
Sponsorship: Singapore-MIT Alliance

Silicon nanowires are attractive components in 22-nm-node and 
beyond high-performance technology. In this work, we fabricated 
silicon nanowire field effect transistors that incorporate single-
layers of  nanowire channels. The channels were laterally grown 
via the Vapor-Liquid-Solid (VLS) technique directly in the de-
vice structure to “bridge” the gap between adjacent short (~60 
nm) Silicon-on-insulator (SOI) entrenched side-walls via a com-
bined bottom-up/top-down method as shown in the schematics 
and SEM’s of  Figure 1.  The utilization of  short SOI sidewalls 
allowed for the selective attachment of  single layers of  catalyst 

particles on the sidewalls and hence the growth of  single layers of  
entrenched channel bridges. Moreover, we were able to modulate 
the charge density of  the wires immediately after growth without 
post-processing by biasing the planar back-gate.  The measured 3 
terminal current-voltage data shown in Figure 2 are characteristic 
of  field-effect transistor behavior where the bridging nanowires 
act as the FET channel material and agree with simulation analy-
sis of  the structure.

Figure 1: Top view(a) and cross-section (b) schematic of silicon 
nanowire FETs. An SEM micrograph of fabricated NWFET(c&d) 
showing a single layer of laterally grown parallel silicon nanowires 
bridging the gap between source-drain. An SEM closeup of  
as-grown nanowires ~30 nm in diameter (e) and an SEM of selectively 
attached Au catalyst nanoparticles on the short SOI sidewall (f).

p Figure 2: Transfer curves (a), Id. vs. Vds varying Vgs for 
the silicon nanowire FET shown in Figure 1, and (b) the Id. vs. 
Vgs showing clear transistor behavior, i.e., gate modulation of 
the current switching the device between on (Vgs=10 V) and 
off (Vgs=-10 V). Simulated electron density of the device in 
the on-state, Vgs=10 V, Vds=1V (c) showing the creation of 
a conduction pathway from source-drain consistent with the 
measurements of the device.

p
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Scanning Helium Ion Beam Lithography 
B. Cord, M.K. Mondol, K.K. Berggren, L.A. Stern (Karl Zeiss SMT)

Scanning electron beam lithography (SEBL) has been the lead-
ing technology in low-volume, high-resolution nanofabrication 
for over three decades.  Unfortunately inherent limitations of  
the technology, such as electron beam scattering, have made im-
provement in SEBL resolution past the 10-nanometer limit prob-
lematic.  Recent advances in resist contrast enhancement have 
mitigated this somewhat, but reliable patterning of  dense, sub-10-
nm features remains nontrivial on even the most high-end SEBL 
tools.  

One of  the key advantages of  patterning using a helium ion, rath-
er than an electron beam, is the substantial reduction in beam 
scattering as it travels through the resist.  Helium ions, with a 
comparatively higher mass, are affected much less by atomic colli-
sions when traveling through a material and exhibit only minimal 
scattering in normal resist materials.  Figure 1 shows the results of  
a Monte Carlo simulation of  a 50-KeV helium ion beam travel-
ing through a PMMA layer; at a depth of  50 nm (a typical resist 
thickness for many applications), the point-spread function of  the 
beam is only 2 nm wide, narrower than even 100-KeV electron 

beams under similar conditions.  This reduction in beam scatter-
ing should help reduce the proximity effect that makes patterning 
dense, high-resolution features difficult with SEBL.

Experimentation with helium ion beam lithography has recently 
been made possible by the development of  a scanning helium ion 
beam microscope by Alis Corporation [1].  Their commercial-
grade microscope has achieved imaging resolutions on the order 
of  1 nm, making it a promising candidate as a lithography tool.  
Basic experimentation with their lower-resolution “proof-of-con-
cept” system has demonstrated that patterning and successful 
transfer of  features are possible using standard SEBL processes.  
Figure 2 shows a field of  Ti-Au dots patterned with the system 
using a film of  PMMA on silicon and standard metallization and 
liftoff.

While issues such as vibration, pattern generation, and process 
control remain to be addressed, further experimentation with 
helium ion beam lithography may lead to a tool that meets or 
exceeds the performance of  modern SEBL systems.

Figure 1: Simulation of He ion scattering in resist. (a) Result 
of SRIM-based Monte Carlo simulation of ion-scattering for 50-keV 
He ions traveling through 100 nm of PMMA into a Si substrate 
(b) Analysis of the data from (a) showing how the distribution of 
deposited energy widens as a function of resist depth. After 50 nm 
of resist (a practical thickness to work with), the beam width is only 
2 nm.  Note that this model does not take secondary electrons 
generated by the ion beam into account, as the details of the ion-
secondary electron interactions are not yet fully understood.

p Figure 2: Scanning electron micrographs of a field of Ti-
Au dots at two magnifications, fabricated by exposing 90-nm 
PMMA on a Si substrate to a single raster-scan of a helium 
ion beam and performing metal evaporation and liftoff on the 
resulting pattern.  The consistently irregular dot shape in (b) is 
thought to be the result of vibrations in the system.  The large 
square in (a) is a previously-fabricated fiducial mark.

p
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Wafer Level Modeling of Electrochemical-mechanical Polishing (ECMP)
D. Truque, X. Xie, Z. Li, D.S. Boning 
Sponsorship: SRC/SEMATECH Engineering Research Center for Environmentally Benign Semiconductor Manufacturing,  
IBM, Albany Nanotech

In this work, we propose a wafer-level dynamic eCMP model 
based on time-evolving current density distributions across the 
wafer.  The wafer is discretized, and the potential and current 
density distributions are calculated based on the applied voltage 
zones and metal film thicknesses across the wafer.  The copper re-
moval rate is proportional to the current density, and thus the cop-
per thickness (and conductance) can be calculated as a function 
of  position on the wafer and polish time.  Using a time-stepping 
simulation, the model is able to capture the wafer level non-uni-
formity and time-dependence of  eCMP removal. The model is 
also able to capture the time-varying voltage zones used in eCMP, 
and can be used to find optimal voltage zone control schemes to 
achieve improved wafer-level uniformity.

The configuration of  the eCMP equipment is shown in Figure 1, 
where a voltage is applied in each of  three zones on the platen, 
and electrical contact is made to the edge of  the wafer. The mod-
eling approach is pictured in Figure 2, in which the electrical cur-
rent distributions on the wafer surface and in the electrolyte are 
accounted for, giving the removal rate at each location on the 
wafer.

Figure 1: Schematic of wafer and tool configuration in 
electrochemical-mechanical polishing (eCMP).
p Figure 2: Wafer-level modeling approach for eCMP, 

accounting for the distribution of current through the wafer 
surface and electrolyte.

p
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Models for Spatial Non-uniformity in Plasma Etching 
A. Farahanchi, H.K. Taylor, D.S. Boning 
Sponsorship: National Semiconductor, SRC/SEMATECH Engineering Research Center for Environmentally Benign Semiconductor 
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We are studying the plasma etching of  aluminum films for IC 
metallization. Using electrical resistance measurements from a 
dedicated metal test pattern, we have identified, in a commercial-
ly-used etching process, resistance variations of  5% cross-wafer 
and additionally of  about 5% according to the locally averaged 
metal pattern density (Figure 1). The etching rate also depends 
appreciably upon the size of  the etched feature.

The deep reactive ion etching (DRIE) of  silicon for MEMS also 
experiences spatial non-uniformity, which can be detrimental to 
its applications. We hope to use our model to predict the unifor-
mity of  proposed new operating “recipes.” We continue to inves-
tigate an observed “memory” effect in DRIE chambers (Figure 
2), whereby the average pattern density of  one etched wafer influ-
ences the rate and uniformity of  the subsequent wafer’s etching. 

Figure 1: Spatial variation of the electrical resistances of 
aluminum snake patterns etched from a film on a 200 mm-
diameter wafer. (a) shows how the average resistance of a snake 
(Rave) increases by ~5% as the areal density of unetched metal near 
the feature increases from 5% to 95%. In areas of higher unetched 
metal density, local competition for reactants is less acute during 
etching, so that lateral etching of snake features can progress 
more quickly, increasing the features’ resistances. (b) shows a 
cross-wafer variation of ~5% among the resistances of features 
with identical local surroundings.

p Figure 2: Vertical silicon etch rate as a function of location 
on each of four etched 150 mm-diameter wafers in a deep 
reactive ion etch (DRIE) process. A monitor wafer with 5% 
mask-opening density etched immediately after wafer Y (with 
99.9% pattern density) etched consistently faster and less 
uniformly than a 5%-density monitor wafer etched after wafer X 
(with 0.1% pattern density). Here and in Figure 1b, the position 
axis corresponds to locations on a square grid, with each row 
of locations plotted consecutively and separated by vertical 
bars on the graph.

p
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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/FCRP GSRC, NSF

Figure 1:  Measured and simulated Q-factors for a square RF inductor 
with an area of 15mm x 15mm and surrounded by a ground ring.
p Figure 2: Our basis functions avoid the expensive 

cross-sectional discretization shown in the figure 
necessary to account for trapezoidal cross-sections or 
skin and proximity effects.

p

The performance of  several mixed-signal and RF-analog plat-
forms 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 ef-
ficient 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 numeri-
cal generation of  high-order basis functions that can parameterize 
the frequency-variant nature of  cross-sectional conductor current 
distributions.  Hence skin and proximity effects can be captured 

utilizing fewer high-order basis functions in comparison to the 
prevalently used piecewise-constant basis functions.  One impor-
tant characteristic of  these basis functions is that they need to 
be pre-computed only once per unique conductor cross-sectional 
geometry, and then 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 intercon-
nect 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. Fur-
thermore our volume and surface integration routines improve 
efficiency by an additional factor of  9.8 [1]. Our solver accuracy 
is validated against measurements taken on fabricated devices.
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pFFT in FastMaxwell: A Fast Impedance Extraction Solver for 3D Conductor 
Structures over Substrate
T. Moselhy, X. Hu, L. Daniel 
Sponsorship: SRC/FCRP IFC

Interconnect-aware timing analysis and mixed-signal simulation 
rely on tools for extracting accurate low-order models for inter-
connect electrical behavior. Models should be physics-based to 
enable efficient modeling of  2D and 3D effects on interconnects 
with their statistics and variations. As a first step toward our goal,   
we have been focusing on the development of  a very efficient 3D 
parasitic extractor for the deterministic analysis of  a large col-
lection of  interconnects. FastMaxwell [1], is a program for wide-
band electromagnetic extraction of  complicated 3D conductor 
structures over substrate. It is based on the volume mixed poten-
tial integral equation (MPIE) formulation, with a 3D full-wave 
substrate dyadic Green’s function kernel. Two dyadic Green’s 
functions are implemented [2]: a traditional Green’s function and 
an alternative Green’s function that can lead to computational 
cost reduction in most practical applications. Most importantly, 
the alternative Green’s function allows the use of  dipoles (i.e., fila-
ments) in arbitrary orientations, and it helps providing symmetric 
positive semidefinite matrices, hence facilitating the passive mod-

el order reduction of  distributed systems. The pre-corrected Fast 
Fourier Transform (pFFT) [3] algorithm has been extended and 
optimized to accelerate the iterative solver within FastMaxwell. 

The accuracy and efficiency of  FastMaxwell and the implemented 
acceleration algorithms have been verified against measurements 
of  fabricated devices by a variety of  examples, some as large as 
100,000 unknowns, using less than 400MB of  memory and a few 
hours of  computation time.  The pFFT computational complex-
ity of  O(N log N) in overall solver time and O(N) in memory 
usage has been observed from our results, leading to a scalable 
software for very large collection of  interconnects. 

FastMaxwell is public domain and can be downloaded at: www.
rle.mit.edu/cpg/fastmaxwell.htm.

Figure 1: FastMaxwell discretization of a two-wire transmission 
line on top of a substrate and shielded by a 3D cage structure. 
The cage is connected to ground through vertical vias. (Figure is 
rescaled and edited for clarity.)

p Figure 2: Real and imaginary components of the input 
impedance of a  two-wire transmission line. Results obtained 
by FastMaxwell are within 2% of those obtained by reference 
simulator IE3D [4].

p
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Modeling Drain Degradation of RF Power GaAs Pseudomorphic HEMTs 
under High Bias Conditions
A.A. Villanueva, J.A. del Alamo  
Sponsorship: Mitsubishi Electric

GaAs Pseudomorphic High-electron Mobility Transistors 
(PHEMTs) are widely used in RF power applications. A major 
concern with these devices is their gradual degradation under 
prolonged high-voltage biasing. This effect is mainly observed 
via an increase of  the drain resistance (RD) and a decrease of  
the maximum drain current (Imax). Previous studies have linked 
this degradation to various mechanisms, including impact ion-
ization (II) and hot-electron effects, and surface corrosion [1]. 
However, further investigation is required to determine which of  
these mechanisms are actually behind the observed degradation. 
Understanding the time evolution of  the degradation can provide 
some insight into this. 

In our study, experimental (non-commercial) GaAs PHEMTs 
were electrically stressed. A stressing scheme that keeps II con-
stant was employed. Specifically, this scheme consisted of  keeping 
the drain current ID constant and the intrinsic drain-to-gate volt-
age VDGo constant (relative to the threshold voltage) [2]. During 
stressing, the devices were characterized at frequent intervals.

Figure 1 illustrates the time evolution of  the increase of  RD in a 
set of  experiments performed at various ambient temperatures. 
One can clearly see that the ∆RD is dramatically accelerated 

with increasing temperature, which alone suggests a corrosion 
mechanism instead of  an II mechanism. Also, there seem to be 
two “regimes” of  degradation. For initial stages (less than ~10% 
increase in RD), the degradation is roughly linear in time. In a 
later stage, the degradation slows down, becoming closer to a 
logarithmic dependence in time. This phenomenon is better seen 
in Figure 2, which shows a semi-log plot of  the same data with 
both the linear and log fits superimposed. This behavior thus sug-
gests that ∆RD is directly related to the growth of  an oxide layer 
on the GaAs surface on the drain side, which is accelerated with 
temperature and typically follows a time-dependence similar to 
what we observe. Initially, as a GaAs surface is oxidized, the oxide 
layer is thin enough so oxide growth at the GaAs/oxide interface 
is limited by the reaction rate, thus giving a linear dependence 
in time. However, as the oxide layer thickens, the oxide forma-
tion then becomes limited by the transport of  the oxidizing agent 
through the oxide to the GaAs/oxide interface. In GaAs systems 
this transport process has been observed to have a logarithmic 
dependence on time. 

Figure 1: Log-log plot of percent increase of RD versus stressing 
time for series of constant VDGo+VT and constant ID experiments 
performed on standard-parameter PHEMTs in nitrogen environment 
at Tamb =25, 30, 35, 40, and 50°C.

p Figure 2: Semi-log plot of percent increase of RD versus 
stressing time for series of constant VDGo+VT and constant ID 
experiments performed on standard-parameter PHEMTs in 
nitrogen environment at Tamb =25, 30, 35, 40, and 50°C. Linear 
and logarithmic fits are shown for each data set.

p
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Electrical Reliability of GaN High Electron Mobility Transistors
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As a result of  their large band gap (~3.4 eV) and high breakdown 
electric field (>3x106 V/cm), GaN-based devices can operate at 
voltages higher than 100 V. Also, due to the strong piezoelectric 
effect and spontaneous polarization of  both GaN and AlN, a 
high sheet carrier density (~1013 cm-2) can be achieved at the Al-
GaN/GaN heterointerface without any doping. In addition, high 
electron mobility (~1500 cm2/V-s) and high saturation velocity 
(~2x107

 cm/s) make GaN-based devices, especially GaN high 
electron mobility transistors (HEMT), suitable for high power 
amplification at high frequencies, such as WiMAX or WLAN 
base stations and radars.  

In spite of  their extraordinary performance, GaN HEMTs still 
have limited reliability. In RF power applications, GaN HEMTs 
must operate at high voltage, where good reliability is hard to ob-
tain. Physical understanding of  the fundamental reliability mech-
anisms of  GaN HEMTs is still lacking today. In this research, 
we carry out systematic reliability experiments on industrial GaN 
HEMTs provided by our collaborators, TriQuint Semiconductor 
and BAE Systems. In our study, GaN HEMTs have been elec-
trically stressed at various bias conditions while they are being 
characterized by a benign characterization suite that we have de-
veloped for this study.

In our experiments, we have observed that electrical stress on 
GaN HEMTs results in an increase in drain resistance RD and 

a decrease in maximum drain current IDmax, as shown in Figure 
1. The source resistance RS shows relatively less degradation. 
We have found that the electrical stress generates traps. Figure 2electrical stress generates traps. Figure 2stress generates traps. Figure 2 generates traps. Figure 2 traps. Figure 2. Figure 2 Figure 2 
shows a stress-recovery experiment in OFF state. Partial recovery 
in the recovery phase suggests electron detrapping, and immedi-
ate retrapping in the following stress phase suggests permanent 
trap formation. We have also seen that this degradation is driven 
mostly by the electric field, with the current being less relevant. 
We hypothesize that the main mechanism behind device degra-
dation is defect formation through the inverse piezoelectric ef-
fect and subsequent electron trapping. Departing from current 
conventional wisdom, hot electrons are less likely to be the direct 
cause of  electrical degradation in the devices that we have stud-
ied. Our studies suggest a number of  possibilities to improve the 
electrical reliability of  GaN HEMTs.  As our hypothesis suggests 
that it is important to keep the elastic energy in the AlGaN bar-
rier below a critical value, minimizing the initial elastic energy 
and peak vertical electric field in AlGaN can improve reliability.

Our research addresses the fundamental degradation physics of  
GaN HEMTs. This study will help us to understand failure mech-
anisms in detail and to develop processes and device designs that 
minimize these deleterious effects.

Figure 1: Change in normalized IDmax, RD, and RS in a step-stress experiment 
in the OFF state (ID=25 mA/mm,VDS=5~40 V in 5 V steps, 30 minutes per 
step).

p Figure 2: Change in IDmax, RD, and RS in a stress-recovery 
experiment in the OFF state (VDS=30 V, ID=20 mA/mm) for 30 
minutes of stress followed by 30 minutes at rest. This cycle is 
repeated three times.

p
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RF Power CMOS for Millimeter-wave Applications
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Radio frequency (RF) power amplifiers are core components of  
almost all wireless systems. Traditionally III-V devices, SiC de-
vices or SiGe heterojunction bipolar transistors have been used 
in power amplifiers because of  their ability to deliver high pow-
er and operate at high frequencies. Recently there has been an 
increased interest in using Si CMOS for designing single-chip 
integrated systems for operation in the millimeter-wave regime. 
Specific applications in this regime include wireless LAN and col-
lision avoidance radar.

Previous research in our group at MIT into the RF power perfor-
mance of  65-nm and 90-nm Si CMOS devices [1-2] has shown 
that it is not possible for currently available Si CMOS to oper-
ate significantly beyond 20 GHz (Figure 1). The effective cut-off  
frequency for power (frequency at which the output power drops 
below 10 mW) is around 20 GHz for 0.25-um, 90-nm and 65-nm 
CMOS. This suggests that further scaling is unlikely to improve 
the situation despite improvements in fT and fmax. The reason for 

this saturation in the effective power cut-off  frequency is that the 
optimum device width that delivers the maximum power at any 
frequency scales down as the frequency goes up (Figure 2). This 
effect indicates that the bottleneck for power is the device layout, 
especially the back-end wiring. An optimized device layout would 
enable us to operate Si CMOS in the millimeter wave regime.

In this research, we are investigating options for device optimiza-
tion with the goal of  pushing the power operation of  Si CMOS 
into the millimeter-wave regime. In particular, we are studying 
designs that minimize interconnect resistance through optimiza-
tion of  source and drain routing. Some of  the ideas to reduce 
interconnect resistance include use of  multiple levels and thicker 
levels of  metal and use of  multiple source and drain pads. We are 
also exploring designs that separate DC and RF paths through 
on-chip bias networks.

Figure 1: Maximum power (at peak PAE) vs. frequency of operation 
obtained in nominal 0.25-um devices (Vdd=2.5 V) and 65-nm devices (Vdd =1 
V) fabricated in a 65-nm process [1].

p Figure 2: Maximum Power (at peak PAE) vs. device width for 
different frequencies for 65-nm devices (Vdd =1 V) [1].  
p
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Scaling Potential of InGaAs HFETs for Beyond-the-roadmap CMOS
D.-H. Kim, J.A. del Alamo 
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While a matter of  considerable debate, the semiconductor de-
vice technology that has been responsible for the microelectronics 
revolution of  the last 30 years appears to be reaching the end of  
the roadmap. There are severe doubts that it will make economic 
sense for Si CMOS to scale beyond the 22-nm node. In the land-
scape of  alternatives to Si CMOS for beyond-the-roadmap logic 
applications, III-V compound semiconductors really stand out. 
For example, InGaAs looks particularly promising. Since room 
temperature bulk electron mobility of  InGaAs is easily in excess 
of  10,000 cm2/V-s, it is imperative to consider this material as a 
channel for next-generation “low-power” and “high-speed” logic 
technology.

In our work, we are investigating the scaling potential of  InGaAs 
heterostructure-FETs (HFETs) as a model system to study the 
challenges and opportunities of  III-V based FETs for logic. We 
have fabricated InGaAs HFETs with a 70% InAs composition 
in the channel and with varying gate lengths (Lg, from 400 nm 

to 60 nm) and InAlAs insulator thickness (tins, from 11 nm to 3 
nm). Figure 1 shows subthreshold and gate leakage (IG) charac-
teristics of  representative 60-nm InGaAs HFETs with three dif-
ferent tins, at VDS = 0.5 V. As tins decreases, VT shifts positively 
and the subthreshold slope improves considerably. The value of   
S = 88 mV/dec is obtained for the tins = 3 nm device, and this 
sharp subthreshold characteristic yields an ION/IOFF ratio in ex-
cess of  104. Figure 2 compares S as a function of  Lg between  
InGaAs HFETs with three different tins and Si CMOS. Our devic-
es exhibit almost the same electrostatic integrity and, especially, 
InGaAs HFETs with tins = 3 nm exhibit values of  S, that are on 
the low range of  the reported state-of-the-art Si CMOS. Our re-
search strongly confirms that InGaAs HFETs are an excellent test 
vehicle to explore issues of  great relevance to future III-V FETs, 
such as self-aligned architectures, scaling limit of  planar devices, 
band-to-band tunneling in a narrow band-gap (Eg) material, im-
pact of  strain on transport physics and the consequences of  a low 
density of  states on the current deeply scaled devices.

Figure 1: Subthreshold and gate leakage characteristics of 
60-nm InGaAs HFETs with three different tins at VDS = 0.5 V. The tins 
= 3 nm devices exhibit almost enhancement mode operation (VT = 
- 0.02 V), subthreshold slope (S) = 88 mV/dec and ION/IOFF > 104.

p Figure 2: Subthreshold slope as a function of gate length 
for InGaAs HFETs with various insulator thickness, as well as 
Si CMOS. Well designed InGaAs HFETs exhibit values of the 
subthreshold slope that are on the low range of state-of-the-art 
Si CMOS.

p
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Self-aligned InGaAs HEMT for Logic Applications
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As conventional CMOS scaling approaches the end of  the road-
map, identifying a new logic device technology is becoming a 
matter of  great urgency. With room-temperature electron mobil-
ity easily in excess of  10,000 cm2/V.s, InGaAs represents a very 
attractive proposition as a channel material. Previously it has 
been shown that InGaAs-based high electron mobility transistors 
(HEMTs) show great promise for logic applications. The 60-nm 
devices fabricated with a triple recess process showed a significant 
improvement in drive current compared to 65-nm CMOS for 
the same level of  leakage current [1]. However, the conventional 
design of  HEMTs is not well suited for VLSI applications. The 
gate is not self-aligned and is typically separated from the source/
drain by a distance of   around  1µm, which results in a large de-
vice footprint and associated parasitics. Also the exposed surface 
area and alloyed contacts represent reliability concerns.

To address these issues we have developed a self-aligned process 
that reduces the gate to source/drain distance to less than 50 
nm. This is more than a 20x improvement over the conventional 

design. The new device relies on the use of  W for non-alloyed 
ohmic contacts. A two-step e-beam lithography process is used 
to define the gate. The first step defines both the W source/drain 
contacts and the gate foot, resulting in a final structure that is self-
aligned. An SEM of  the completed device is shown in Figure 1. 
The output characteristics of  a 0.3-µm device are shown in Fig-
ure 2. The self-aligned devices show excellent DC characteristics. 
The device has a maximum transconductance of  988 μS/um, SS 
of  77 mV/dec, DIBL of  44 mV/V and an Ion/Ioff  ratio of  6 x 
103.  Currently we are working on fabricating devices of  varying 
gate lengths to determine the scaling potential of  the self-aligned 
scheme. We are also exploring various approaches to achieve en-
hancement-mode devices.
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Figure 1: An SEM comparing a conventional HEMT to a self-
aligned HEMT device. The source/drain is separated from the gate 
by a distance of 1 um in the conventional design. Using the self-
aligned architecture use of an air-spacer reduces this distance to 
less than 50 nm.

p Figure 2: Output characteristics of a 0.3-µm device 
fabricated using the self-aligned process. The device threshold 
voltage is -0.2 V.

p
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P-channel InGaAs HEMTs for beyond-Si Complementary Logic
L. Xia, J.A. del Alamo 
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As the silicon metal-oxide-semiconductor field-effect transistor 
(MOSFET) approaches the end of  the roadmap, its performance 
improvement brought by size scaling will reach a limit. Among 
the beyond-Si logic alternatives, InGaAs shows superior potential 
for n-channel FET-type devices [1]. However, the hole mobility 
in InGaAs is currently not much higher than that in silicon. In 
fact, the large disparity between n- and p-channel InGaAs FET 
performance raises concerns about the possibility of  implement-
ing InGaAs CMOS-type logic. 

In order to boost the speed of  p-channel InGaAs FETs, we are 
studying the enhancement of  the hole mobility by mechanically 
straining the channel. This has been demonstrated in Si and Ge 
devices. Compared with their unstrained counterparts, strained 
Ge and Si showed 6× and 2× higher hole mobilities respectively. 
[2, 3] We are carrying out simulations that indicate that strain will 
also show positive effects on hole mobility in InGaAs. As shown 

in Figure 1, in unstrained InGaAs, the heavy-hole and light-hole 
valence bands are degenerate at the Γ point. When strain is ap-
plied, the two bands split. This splitting leads to preferential oc-
cupation of  holes into the lighter band, so that the effective mass 
of  the holes decreases. In this way, the hole mobility should be 
enhanced. 

To experimentally probe the potential enhancement brought by 
strain, a chip-bending apparatus (Figure 2a) has been fabricated. 
This apparatus has four ridges whose vertical and horizontal posi-
tions are controlled by micrometers. By positioning the ridges as 
shown in Figure 2b, we can apply either tensile or compressive 
strain on the upper surface of  the chip. By fitting the apparatus 
into a probe station, we can conduct electrical measurements on 
strained samples. These measurements are expected to provide 
understanding of  the speed-enhancing effects of  strain in InGaAs 
FET’s.

Figure 1: Simulation results of strain-induced band structure change in 
InGaAs. The bandstructures and light-hole iso-energy surfaces of unstrained 
and strained InGaAs are shown. Under 1% compressive strain, the heavy-
hole band and light-hole band split apart by the amount of 54 meV. The 
shapes of light-hole iso-energy surface indicate that strain also breaks the 
symmetry of the light-hole band. This anisotropy would allow us to better 
tailor both in-plane and out-plane effective masses.

p Figure 2: (a) Schematic figure of the chip-bending apparatus. (b) 
Methods to apply compressive and tensile strain to the chip surface.
p
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Superior hole mobility (up to 10X enhancement over bulk Si 
channels) and compatibility with mainstream Si processing tech-
nology make compressively strained SiGe an attractive channel 
material for sub-45-nm p-MOSFETs. This research investigates 
strained SiGe as a suitable channel material for p-MOSFETs us-
ing SiGe grown pseudomorphically on both relaxed SiGe and 
bulk Si substrates. Strained SiGe channels directly on bulk Si are 
appealing due to the relative ease of  integration with mainstream 
CMOS processing. However, there are severe critical thickness 
constraints on the strained SiGe channel for Ge compositions 
above 40 at. %. Reducing the lattice mismatch by growing the 
strained SiGe channel on a relaxed SiGe virtual substrate allows 
investigation of  high Ge composition channels independent of  
critical thickness constraints. To understand the performance 
possibilities for these structures, it is essential to understand the 
impact of  channel thickness, Wchan, on hole mobility.  

Hole mobility for 43% Ge pseudormophic SiGe channels drops 
for Wchan below 4 nm due to increased phonon and Si/SiGe in-
terface scattering (Figure 1). The 70/40 structure follows a similar 
trend; however, there is a large drop in Ge concentration for the 
3-nm channel. The thermal budget will reduce final Ge % (and 
mobility), especially for thinner films, higher Ge fraction and in-
creased strain [1]. For the strained Ge channel there is a dramatic 
drop in mobility for Wchan below 6 nm due to increased interface 
roughness and some drop in the Ge concentration. Mobility en-
hancements for SiGe heterostructres are plotted in Figure 2 as 
a function of  Ge fraction in the strained layer for bulk Si and 
relaxed Si0.6Ge0.4 virtual substrate. Use of  a virtual substrate can 
produce  peak mobility enhancements of  up to 10X. Peak en-
hancements are limited to 4X for strained SiGe channels on bulk 
Si due to the mobility degradation for thinner channels required 
at high Ge compositions. 

Figure 1: Hole mobility enhancement as a function of strained SiGe 
channel thickness, Wchan for strained Ge on a relaxed SiGe virtual substrate 
(triangles), strained Si0.3Ge0.7 on relaxed Si0.6Ge0.4 (squares) and strained 
Si0.57Ge0.43 on bulk Si (circles). Drop in mobility for strained SiGe channels 
for Wchan below 4 nm. Drop in mobility below 6 nm for Ge channels due to 
interface roughness. Ge composition in strained SiGe (Y %) and relaxed 
virtual substrate (X%) are denoted Y/X for each point.

p Figure 2: Mobility enhancement as a function of Ge fraction for 
strained SiGe channels grown on bulk Si (squares) and relaxed Si0.6Ge0.4 
virtual substrate (diamonds). Solid symbols: results from this work. 
Open symbols: [2]. Strained SiGe channel thickness noted for each 
point.  Critical thickness constraints limit channel thickness for strained 
SiGe channels on bulk Si, restricting mobility enhancements for high 
Ge compositions.

p
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Strained-Si/strained-Ge Heterostructure-on-insulator for Improved CMOS 
Performance
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Geometric scaling of  device dimensions can no longer provide 
the necessary current drive enhancements to continue historic 
performance gains. Novel channel materials as well as strain can 
provide enhanced transport characteristics that help to maintain 
this historic trend. Thin-body devices can also offer the benefit of  
improved electrostatic control in deeply scaled MOSFETs. In pre-
vious work, fully depleted MOSFETs were fabricated on Si/SiGe 
heterostructures (55% Ge) to realize both enhanced transport for 
electrons and holes and improved subthreshold characteristics 
[1]. Subthreshold swing was improved over heterostrucutre-on-
bulk devices and was observed to be 66-70 mV/dec. Mobility 
enhancements of  1.9x and 2.8x were observed for electrons and 
holes, respectively, at an inversion charge density of  1.5x1013 cm-2. 
Heterostructure-on-bulk MOSFETs with pure Ge buried chan-

nels have exhibited mobility enhancement factors of  10x for holes 
[2-3], motivating the fabrication of  strained-Ge heterostructures 
on insulator. The Ge-HOI substrate combines the excellent elec-
trostatic characteristics observed in UTB SOI with the high mo-
bility benefits of  a strained-Si/strained-Ge heterostructure. In this 
work, Ge HOI is fabricated by epitaxial growth and layer transfer 
by bond and etch-back.  A process was developed to grow thin 
Ge films on strained Si using an intermittent SiGe passivating 
layer (strained Si layers were pseudomorphic to 50% Ge relaxed 
SiGe layers). Figure 1 presents a cross-sectional transmission elec-
tron microscopy image of  a Ge-HOI substrate. Figure 2 presents 
Raman analysis that was conducted to verify strain retention in 
the buried Ge layer. Further development is being conducted to 
fabricate short channel devices on these substrates.

Figure 1:   Crosssectional transmission electron microscopy image 
of the final Ge-HOI substrate. The layers in this structure were grown to be 
pseudomorphic to relaxed Si0.5Ge0.5.

p Figure 2:  Raman spectra from the Ge-HOI substrate using 364- 
and 514.5-nm excitation to obtain a signal from the Si cap and Ge 
buried layer, respectively. The UV and visible Raman spectra are shown 
for the Ge-Ge and Si-Si LO phonons from bulk crystals (dotted black 
curves) and the Ge-HOI substrate (black solid curve).  Raman analysis 
courtesy M. Canonico, Freescale Semiconductor.

p

R e f e R e n C e S
[1] I. Aberg, “ Transport in thin-body MOSFETs fabricated in strained Si and strained Si/SiGe heterostructures on insulator,” Ph.D. thesis, Massachu-

setts Institute of Technology, Cambridge, 2006.
[2] M.L. Lee and E.A. Fitzgerald, “Optimized strained Si/strained Ge dual-channel heterostructures for high mobility P- and N-MOSFETs,” IEDM TECH. 

Dig., 2003, pp. 429-432.
[3] C. Ní Chléirigh, “Strained SiGe-channel p-MOSFETs: Impact of Heterostructure Design and Process Technology,” Ph.D. thesis, Massachusetts Insti-

tute of Technology, Cambridge, 2007.



Electronic Devices & Emerging Technologies MTL ANNUAL RESEARCH REPORT 20072-22

Strain in Nano-scale Patterned Strained Si/strained Ge Heterostructures on 
Insulator 
P. Hashemi, L. Gomez, J.L. Hoyt 
Sponsorship: SRC/FCRP MSD

Possessing superior electron and hole transport characteristics, 
thin-body strained Si/ strained-SiGe (Ge)/strained Si hetero-
structures on insulator (HOI) MOSFETs are possible candidates 
for future low-power CMOS [1].  However, when these substrates 
are patterned into nano-scale mesas and fins, some changes in the 
stress profile are expected that may either degrade or enhance 
the mobility of  the devices. Here, we report the variation of  the 
stress profile in the strained-Si and strained-Ge layers as a func-
tion of  the patterning geometry and thickness of  strained lay-
ers. Finite element simulations in TAURUS TSUPREM IV™ 
were also performed to support experimental results. Strained 
heterostructure substrates used in this work were fabricated by a 
bond-and-etch-back method followed by thinning the cap layer 
by wet oxidation and removal. Figure 1(a) shows a typical TEM 
image of  such a substrate. Scanning electron beam lithography 
with HSQ as a negative tone resist was used to create nano-scale 
long bars and mesas with sub-300-nm geometries. The density of  
these features is a key to achieving a measurable Raman signal to 
analyze the stress profile. The pattern transfer was performed in 
an RIE system stopping at the buried oxide interface. Figure 1(b) 
shows sample SEM images of  patterned mesas and long bars. 

UV Micro-Raman spectroscopy with 325-nm He-Cd and 364-
nm Ar-Ion laser lines was used to explore the stress profile in the 
patterned ultra-thin strained Ge and strained Si layers, respec-
tively. Figure 2 shows the relaxation percentage and position of  
the Raman peak in the strained Ge layer as a function of  bar 
width for patterned long bars. As can be seen from this figure, the 
relaxation in strained Ge is increased when the pattern width is 
reduced. For 30-nm-wide patterns, a relaxation of  around 43% 
is measured. Finite element stress simulations demonstrate that 
the longitudinal stress component along the bars is almost main-
tained while the in-plane component tends to relax in the narrow 
direction of  the bars. As a result, the biaxial stress profile of  the 
unpatterned structure tends to move towards uniaxial strain for 
ultra-narrow structures, which can further enhance hole trans-
port properties. On the other hand, the results on relaxation in 
nano-scale pattern mesas indicate a general trend of  relaxation 
with decreasing aspect ratio. As an example, the 100-nm, square-
shape mesas show nearly 33% relaxation (assuming isotropic bi-
axial strain) indicating that a large amount of  strain can still be 
preserved in patterned regions suitable for fabrication of  planar 
HOI MOSFETs.

     

Figure 1:  (a) A TEM image of the HOI structure before 
patterning. (b) Tilted SEM images of the 300-nm-wide patterned 
square mesas (left) and 24-nm-wide patterned multi-fin mesas 
(right).

p Figure 2: Relaxation and Raman peak position as a function 
of the bar width in the strained-Ge layer.  Raman measurements 
and analysis courtesy of M. Canonico, Freescale Semiconductor, 
Inc.

p
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Epitaxial Growth of Ultrathin Ge on Si Substrates 
M. Kim, L. Gomez, J.L. Hoyt 
Sponsorship: DARPA, NSF Graduate Research Fellowship

Growing ultrathin, uniform germanium epitaxial films with mini-
mal crystal defect density is desirable for several applications to 
emerging technologies.  For example, multilayer structures of  Ge 
and SiGe on Si wafers are used for enhanced-mobility hetero-
structure-on-insulator (HOI) MOSFETS, and thin Ge films are 
used as seed layers in CMOS-compatible photodetectors. How-
ever, due to the 4% mismatch in lattice size, the initial stages of  
Ge growth on Si substrates show a 3-D growth mode, in which 
Ge initially forms islands and then coalesces to form a more uni-
form surface [1-2].  To improve the morphology of  Ge films with 
thickness in the range of  20A to 50A, several growth parameters 
and surface treatment methods were studied using an Applied 
Materials Epi Centura Reactor. Varying growth temperature and 
pressure, the optimal condition for ultrathin Ge films on Si sub-
strates was determined to be 365ºC and 60T, with 5slpm of  Hy-
drogen flow to the slit.  

A surface treatment consisting of  a SiGe pulse before Ge growth 
improves the surface smoothness greatly, as well as enhancing the 
growth rate. Before Ge growth, a short “pulse” of  5-15 seconds 
of  50% SiGe was used to treat Silicon surface, and this treatment 
was shown to enhance Ge growth on Si substrates, as shown in 
Figure 1. Figure 2 shows improved film uniformity for SiGe-pulse 
treated samples. With this new technique, the RMS values as well 
as average peak-to-valley heights are improved by a factor of  ~3.

  

Figure 1: The germanium thickness as a function of growth time. The 
graph shows a reduced incubation period for SiGe-pulse treated samples.  
Epitaxial Ge was grown at 365ºC, 60T on P- CZO Si wafers in Applied 
Materials’s “Epi Centura” System.

p Figure 2: The 1um x 1um AFM scans of 35A-thick Ge films grown 
on Si substrates, (a) with 15-sec SiGe pulse surface treatment and 
(b) without SiGe pulse. For (a), RMS is 0.251 nm, with average peak 
heights of 1.4 nm. Without the surface treatment, the Ge film is much 
rougher, with RMS value of 0.686 nm and peak heights of 5 nm, as 
shown in (b).

p
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Niobium Superconducting Persistent-current Qubits with Deep Submicron 
Josephson Junctions
D.M. Berns, W.D. Oliver, S.O. Valenzuela, T.P. Orlando, V. Bolkhovsky, E. Macedo

Quantum computation holds the potential to solve problems cur-
rently intractable with current computers.  The basic component 
of  a quantum computer is the “qubit,” the quantum analog to 
today’s bits.  Although 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 abil-
ity 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 Jo-
sephson junction (JJ) elements that can be effectively operated as 
a two-level quantum system [1]. 

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 character-
izing the PC qubits designed with these deep-submicron JJs fab-
ricated 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).

Figure 1:  IV traces taken at 4K for a few different test junctions, 
from 0.75 um down to 0.1um.  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.

p 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 DCmagnetic flux is changed, the 
ground state changes from one circulating current state 
to the other.

p
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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 meth-
ods.  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 Lan-
dau-Zener (LZ) transitions at the avoided crossing cause coherent 
population transfer between the eigenstates, and the accumulated 
phase between LZ transitions varies with the driving amplitude. 

This is analogous to a Mach-Zehnder interferometer, in which 
the LZ transition is the beamsplitter and the relative phase ac-
cumulated between LZ transitions is the optical path-length dif-
ference between the arms of  the interferometer.  Over the entire 
length of  the microwave driving pulse, we have a sequence of  
Mach-Zehnder 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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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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Coherent Quasiclassical Dynamics of a Niobium Persistent-current Qubit
D.M. Berns, W.D. Oliver, S.O. Valenzuela, A.V. Shytov, K.K. Berggren, L.S. Levitov, T.P. Orlando

We have recently demonstrated Mach-Zehnder (MZ)-type inter-
ferometry in the persistent-current (PC) qubit, in the strong driv-
ing limit [1].  We have now extended this work to much lower 
driving frequencies [2].  By driving our system at frequencies 
smaller than our linewidth, we have observed a new regime of  
quasiclassical dynamics within the strong driving limit.  Now a 

transition at a DC flux detuning resonant with n photons is as-
sisted by neighboring resonances. In this regime we find remark-
able agreement with theory by assuming the population transfer 
rate for the nth 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.

p
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Microwave-induced Cooling of a Superconducting Qubit
S.O. Valenzuela, W.D. Oliver, D.M. Berns, K.K.Berggren, L.S. Levitov, T.P. Orlando

We have recently demonstrated microwave-induced cooling in a 
superconducting flux qubit [1]. The thermal population in the 
first-excited state of  the qubit is driven to a higher-excited state 
by way of  a sideband transition. Subsequent relaxation into the 
ground state results in cooling. Effective temperatures as low as 3 
millikelvin are achieved for bath temperatures from 30 - 400 mil-

likelvin, a cooling factor between 10 and 100. This demonstration 
provides an analog to optical cooling of  trapped ions and atoms 
and is generalizable to other solid-state quantum systems. Active 
cooling of  qubits, applied to quantum information science, pro-
vides a means for qubit-state preparation with improved fidelity 
and for suppressing decoherence in multi-qubit systems. 

Figure 1 : Sideband cooling in a flux qubit.  (a) Double-well illustration of cooling. External excitation transfers thermal population 
from state 1 to state 2, from which it decays to the ground state 0.  (b) Band diagram illustration of cooling.  One to two transitions 
are driven resonantly at high driving frequencies and occur adiabatically at low driving frequency.  (c) Thermal population cooled at 
different frequencies.  Cooling from 300mK to as low as 3mK is shown.

p
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Resonant Readout of a Persistent-current Qubit
J.C. Lee, W.D. Oliver, T.P. Orlando 
Sponsorship: DURINT, DTO, NSF

The two logical states of  a persistent-current (PC) qubit corre-
spond 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 qu-
bit readout. This approach keeps the readout SQUID biased at 

low currents along the supercurrent branch and is more desired 
for quantum computing applications in reducing the level of  de-
coherence 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.

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.

p 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.

p

R e f e R e n C e S
[1] J.C. Lee, W.D. Oliver, 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] J.C. Lee, “Magnetic flux measurement of superconducting qubits with Josephson inductors,” Master’s thesis, Massachusetts Insti-

tute of Technology, Cambridge, 2002.



2-29 Electronic Devices & Emerging Technologies MTL ANNUAL RESEARCH REPORT 2007

Type-II Quantum Computing Using Superconducting Qubits
D. Berns, W.M. Kaminsky, B. Cord, K. Berggren, W. Oliver, T.P. Orlando (in coll. with J. Yepez (Air Force Laboratories) 
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The Factorized Quantum Lattice-Gas Algorithm (FQLGA) [1] 
is a quantum version of  classical lattice-gases (CLG) [2]. The 
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 [3]. 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 algo-
rithm for the 1D diffusion equation using the PC Qubit [4].  The 
first consists of  initializing the qubits while keeping them in their 

ground state and then performing the collision by quickly chang-
ing their flux bias points and then performing a single  /2 pulse 
(Figure 1).  This initialization technique could prove quite useful, 
since relaxation effects are avoided, but the way we have imple-
mented the collision is not easily generalized to other collisions.  A 
more general collision implementation was then developed by de-
composing the unitary collision matrix into a sequence of  single 
qubit rotations and coupled free evolution.  The single qubit rota-
tions then also serve to initialize the fluid’s mass density.

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.
p
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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) is an approach to uni-
versal 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 against dephas-
ing 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. 

To make feasible such a large-scale AQC experiment, we have 
proposed a scalable architecture for AQC based on the supercon-
ducting persistent-current (PC) qubits [9-10] already under devel-
opment here at MIT.  As first proposed in [11], the architecture 
naturally incorporates the terms present in the PC qubit Hamil-
tonian by exploiting the isomorphism [12] between antiferromag-
netic 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 the 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 cou-
plings to be limited to nearest-neighbors and qubit measurements 
to be inefficient.
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Improvement of Electron Velocity in GaN HEMTs by Electric Field 
Engineering
X. Zhao, J.W. Chung, T. Palacios 
Sponsorship: ONR, MIT, MTL

Electron velocity influences both the intrinsic delay and drain de-
lay of  gallium nitride (GaN) High Electron Mobility Transistors 
(HEMTs).  Although the peak electron velocity in AlGaN/GaN 
structures is 2.5×107cm/s, the electron velocity decreases very 
fast due to polar optical phonon scattering for electric fields in 
excess of  150kV/cm [1]. As seen in Figure 1a, in standard GaN 
HEMT devices, the average electric field under the gate along the 
channel direction far exceeds the optimal value for peak electron 
velocity. This high electric field results in an average electron ve-
locity of  1.5×107cm/s, significantly lower than the peak velocity. 
In this project, we propose a new GaN HEMT structure with 
a recessed drain access region to reduce the electric field in the 
drain of  these transistors. We have used Silvaco/Atlas to simulate 
these new devices. Figure 2 shows the structure of  a conventional 
AlGaN/GaN HEMT and the novel HEMT device proposed in 
this work. 

In the recessed devices, the carrier concentration underneath the 
recess region is lower than elsewhere, which redistributes the elec-
tric field in the channel. Figure 1 shows the electric field along the 
channel in two structures of  Figure 2. Due to the lower electric 
field peak in the novel structure, the average electron velocity is 
boosted by 50%. On the other hand, in our simulations we have 
not observed any increase in the effective gate length due to the 
drain recess. This fact in combination with the enhanced electron 
velocity makes this new structure extremely promising for mil-
limeter- and submillimeter-wave applications.

Figure 1: Electric field along the channel direction in conventional AlGaN/
GaN HEMT (a) and along a novel structure with recessed drain access region 
(b). The average electron velocities are 1.53×107cm/s and 2.41×107cm/s, 
respectively.

p Figure 2: Diagram of a conventional AlGaN/GaN HEMT 
structure (a) and the novel HEMT structure with a recess in the drain 
access region (b). The width of the recess region is 0.37µm.

p
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Schottky Drain AlGaN/GaN HEMTs for Millimeter-wave Applications
X. Zhao, J.W. Chung, T. Palacios 
Sponsorship: ONR, MIT, MTL

The drain parasitic resistance is one of  the main factors limiting 
the current gain cut-off  frequency (fT) and the power gain cut-off  
frequency (fmax) in high performance AlGaN/GaN HEMTs [1]. 
The drain parasitic resistance consists of  two components: the 
contact resistance between the metal and the channel and the 
access resistance due to the distance between the gate edge and 
drain contact. In this project, we demonstrate a new drain con-
tact technology based on the use of  a Schottky metallization.  

The use of  a Schottky contact in the drain of  a HEMT has two 
major advantages. First, for moderate current levels, the differen-
tial resistance of  a Schottky contact is much lower than what is 
achievable with conventional ohmic technology. Second, due to 
the low thermal budget required in Schottky contact, these con-
tacts can be easily self-aligned to the gate to eliminate the access 
resistance. Therefore, Schottky drain contact has the potential to 
outperform the ohmic contact both in contact resistance and ac-
cess resistance.

Using an Agilent 4155 parameter analyzer, we have measured 
the ohmic contact and the Schottky contact resistances as a func-
tion of  the drain current (Figure1). We have also measured the 
total drain parasitic resistance in devices with conventional ohmic 
drain contacts. In conventional AlGaN/GaN HEMTs, the total 
drain parasitic resistance is above 2 Ω·mm and increases with the 
drain current. In contrast, with use of  a Schottky drain contact, 
the contact resistance is ~0.2 Ω·mm at 500-mA/mm-current lev-
el. We have also used the commercial software ADS to simulate 
the high-frequency performance of  Schottky drain AlGaN/GaN 
HEMTs. As shown in Figure 2,  reducing the drain parasitic resis-
tance from 2 Ω·mm to 0.2 Ω·mm increases the fT  from 116 GHz 
to 162 GHz and increases fmax  from 162 GHz to 477 GHz.
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Figure 1: Measurement of the ohmic contact resistance, 
Schottky contact resistance and the total parasitic resistance in 
ohmic contact devices.

p Figure 2: Small signal simulations of fT and fmax as a 
function of Rd.  Reducing the drain parasitic resistance from 
2Ω·mm to 0.2 Ω·mm increases  fT  from 116 GHz to 162 GHz 
and increases fmax  from 162 GHz to 477 GHz.

p
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The AlGaN/GaN high electron mobility transistors (HEMTs) 
have shown outstanding performance on high power and high 
frequency applications. However, AlGaN/GaN HEMTs suffer 
from a much higher subthreshold slope than the theoretical limit 
of  60 mV/decade, an issue that has been only barely addressed. 
Subthreshold slope (S) is very important not only to assure excel-
lent pinch-off  and low dissipated power in digital applications but 
also for achieving good power-added efficiency in analog applica-
tions. Most crucially, the subthreshold slope can be used to quan-
tify the trap density in the gate-modulated region of  AlGaN/
GaN HEMTs. The presence of  traps in this region degrades gate 
modulation efficiency, which is closely related to the subthresh-
old slope and ultimately to high-frequency performance. In this 
paper, we first demonstrate effects of  thermal annealing on the 
subthreshold slope in AlGaN/GaN HEMTs. Then, based on the 
temperature dependence of  the subthreshold slope, we introduce 
a new method to estimate interface trap density in these devices.

Figure 1 shows the temperature dependence of  S in two different 
transistors with different initial values of  S. Notably, when the 
initial subthreshold slope is very high (typically in excess of  500 
mV/dec, Figure 1b), reproducible results are achieved only after 
the first heating sequence. From the change of  S with temperature 
(T), the interface trap density in these devices can be extracted. 
By analogy with MOSFETs, the equation for the subthreshold 

slope in HEMTs is given by the equation,
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where Ci is AlGaN layer capacitance, CQ is quantum capacitance, 
and Cit is associated with the interface trap density. Here, ς is a 
non-ideality factor related to the interface trap density. The vari-
able ς can be calculated from the equation (1) after measuring 
the slope from the S vs. T curve. As shown in Figure 2, ς varies 
between 2 and 4. From the value of  ς, we estimated an interface 
trap density of  3×1012~ 8×1012 cm-2eV-1, assuming CQ is negli-
gible. This value is similar to previously reported data obtained 
from low-frequency noise data [1] or from gate-drain conduc-
tance and capacitance-dispersion studies [2]. 

In conclusion, we have studied the change in the subthreshold 
slope in AlGaN/GaN HEMTs with temperature. Using this ex-
periment, we propose for the first time a relatively simple way 
to estimate interface trap density. The understanding of  this in-
terface trap is critical to optimize the gate-modulation efficiency 
of  these transistors and maximize their high-frequency perfor-
mance. 

(a)                                        (b)

Figure 1: Dependence of subthreshold slope on temperature for 
two different transistors. (a) Transistors with an initial subthreshold 
slope below 500 mV/dec typically show a very reproducible linear 
dependence with temperature. (b) However, transistors with higher 
initial subthreshold slope reach stable operation only after the first 
heating sequence.

p Figure 2: Calculated non-ideality factor and interface 
trap density. Slight variations of ς might be caused by 
differences in gate leakage current and its behavior with 
temperature.  

p
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Effect of Image Charges in the Drain Delay of AlGaN/GaN HEMTs
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The electron delay in high electron mobility transistor (HEMT) 
can be divided into three different components: intrinsic delay, 
channel delay, and drain delay [1]. Both the intrinsic and channel 
delays decrease when one scales down the device. However, the 
drain delay remains constant and ultimately limits the maximum 
frequency performance of  these transistors.  From a physical 
point of  view, the drain delay is the time taken by the electrons 
to cross the depletion region at the drain side of  the gate.  Math-
ematically, the drain delay can be expressed as τdrain= wd / (α ve), 
where wd is the width of  the depletion region, ve is the electron 
velocity and α is a constant given by the effect of  image charges. 
The value of  α has been extensively studied in heterojunction 
bipolar transistors. In these devices, α is equal to 2 [2]. However, 
to the best of  our knowledge the value of  α has not been studied 
in field effect transistors. In this paper, we have calculated the 
value of  α in AlGaN/GaN HEMTs. Through simulations, we 
have found that α represents the ratio of  injected charges in the 
depletion region to image charges in the source side of  the chan-

nel. In standard HEMTs, α equals 3. We have also found that α 
can be engineered through the introduction of  additional “mir-
ror” metal to the original AlGaN/GaN HEMT structure.

Depending on the location and length of  the “mirror” metal, α 
can vary significantly due to a portion of  image charges “imag-
ing” onto the metal. Figure 1 shows the standard AlGaN/GaN 
HEMT structure with the “mirror” metal. As the length of  the 
“mirror” metal increases, α increases and the drain delay de-
creases. Figure 2 illustrates α as a function of  the length of  the 
“mirror” metal from the right edge of  the depletion region. By 
using these simulations, the transistor can be engineered to have 
a value of  α at least three times higher than in standard devices. 
This improvement in α significantly reduces the drain delay and 
increases linearity with drain voltage of  these transistors, which 
make it extremely attractive for future generations of  high-speed 
devices.

Figure 1: Standard AlGaN/GaN HEMT with “mirror” metal. The 
size of depletion region is exaggerated to emphasize the location 
where the drain delay occurs. The “mirror” metal is connected to the 
drain.

p Figure 2: The α increases as the length of “mirror” 
metal on the depletion region increases toward the gate. 
p
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We are using fabrication processes combining electron-beam li-
thography and photo-lithography to create magneto-electronic 
devices based on small ring-shaped multilayered magnetic ele-
ments with widths in the deep-sub-micron regime. These small 
structures have potential uses in magnetic-random-access memo-
ries (MRAM), magnetic logic devices, and other magneto-elec-
tronic 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 
insulator (magnetic tunneling junctions). The resistance of  such 
elements depends on the relative orientation (parallel or anti-par-
allel) between the magnetization in the read-out (free) and storage 
(pinned) layers. When the direction of  magnetization of  the free 
layer is switched, two different resistance levels can be detected, 
allowing storage of  a non-volatile bit of  data (“0” or “1”) in each 
element. As an alternative bit shape, MRAMs based on ring-
shaped multilayered magnets have been recently proposed [1], 
due to their robust magnetization reversal and the existence of  
flux-closure or “vortex” states. 

We have fabricated devices based on elliptical, circular and rhom-
boidal rings made from NiFe/Cu/Co/Au pseudo-spin-valves 
(PSVs) [2-3], Ta/NiFe/Cu/Co/IrMn/Au spin-valves (SVs) and 
Co/IrMn exchanged-biased structures [4]. The magneto-trans-
port response of  PSV and SV rings is dominated by giant-mag-
netoresistance (GMR) and the ring-shape allows for intermediate 
resistance levels [2] (see also Figure 2 (a)), resulting from vortex-
like magnetic configuration in both the free (NiFe) and hard (Co) 
or pinned (Co/IrMn) rings. Such intermediate resistance levels 
are not present in bar-shaped multilayered magnets and can al-
low storage of  more than one bit of  data in each cell, as well as 
increased functionality of  logic devices. Most recently, we have 
found that Wheatstone-bridge contact configurations (Figure 1 
(b)&(d)) can result in GMR ratios in excess of  200% (Figure 2 
(b)&(c)) for modest applied fields, even though the GMR of  the 
rings in a standard contact configuration (Figure 1 (a)&(c)) is just 
1-2% (Figure 2(a)). As the soft rings reverse from both ends, two 
reverse walls traverse each side of  the rings and the bridge be-
comes unbalanced. We are currently exploring operating these 
devices using current pulses instead of  an external applied field.   

Figure 1: Scanning electron micrographs 
corresponding to elliptical (a)&(b) and rhomboidal 
(c)&(d) rings devices made from NiFe/Cu/Co/Au 
PSVs and Ta/Cu non-magnetic contact wires. The 
long axis of the rings ranged from 930 nm to 4 µm 
and the widths ranged from 80 nm to 200 nm.

p Figure 2: (a) Resistance versus applied field measurements using a 
standard contact configuration in elliptical and rhomboidal NiFe (6 nm) /Cu 
(4 nm) /Co (Co 4 or 5 nm) /Au (4 nm) rings, on switching both the free (NiFe) 
and hard (Co) layers. (b) Resistance versus applied field corresponding to a 
Wheatstone-bridge contact configuration on a NiFe (6 nm) /Cu (4 nm) /Co 
(Co 4 nm) /Au (4 nm) elliptical ring (Figure 1(b)), on switching both magnetic 
layers and (c) on switching back and forth only the soft NiFe ring.

p
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Characterization of Organic Field-effect Transistors for Circuit Applications
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It has been demonstrated that organic materials have semicon-
ducting properties with mobility comparable to that of  amorphous 
silicon (a-Si), the dominant material used in display applications. 
Organic field-effect transistors (OFETs) provide an exciting pos-
sibility of  flexible large-area plastic electronics. Organic materi-
als can also be deposited using a solution-based method enabling 
“printing” circuits. A roll-to-roll method can be used for mass 
production, and inkjet can be used for customized small-volume 
applications. One crucial area that needs to be researched is how 
the different charge transport mechanisms and material sets in 
organic transistors change the design considerations in circuit ap-
plications compared to the traditional silicon MOSFETs. 

This project aims to characterize and model OFET behavior for 
various circuit applications. Thus far, the nonlinear contact re-
sistance, 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  
contact resistance is found to be important in characterization of  
bottom-contact transistors as it obscures mobility extraction.  The 
mobility extracted after removing the effect of  contact-resistance 

is shown to increase with the gate field, unlike that in crystalline 
silicon MOSFETs [1]. The mobility dependence on gate voltage 
leads to an interesting study of  how the channel charge comes 
out of  the channel as an OFET turns off. When a transistor is 
turned off, the charge that forms the channel returns to the source 
and drain. This effect is called charge injection and changes the 
final voltage on a capacitance load.  When the transistor is off, 
the low mobility in the OFET slows charge injection significantly. 
To study how mobility and trapping affects charge injection, the 
transient response of  an OFET switch is measured as a function 
of  temperature. Figure 1 shows the setup used to make charge 
injections measurements. The source and drain are grounded 
with the transistor on until steady-state. The mechanical switch 
is opened and the voltage on the load capacitor is measured as 
the transistor is switched off. The measurement in Figure 2 shows 
the transient voltage measurements on the capacitor with varying 
temperature. The capacitor voltage rises as the positive charge in 
the accumulation layer exits to the capacitive load. From the mea-
surement, we hope to fully understand the transport mechanism 
in the organic semiconductor used. 

Figure 1: Schematic of a charge-injection measurement. p Figure 2: A typical charge injection measurement from a 
1000/25 µm OFET. 
p
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Organic semiconductors can be deposited at near-room tempera-
tures, enabling the creation of  electronic and optoelectronic de-
vices on virtually any substrate.  This unique technology makes 
possible the fabrication of  large-area, mechanically flexible op-
toelectronics, such as conformable displays or image sensors.  To 
realize these systems, an integrated approach to fabrication of  
organic optoelectronics is necessary.   

A near-room temperature (<95°C), scalable process has been de-
veloped, using conventional photolithography and inkjet printing 
[1].  This process produces integrated organic field effect transis-
tors (OFETs) and organic photoconductors (OPDs) on a single 
substrate.  A cross section of  the finished substrate is shown in 
Figure 1.

Typical device characteristics for an integrated OFET are shown 
in Figure 2.  As a proof  of  concept, a 4x4 active-matrix imager 
was created using the process and was demonstrated to correctly 
image patterns [2].

Figure 1: Schematic cross section of finished substrate illustrating OFET, 
OPD, and two interconnect layers.
p Figure 2: Typical output characteristics for a 1000µm / 

4µm OFET. 
p
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The vapor-liquid-solid mechanism for growth of  single crystal 
whiskers and wires was originally discovered in the 1960s, but it 
has only recently been rediscovered as a way to fabricate high per-
formance nanoscale electronic devices below the limits of  photo-
lithography.  Although a great deal of  attention has been focused 
on the electronic properties of  Si and III-V nanowires, many of  
the physical mechanisms involved in growing these single crystal 
wires remain unclear. We have been investigating the importance 

of  catalyst size and shape in growth morphology by using evapo-
rated island catalysts, catalysts derived from dewetted thin films, 
and commercially available nanoparticles.  Also in this study, the 
role of  growth conditions has been examined by controlling tem-
perature, partial pressures of  reactants and pre-growth annealing.  
These parameters have been determined to be critical to stable 
and repeatable growth of  Si and III-V nanowires.

Figure 1: Si nanowires grown on Si <111> substrates.p Figure 2: GaP nanowires grown on Si <111> substrates.p
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Effects of the Mechanical Properties on the Reliability of Cu/low-k 
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Electromigration, current-induced atomic diffusion due to mo-
mentum transfer from conducting electrons, is and will remain a 
major reliability concern for interconnects in integrated circuits 
(ICs), as future technologies demand increasing packing efficien-
cies and current densities.  The Cu and low dielectric constant (k) 
inter-level dielectric (ILD) metallization scheme is the preferred 
choice for high-performance ICs.  However, low elastic moduli, a 
characteristic of  the low-k ILDs, and decreasing diffusion barrier 
thicknesses, lead to significant degradation of  reliability.  In order 
to analyze the mechanical responses and assess the failure criteria 
for electromigration in Cu/low-k interconnects, we have carried 
out a comprehensive investigation involving both thin-film char-
acterizations on the constituent materials and electromigration 
experiments on fully processed interconnect structures manufac-
tured by AMD Inc. and International Sematech Inc.

As Cu atoms electromigrate from the cathode to the anode inside 
nodes of  interconnect segments, an atomic concentration change 
is related to a change in stress through the effective bulk modulus 
of  the materials system, B.  This property is central in consider-
ations of  electromigration-induced failures by void nucleation and 
growth, as well as Cu extrusions.  The value of  B is computed us-
ing finite element modeling (FEM) analyses using experimentally 

determined mechanical properties of  the individual constituents.  
Such characterization techniques include nanoindentation, can-
tilever deflection, pressured membrane deflection for film elastic 
properties measurements, and Chevron-notched double-cantile-
ver pull structures for adhesion measurements.  

We have also carried out electromigration experiments on fully 
processed interconnect tree structures.  We found that, under 
most test conditions, the conventional “10% initial resistance in-
crease” failures are due to void growth.  Such growth rates, i.e., 
the rate of  failure for a structure, highly depend on two factors: (1) 
the stress conditions of  neighboring interconnect segments that 
function as atomic sinks or reservoirs (if  any is present) and (2) B.  
The higher the B value, the more back-stress force would be gen-
erated to counteract void growth.  We also observed, over a long 
duration of  experiments, extremely long voids and Cu extrusion 
formations (see Figures 1a and 1b).  Studies on the threshold for 
Cu extrusions are being conducted.

   

                          (a)                                                                                        (b)

Figure 1: (a) Observation of Cu extrusions near the anode end: decohesion between the side-wall diffusion barrier and the capping 
layer leads to a thin layer of Cu being extruded out along the capping layer/ILD interface; (b) observation of an extremely long void 
near the cathode end of a Cu/low-k test segment: a void >10mm long in a 200mm-long interconnect is shown. 

p
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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 com-
pared 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 (the Chevron test) has been developed to 
complement the conventional four-point bend test for bond tough-
ness 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/m2 and 17J/m2, respectively, 
the difference attributed to plastic deformation of  the Cu stack 
[1]. Therefore, the Chevron test gives a measure of  the true in-
terface strength, minus external contributions.  We have also used 
the Chevron test technique to measure bond toughness under a 
variety of  load conditions (mode mixities with phase angles from 
0 to about 350), by varying the ratios of  the thickness of  the two 
substrates (Figure 1).

Effects of  process and film parameters on ultimate bond qual-
ity are being analyzed using bonded ECP damascene-patterned 
Cu interconnects (NTU, Singapore). Results indicate a strong de-
pendence of  bonded die yield on Cu film roughness and applied 
bonding load. An analytical model is being developed to explain 
these findings.

The fundamental limit of  Cu adhesion is probed using a UHV-
AFM/deposition system. Force of  adhesion between pristine ox-
ide-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 the 
3000 C wafer-level bond strength, thereby showing a significant 
dependence of  bond quality on Cu surface cleanliness.  We find 
that exposure to 1 x 10-6 Torr oxygen is sufficient to prevent for-
mation of  strong bonds at or near room temperature.

Figure 1:  Use of asymmetric chevron test structures allows 
bond toughness measurements in a range of loading conditions
p Figure 2:  The Cu-Cu bonds made under UHV conditions 

at room temperature have the same strength as bonds that 
require 3000C in conventional bonding systems. Exposure to 1 
x 10-6 Torr leads to behavior seen in conventional bonding.

p
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Most metallic films used in electronic and microelectromechani-
cal devices and systems are polycrystalline and therefore form 
through the Volmer-Weber mechanism, in which each grain 
nucleates as an isolated single crystal island that coalesces with 
other islands to form a film.  This process of  film formation can 
lead to compressive or tensile residual stresses as well as to stress 
gradients that can affect both performance and reliability in mi-
crosystems.  

We are using cantilever devices to measure evolution of  the thin 
film stress-thickness product during Volmer-Weber formation 
and growth of  polycrystalline and epitaxial films.  The island co-
alescence process leads to tensile stresses that may or may not be 
retained as the coalesced film thickens.  In high atomic mobility 
materials (such as Cu, Au, Ag, and Al) deposited at room tem-
perature, not only does the tensile stress reduce as the film thick-
ens, but the film can evolve into a net compressive state.  During 
interruptions of  growth, some of  the compressive stress relaxes.  
However, this happens reversibly in that the stress returns to its 
previous value when deposition is resumed.  This phenomenon 
has been particularly difficult to understand, especially given an 
apparent film-thickness dependence.  Our recent experiments 

have identified two components of  this reversible stress change, 
one of  which is associated with thermal effects.   These compo-
nents can be separated as illustrated in Figure 1, showing that the 
remaining component is not dependent on the film thickness.

To further understand the origins of  both the non-thermal com-
ponent of  the reversible compressive stress and the residual com-
pressive stress, we are comparing evolution of  polycrystalline and 
homoepitaxial films.  Stress-thickness curves for gold grown at 1 
Å/s on both silicon nitride and homoepitaxially on Au are shown 
in Figure 2.  Both systems have strong <111> texture out of  the 
film plane, but while the grains in the polycrystalline have random 
in-plane orientations, heteroepitaxial films grown on <111>Au 
substrates have only two in-plane variants (corresponding to fcc 
and hcp stacking relative to an fcc underlayer).  The stress associ-
ated with coalescence is not seen in the homoepitaxial film, but 
a compressive stress is observed in both types of  films.  We are 
currently investigating the origins of  both the similarities and dif-
ferences in this compressive behavior in these two types of  films.
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Figure 1: Ratio of the stress vs. time for a growth interruption performed 
at 2000 Å thickness to one performed at 400 Å thickness.  When reversible 
thermal stresses are removed, all interrupts become similar.

p Figure 2: Comparison of stress-thickness curves for gold films 
grown at 1 Å/s on epitaxial (111) Au layers and on silicon nitride.
p
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Surface Electromigration and Void Dynamics in Copper Interconnects
Z.S. Choi, T. Chookajorn, C.V. Thompson 
Sponsorship: Intel Corporation, AMD, SRC

Electromigration is one of  the main causes of  failures in inter-
connects. It has been shown that the dominant diffusion path in 
copper interconnect technology is the interface between the di-
electric passivation layer and the copper line. This interface is also 
the most prone to void nucleation and growth. We have carried 
out two types of  experiments to investigate the details of  void 
dynamics during electromigration. The first type of  experiment 
is performed on interconnects without passivation layers to deter-
mine the dependence of  copper surface diffusion and electromi-
gration on different grain orientations. The samples are heated in 
reducing gas to remove copper oxide and then tested in a vacuum 
(<10-7torr). 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 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 dif-
ferences in diffusivities between different grains. In a second type 
of  experiment, we take a fully fabricated sample and thin the pas-

sivation layer using a focused ion beam microscope (FIB), in order 
to  observe the underlying metal line in an SEM while still retain-
ing sufficient passivation layer to constrain electromigration in the 
same way that it is constrained in service.  We then test the sam-
ples 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. Voids are seen to originate at locations 
other than just the cathode end of  the interconnect.  These voids 
can grow in place or grow until they de-pin from their growth site 
and drift toward the cathode. The dependence of  atomic diffusiv-
ity on crystallographic directions and textures causes changes in 
size, shape, and drift velocity of  voids as they pass through differ-
ent grains. After the test, we remove the passivation layer and use 
EBSD analysis to determine the effects of  grain orientation on 
void kinetics.  We are correlating these experimental observations 
with simulations of  electromigration both to better understand 
this complex behavior and to better account for it in reliability 
assessment methods.

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

p 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. Bottom image is 
a texture mapping by EBSD obtained after EM test. National 
Science Foundation.

p
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Thin Film Transistors for Flexible Electronics and Displays
I.D. Kim, Y.S. Jin, H.L. Tuller (in coll. with Y.W. Choi, A.I. Akinwande) 
Sponsorship: NSF

Organic thin film transistors (OTFT) are receiving much at-
tention, given their potential for structural flexibility, large-area 
coverage, low temperature processing and low cost compared to 
current technology. A key limitation has been the low K of  the di-
electric layer and thereby high operating voltages. For example, we 
demonstrated the ability to RT sputter-deposit Bi1.5Zn1.0Nb1.5O7 
(BZN) onto polymers with a K value as high as ~50, thereby en-
abling operation at voltages as low as 4V [1]. 

Transistors based on ZnO  are being investigated as a possible 
alternative for the hydrogenated amorphous silicon or poly-sili-

con TFT that are employed as the backplane of  liquid crystal 
and related displays. In addition to its transparency, ZnO has an 
uncommonly high mobility (up to 100 cm2/Vs) for an oxide semi-
conductor.  By complementing ZnO channels with high K di-
electric layers, we have obtained TFTs with low operating voltage 
(Figure 1) and high on/off  current ratios and mobilities (Figure 
2) [2-3].

Figure 1: Drain Current IDS as a function of Drain Voltage VDS 
depending on gate voltage VGS. Note that operating voltage for the 
ZnO transistor is lower than 4V.

p Figure 2: Drain Current IDS as a function of gate voltage 
VGS. Note that threshold voltage from saturation region is 2.4 
V. On/Off current ratio is ~ 104. Mobility of the ZnO transistor 
is 1.13cm2/Vs.

p
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Charge-trapping in 1-nm Si Nanoparticles Embedded in a MOS Gate Stack
O.M. Nayfeh, D.A. Antoniadis, K. Mantey, M.H. Nayfeh 
Sponsorship: Singapore-MIT Alliance, NSF

The MOS capacitors incorporating ex-situ produced, colloidal, 
highly mono-dispersed, spherical, 1-nm Si nanoparticles were 
fabricated and evaluated for potential use as charge storage ele-
ments in future non-volatile memory devices.  The C-V char-
acteristics are well behaved and agree with similarly fabricated 
zero-nanoparticle control samples and with an ideal simulation.    
Unlike larger particle systems, the demonstrated memory effect 
exhibits effectively pure hole storage. The nature of  charging (i.e., 
hole-type vs. electron-type) may be understood in terms of  the 
novel characteristics of  ultra-small Si particles: large energy gap, 
large charging energy, and consequently a small electron affinity 
[1]. 

The left shift of  the programmed C-V with respect to the un-
charged curve of  the active device in Figure 1 indicates charging 
of  the particles with holes.  With the application of  an erase bias, 
the stored holes are removed.  The effectively pure hole-charging 
characteristic may be understood in terms of  properties of  the 
1-nm particles and their high degree of  mono-dispersity.  For in-
stance, Quantum Monte Carlo (QMC) and time-dependent local 
density theory (TDLDT) calculations predict that the energy-gap 

and the charging energy for Si particles in the 1-3 nm regime rise 
due to the effects of  quantum confinement, and consequently the 
electron affinity decreases, approaching that of  the SiO2 matrix 
[2-3]. The excitation and emission measurements of  [4] for the 1-
nm Si29H24 particles used in this study yielded 3.5 eV for the ener-
gy gap, the difference between the highest unoccupied molecular 
orbital (HOMO), and the lowest unoccupied molecular orbital 
(LUMO).  In addition, [5] measured ~ 1.8 eV for the charging 
energy of  individual 1-nm silicon particles by UHV-STM tunnel-
ing spectroscopy. Because of  the increased band-gap and large 
charging energy, the electron affinity of  1-nm Si nanoparticles 
is greatly reduced from that of  bulk Si and becomes comparable 
to that of  SiO2 ~ 1.0 eV.  Consequently, there is no or very little 
conduction band-offset between the nanoparticles and SiO2, thus 
inhibiting electron storage in the conduction band of  the particle. 
However, the well-known asymmetry in the electron and hole 
barrier heights for the Si/SiO2 system (~ 3.1 eV for electrons, 
and ~ 4.7 eV for holes) maintains a valence band-offset on the 
order of  1.7 eV between the nanoparticles and SiO2, suitable for 
hole-storage in the valence band of  the particles.  Figure 2 shows 
a proposed energy band diagram.

Figure 1: The C-V hysteresis loops. Control and active devices 
have negligible hysteresis under uncharged conditions (sweeping 
forward and backward between Vg = 0 V, and Vg = -2.0 V (light-
solid, and labeled).  Under charging/discharging conditions 
(sweeping voltage between Vg=+/- 7.0 V, forward and backward), 
the control device (squares, labeled) has a hysteresis of only ~0.01 
V; however, the active device (triangles, labeled) has a hysteresis 
of ~1.2 V.

p Figure 2: Proposed energy band diagram of an MOS 
system.  Shown are adjustments to the band-gap of the 1-nm 
particles (~ 3.5 eV) and the charging energy (~1.8 eV).  There 
still remains a valence band offset on the order of 1.7 eV for 
the storage of holes due to the asymmetry in barrier heights for 
electrons and holes in the Si/SiO2 system.

p
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Surface Plasmon Polariton Mediated Energy Transfer in Organic 
Photovoltaic Devices
T.D. Heidel, J.K. Mapel, K. Celebi, M. Singh, M.A. Baldo 
Sponsorship: DARPA/AFOSR, NSF NIRT

With a theoretical efficiency similar to conventional inorganic 
photovoltaics (PVs) [1] and the potential to be manufactured 
inexpensively, organic semiconductor technology offers a 
promising route to ubiquitous solar energy generation. Or-
ganic PVs, however, are constrained by a tradeoff  between 
exciton diffusion and optical absorption. The short exciton 
diffusion length within organic semiconductors demands the 
use of  extremely absorptive materials[2]. Unfortunately, the 
excitonic character of  most organic materials yields highly 
structured absorption spectra, with regions of  strong and weak 
absorption.  We propose a device architecture that boosts the 
performance of  a phthalocyanine-based PV in the absorption 
gap between the phthalocyanine Q and Soret bands.  Light 
absorption is decoupled from exciton diffusion using a light-
absorbing antenna layer external to the conventional charge 
generating layers (Figure 1). Radiation absorbed by the an-
tenna is transferred into the charge generating layers via sur-
face plasmon polaritons (SPP) in an interfacial thin silver con-
tact. Off  resonance, the antenna cavity operates as a reflector 
and all devices exhibit identical performance. However, in the 

region where the cavity is tuned to absorb light strongly, the 
devices with antennas have exhibited increased quantum ef-
ficiency of  up to 200% compared to those with non-function-
ing antennas. Peak increases in external quantum efficiency 
of  approximately 80% have been measured for devices with 
external light absorbing antennas compared to those without. 
 
Energy coupling from external antenna layers into thin film 
organic PV provides a flexible route to higher efficiency devic-
es.  While the introduction of  the antenna necessarily adds a 
step into the energy transduction process, it can be successfully 
employed in spectral regions where the absorption fraction 
of  the PV cell drops below the SPP-mediated energy trans-
fer efficiency. We measured this latter efficiency to be at least 
(51±10)%. It is possible to increase the quantum efficiency of  
an antenna to nearly 100% by optimizing the orientation and 
position of  a luminescent dye with respect to a thin Ag film. 
Targeting resonant antennas to regions of  poor absorption 
promises to solve a characteristic deficiency of  organic PVs.
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Figure 1: Structure of organic photovoltaic devices with external 
resonant antenna cavities.  We fabricate identical charge generation 
structures with antennas of varying PL efficiency consisting of 
isotropic mixtures of AlQ3 and either 1% of the quenching material 
CuPC or 1% of the laser dye DCM. Comparing the performance 
of these devices allows us to isolate the photocurrent originating 
from light absorbed in the antenna while avoiding interference 
effects due to changing device structures. 

p Figure 2: External quantum efficiency (EQE) for resonant 
antenna devices with functional external AlQ3-based antenna 
layers exhibits an increase in EQE over the wavelength range 
where AlQ3 absorption occurs and cavity reflectivity decreases. 
The functional antenna (®) shows a significant performance 
enhancement versus both the quenched antenna (®) and 
devices fabricated without any antenna (Δ). Comparison with 
modeling (—) indicates that the energy transfer efficiency is 
approximately 46%. 

p
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Reduction of Self-absorption in Luminescent Solar Concentrators (LSC) 
Using Energy Transfer in Guest/Host Thin Films
M.J. Currie, J.K. Mapel, M.A. Baldo 
Sponsorship: DARPA/AFOSR, NSF NIRT

Rapidly rising global demand for silicon solar cells has exceeded 
the capacity of  silicon suppliers, leading to escalating costs and 
material shortages. The development of  high performance solar 
concentrators could dramatically reduce costs and are, we believe, 
the most promising solution to this problem. By concentrating the 
sun’s light, energy conversion systems can be deployed that use 
just a fraction of  the silicon required by typical solar cells. In par-
ticular, luminescent solar concentrators (LSCs) are an especially 
economical choice since they have the added benefit of  having a 
large acceptance angle for sunlight, reducing the need for expen-
sive tracking equipment. We show recent advances in the field of  
organic light emitting devices (OLEDs) can be applied to LSCs.

The operation of  an LSC is as follows: (1) Light is absorbed by 
luminescent chromophores embedded within a waveguide. (2) 
The chromophores re-emit a photon of  lower energy, and some 
portion of  the emitted light is confined in the waveguide by total 
internal reflection. (3) The trapped light is guided to a photovol-
taic cell.

Laser dyes are typical choices for LSC chromophores [1], and 
core-shell quantum dots have also been investigated [2]. Typi-
cally a combination of  dyes or quantum dots is required to cover 
the entire solar spectrum, but both dyes and quantum dot suffer 
from a low quantum yield for emission in the infrared. The other 
significant limitation in a LSC is re-absorption of  trapped light by 
neighboring chromophores in the waveguide.

OLED fabrication techniques allow us to precisely control the 
physical distance between chromophores [3], and we are able 
to achieve resonant energy transfer to a terminal chromophore 
optimized for quantum yield and self-absorption. This process 
is repeated with each additional chromophore with the goal of  
complete coverage of  the solar spectrum from the visible to the 
near infrared.

Figure 1: Schematic of a luminescent solar concentrator (LSC).  Thin film 
absorber is applied over a transparent substrate.  Photovoltaic is mounted to 
an edge.

p Figure 2: Absorption and photoluminescence spectra of a two-
dye LSC.
p
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Kelvin Probe Microscopy of Organic Electronic Devices
K. Milaninia, K. Celebi, M.A. Baldo 
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Kelvin Probe Microscopy (KPM) [1] may be used to determine 
the contact potential difference between different materials using 
scanning force microscopy. It has been employed previously in 
the study of  organic semiconductor surfaces and interfaces [2]. 
We are applying KPM to the channel of  an organic field effect 
transistor to determine the density of  states [3]. The technique 
measures changes in the surface potential of  the channel in re-
sponse to changes in the gate potential relative to a grounded 
source and drain electrode. The measurement setup is shown in 
Figure 1. In an ordered semiconductor with energy bands and no 
states in the gap, the surface potential is expected to vary linearly 
with the gate before being pinned at threshold by the large density 
of  states at the band edge. But in a disordered semiconductor 
with an energetic dispersion of  localized states, the transition at 
the threshold voltage is expected to be blurred. Figure 2a shows 

the initial results for the hole transporting organic semiconductor 
copper phthalocyanine (CuPC). The CuPC is observed to have a 
broad density of  states that stretch well into the gap between its 
highest occupied molecular orbital (HOMO) and its lowest un-
occupied molecular orbital (LUMO). In Figure 2b we plot the 
density of  states as calculated from the relation

DOS = CG/q2(dVGS/dU - 1)

where DOS is the density of  states per unit energy, CG is the 
gate-channel capacitance, VGS is the gate-source potential, U is 
the surface potential and q is the electronic charge. Because the 
technique offers previously unattainable resolution, it promises to 
yield new insights into electronic transport and degradation pro-
cesses in organic semiconductors.

Figure 1:  Image of the VT-SPM (Omicron GmbH) inside the UHV 
chamber (3x10-10 Torr). Surface potential measurements are recorded 
relative to a Pt-Ir coated Si tip. Measurement of the tail states requires 
equilibrium in the channel. However, the resistance of the channel 
is extremely large below the threshold. Further measurements are 
required to determine whether the measurement of the extreme tail 
states have indeed been made under equilibrium conditions.

p Figure 2(a):  The OFET channel surface potential versus 
the gate bias. The blue dots represent the actual data and 
the green line is a cosh-fit of the data. The OFET consists 
of 50-nm-thick Au top-contacts with a 50-µm-wide, 20-nm-
thick CuPC channel on Si-substrate with 300-nm thermal 
oxide. (b) The calculated density of states noting that the 
measured density of the extreme tail states remains subject 
to additional verification. 

p
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Scanning Helium Ion Beam Lithography 
B. Cord, M.K. Mondol, K.K. Berggren, L.A. Stern (Karl Zeiss SMT, Peabody, MA)

Scanning electron beam lithography (SEBL) has been the lead-
ing technology in low-volume, high-resolution nanofabrication 
for over three decades.  Unfortunately inherent limitations of  
the technology, such as electron beam scattering, have made im-
provement in SEBL resolution past the 10-nanometer limit prob-
lematic.  Recent advances in resist contrast enhancement have 
mitigated this somewhat, but reliable patterning of  dense, sub-10-
nm features remains nontrivial on even the most high-end SEBL 
tools.  

One of  the key advantages of  patterning using a helium ion, rath-
er than an electron beam, is the substantial reduction in beam 
scattering as it travels through the resist.  Helium ions, with a 
comparatively higher mass, are affected much less by atomic colli-
sions when traveling through a material and exhibit only minimal 
scattering in normal resist materials.  Figure 1 shows the results of  
a Monte Carlo simulation of  a 50 KeV helium ion beam travel-
ing through a PMMA layer; at a depth of  50 nm (a typical resist 
thickness for many applications), the point-spread function of  the 
beam is only 2 nm wide, narrower than even 100 KeV electron 

beams under similar conditions.  This reduction in beam scatter-
ing should help reduce the proximity effect that makes patterning 
dense, high-resolution features difficult with SEBL.

Experimentation with helium ion beam lithography has recently 
been made possible by the development of  a scanning helium ion 
beam microscope by Alis Corporation [1].  Their commercial-
grade microscope has achieved imaging resolutions on the order 
of  1 nm, making it a promising candidate as a lithography tool.  
Basic experimentation with their lower-resolution “proof-of-con-
cept” system has demonstrated that patterning and successful 
transfer of  features is possible using standard SEBL processes.  
Figure 2 shows a field of  Ti-Au dots patterned with the system 
using a film of  PMMA on silicon and standard metallization and 
liftoff.

While issues such as vibration, pattern generation, and process 
control remain to be addressed, further experimentation with 
helium ion beam lithography may lead to a tool that meets or 
exceeds the performance of  modern SEBL systems.

Figure 1: Simulation of He ion scattering in resist. (a) Result 
of SRIM-based Monte Carlo simulation of ion-scattering for 50 keV 
He ions traveling through 100 nm of PMMA into a Si substrate 
(b) Analysis of the data from (a) showing how the distribution of 
deposited energy widens as a function of resist depth. After 50 nm 
of resist (a practical thickness to work with), the beam width is only 
2 nm.  Note that this model does not take secondary electrons 
generated by the ion beam into account, as the details of the ion-
secondary electron interactions are not yet fully understood.

p Figure 2: Scanning electron micrographs of a field of Ti-
Au dots at two magnifications, fabricated by exposing 90 nm 
PMMA on a Si substrate to a single raster-scan of a helium 
ion beam and performing metal evaporation and liftoff on the 
resulting pattern.  The consistently irregular dot shape in (b) is 
thought to be the result of vibrations in the system.  The large 
square in (a) is a previously-fabricated fiducial mark.

p
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Nodal Optical Lithography: Breaking the Diffraction Limit
D. Winston, A. Chao, K. Rosfjord, S. Kooi, K. Berggren 
Sponsorship: MIT, AFOSR

We propose to use the quantum-optical properties of  materials to 
achieve super-resolution in optical lithography. By using beams 
of  light instead of  electrons, we can avoid substrate damage, use 
more intense fields that can write faster, and write with multiple 
beams simultaneously. By optically gating the photochemistry in 
the resist, we can squeeze the point-spread function of  the resist 
exposure caused by the patterning pulse and thereby achieve sub-
diffraction nanopatterning. 

Resolution improvement in lithographic systems using the opti-
cal field nodes has already been demonstrated using nonlinear 
optical processes in neutral atoms [1]. The process used atoms 
in excited states and then de-excited the atoms before they were 
able to use their absorbed energy to stimulate a reaction. In the 
case of  a photoresist, as was recently proposed [2], the goal is to 
de-excite the photo-initiating species before it can generate free 

radicals (Figure 1) and facilitate polymerization/crosslinking (in 
the case of  negative-tone resist) or chain scission (in the case of  
positive-tone resist).

Arbitrary, dense patterning may be achieved using two synchro-
nized laser pulses, the second of  which is patterned so that it has 
at least one point of  zero intensity, and a negative-tone resist with 
an appropriate photo-initiating species (Figure 2). Because the 
nodes – the points of  zero intensity – in the second pulse deter-
mine the pattern transferred to the resist, we call this technique 
“nodal lithography.” Increasing the intensity of  the second pulse 
will “squeeze” the resulting pattern because even as pulse inten-
sity rises, nodes remain nodes; herein lies the potential for diffrac-
tion-unlimited patterning.

Figure 1: Energy-level diagram that models a few of the 
photophysical transitions, both radiative and radiationless, that 
a fluorescent molecule can undergo upon absorption of light. 
Following absorption, chemical reactions will occur after intersystem 
crossing. Optical de-excitation would induce fluorescence before 
intersystem crossing, thus deactivating the resist and enabling a 
tighter point spread function for higher-contrast features.

p Figure 2: Exposure sequence for nodal lithography with 
a single node: (1) a photolabile (resist) material is put on top 
of a film to be patterned; (2) the resist is excited uniformly, 
rendering it reactive; (3) the resist is selectively quenched by 
a patterned light; (4) the molecules near the node, which were 
not quenched in step (3), react; (5) the substrate is translated 
relative to the radiation and steps (2)-(4) are repeated to form 
an arbitrary pattern; (6) the resulting pattern is developed and 
then transferred to the underlying film using a chemical or 
physical etching process.

p
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High-contrast Salty Development of Hydrogen Silsesquioxane 
J.K.W. Yang, K.K. Berggren  
Sponsorship: MIT

In electron-beam lithography (EBL), the highest resolution one 
can achieve depends primarily on the electron-beam spot size and 
the resist contrast. As the electron-beam spot size is constrained 
by the type of  EBL system used, which is not easily modified, 
the only practical route to improved patterning resolution is to 
use resists with better contrast. Hydrogen silsesquioxane (HSQ) is 
a negative-tone electron resist that allows direct writing of  etch-
resistant silicon oxide nanostructures with low line-edge rough-
ness. However, due to its low contrast, patterning high-resolution, 
densely packed nanostructures in HSQ has been a challenge. Re-
cent efforts to increase the contrast of  hydrogen silsesquioxane 
(HSQ) have focused on developing with more concentrated bases 
[1], and elevating development temperatures [2]. While these 
strong developers improve contrast, they also can cause material 
damage and are thus unsuitable in certain situations: for instance, 
hot or concentrated bases etch Si and hence are not compatible 
with Si processing.

In this work, we instead increased the contrast of  HSQ by adding 
salt (NaCl) to an aqueous NaOH developer. Figure 1 shows con-
trast curves of  HSQ using different amounts of  salt in an aque-
ous solution of  1% wt NaOH. We noticed that the resist con-

trast increased with increasing amount of  salt. For 4% wt NaCl 
in 1% wt NaOH, we demonstrated a contrast value of  10 with 
a 30 kV beam acceleration voltage exposure of  a 120-nm-thick 
resist. This achieved contrast was more than triple those obtained 
from development in tetramethyl ammonium hydroxide (TMAH) 
[1,2]. We also notice that the addition of  NaCl increased resist 
contrast without significant decrease in resist sensitivity. This ef-
fect allows one to achieve higher resolution without increasing 
electron-beam exposure times. 

Finally, we studied the effect of  development with salt on the 
fabrication of  nanostructures. Figure 2 shows an SEM image of  
13-nm-wide HSQ lines in a 30-nm-pitch grating. These gratings 
were formed by single-pass electron exposure of  50-nm-thick 
HSQ on Si at 30 kV acceleration voltage in a Raith 150 EBL 
system, followed by development in an aqueous solution of  1% 
wt NaOH with 4% wt NaCl for 4 mins. The addition of  salt into 
the developer has enabled us to increase our resolution by roughly 
a factor of  three. In addition to enhancing the contrast of  HSQ, 
these experiments could provide an improved understanding of  
the developmental mechanism of  HSQ. 

Figure 1: Plot of remaining HSQ thickness vs. area dose 
for varying amounts of NaCl to aqueous 1% wt NaOH developer. 
Filled markers are data points while solid lines are fitting curves of 
exponential functions.

p Figure 2: An SEM micrograph of 13-nm-wide HSQ lines 
in a 30-nm-pitch grating on Si. Lines were exposed at 30 kV 
acceleration voltage and developed in 4% wt NaCl in 1% wt 
NaOH.

p
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Templated Self-assembly of Sub-10-nm Quantum Dots
J. Leu, B. Cord, P. Anikeeva, M. Bawendi, V. Bulović, K.K. Berggren 
Sponsorship: SRC/FCRP MSD

Patterned templates can guide the self-assembly of  nanoparticles 
into ordered arrays [1]. Our motivation in pursuing templated 
self-assembly is to develop a robust method for the creation of  or-
dered structures at length scales below ten nanometers. The basic 
process entails creating surface relief  templates via electron-beam 
lithography and spin-coating a suspension of  colloidal nanopar-
ticles onto the template. The quantum dots self-assemble primar-
ily through the capillary forces created by the dewetting of  the 
template as the solvent evaporates [2].

We demonstrate this technique at sub-10-nm length scales by 
spin-coating a solution of  organically capped semiconducting 
quantum dots onto nanopatterned grating structures on silicon 
substrates. We observe the geometric confinement of  the quan-
tum dots via physical templating and capillary forces into well-or-
dered monolayer aggregates with defined orientations. Addition-
ally, we observe the presence of  lattice strain in these aggregates, 
indicating the attractive interaction of  the template with the 
quantum dots.

Figure 1: Scanning electron micrograph of a self-assembled 
quantum dot monolayer on a templated silicon substrate. The 
vertical lines are part of a template grating, with 10-nm-wide, 80-
nm-tall Au lines at a pitch of 80 nm. The spheres are organically 
capped 8-nm CdZnS semiconducting quantum dots. Shown 
superimposed on the image is a wire grid indicating the adjacency 
relations of a well-ordered aggregate.

p Figure 2: The averaged center-to-center distances and 
orientation of the quantum dot aggregate highlighted in Figure 
1. The direction of tensile strain is perpendicular to the grating 
lines.

p
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Optical Properties of Superconducting Nanowire Single-photon Detectors
V. Anant, A.J. Kerman, J.K.W. Yang, E.A. Dauler, K.M. Rosfjord, K.K. Berggren 
Sponsorship: AFOSR, Lincoln Laboratory, MIT 

High-efficiency single-photon detection requires careful design of  
the device optics. For superconducting-nanowire single-photon 
detectors (SNSPDs) [1-3], this challenge is amplified by the com-
plexities of  optical propagation in subwavelength structures. We 
have conducted an initial theoretical study of  the optical design 
issues that must be addressed to achieve efficient absorption of  
infrared light by SNSPDs. We found that the absorption depends 
not only on geometrical parameters of  the device, but also on 
the polarization of  the incident photon. We are now testing our 

model by directly measuring the optical absorptance of  SNSPDs 
fabricated at MIT.  We will then feed back the testing results to the 
design process to realize high-efficiency SNSPDs that, by design, 
are either sensitive or insensitive to incident photon polarization. 
This work is sponsored by the United States Air Force under Air 
Force Contract #FA8721-05-C-0002. Opinions, interpretations, 
recommendations and conclusions are those of  the authors and 
are not necessarily endorsed by the United States Government.

Figure 1: Plot of the predicted ratio of parallel to perpendicular 
absorptance by the SNSPD as a function of pitch, p, wire width 
w (given in nm), and fill factor, f=w/p. A maximum sensitivity to 
polarization occurs when the fill factor and wire width are both 
small. We fabricated devices that correspond to points d 1-d5 shown 
on this plot in order to test our model.

p Figure 2: Scanning electron micrograph of device d4, 
where the wire width was 50 nm and pitch was 150 nm.  This 
device was fabricated using processes described in [1] and 
tested using the apparatus described in [2] and [3].

p
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Characterization of Nondegenerate Spontaneous Parametric 
Downconversion Photon-pair Sources Using a Superconducting Nanowire-pair Sources Using a Superconducting Nanowireair Sources Using a Superconducting Nanowire 
Single-photon Detectoringle-photon DetectorDetectoretector
X. Hu, A.J. Kerman, E. Dauler, J.K.W. Yang, A. Vikas, F.N.C. Wong, K.K. Berggren  
Sponsorship: DTO, DARPA, MIT, AFOSR

As a basis of  many quantum information processing applications, 
photon pairs can be generated efficiently by spontaneous para-
metric downconversion (SPDC) in a periodically poled lithium 
niobate (PPLN) crystal.  For instance, pumped by a 532-nm la-
ser source, the PPLN downconverter can efficiently yield non-
degenerate photon pairs, a signal photon at ~800 nm and an 
idler photon at ~1600 nm [1].  To measure the efficiency of  this 
process, we perform signal-idler coincidence measurements (Fig-
ure 1), which require high-efficiency, low dark-count-rate photon 
counters at those two wavelengths.  To detect the signal photon at 
~800 nm, a Si photon counter with efficiency about 50% is com-
mercially available; however, to detect the idler photon at ~1600 
nm, a commercial InGaAs avalanche photodiode (APD) can only 
achieve 20% detection efficiency.

We have instead fabricated a superconducting nanowire single-
photon detector (SNSPD) to count the idler photons.  Compared 
with the InGaAs APD, we have demonstrated that our SNSPD 

can achieve device detection efficiency as high as over 50% at 
near-infrared wavelengths [2]. Furthermore, to minimize the pos-
sible optical coupling loss from fiber to the SNSPD, we have de-
signed an experimental setup to do optical coupling and helium-
immersion SNSPD testing inside a dewar (Figure 2).  We use a 
fiber focuser to shrink the mode size of  the light down to 5-6 µm 
and a nanopositioner to further maximize the overlap of  the opti-
cal mode and the SNSPD.  Our preliminary calculation shows 
that our SNSPD can achieve ~50% system detection efficiency.  

This work is sponsored by the United States Air Force under Air 
Force Contract #FA8721-05-C-0002. Opinions, interpretations, 
recommendations and conclusions are those of  the authors and 
are not necessarily endorsed by the United States Government.
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Figure 1: Schematic for photon-pair generation and the 
signal-idler coincidence measurements. 
p Figure 2: Schematic for helium-immersion testing of testing ofof 

superconducting nanowire single-photon detectors.s.. 
p
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Micropatterning Organic Electronic Device Electrodes by PDMS Lift-off
J. Yu, V. Bulović 
Sponsorship: PECASE, NSF MRSEC

Patterning of  electrodes in organic electronic devices is done pri-
marily by techniques that are limited in resolution and scalability 
or are potentially damaging to the underlying organic material. 
We demonstrate a subtractive stamping technique for patterning 
the top metal electrode of  organic electronic devices.  Pattern-
ing is achieved by placing a relief-patterned polydimethylsilox-
ane (PDMS) stamp in contact with a metal electrode and quickly 
peeling off  the stamp (Figure 1a).  The fast peel rate increases the 
adhesion energy of  the PDMS to the metal electrode, allowing 
the stamp to pick up the metal from the substrate. 

The in-plane roughness of  the patterned straight edge is less than 
1 um (Figure 1b) while the transition region of  the patterned 
abrupt step is less than 0.1 um in width (Figure 1c).  We pattern 
micron-sized features on a glass substrate with an ITO step with 
good yield (Figure 2).  We have shown that for organic light emit-
ting devices, this technique is comparable to the traditional shad-
ow masking technique [1].  This technique can also be applied to 
patterning gold electrodes for organic pentacene transistors.

Figure 1: (a) Demonstration of the subtractive stamping technique. 
A quick release of the PDMS stamp to the substrate is required to lift off 
metal film from substrate surface.  (b) Top view of in-plane roughness 
of patterned edge of organic to metal from AFM (c) AFM height data to 
view transition region of organic to metal edge.

p Figure 2: Optical microscope image of (a) 13-um-wide 
lines patterned from 17-nm-thick Mg:Ag film and (b) 25-um-
diameter circles on 11-nm-thick Mg:Ag film on  top of 50-nm 
Alq3, 50-nm TPD, 40-nm PEDOT, and 80-nm ITO or glass 
substrate. Both images show the technique can work even 
on a step of ITO on a glass substrate.

p
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Microcontact Printing of Quantum-dot LEDs Using an Inkjet-assisted 
Patterning Method
J. Yu, J. Chen, H. Huang, M. Bawendi, V. Bulović 
Sponsorship: PECASE, NSF MRSEC, Hewlett-Packard

Colloidal quantum dots (QDs) with tunable emission wavelength, 
narrow emission band and efficient luminescence have been in-
corporated into OLEDs and used as lumophores in the QD-LED 
structure. In the past, the favored method of  QD deposition has 
included a spin-coating step that does not utilize most of  the QD 
material [1-2]. We propose an alternative method that directly 
patterns the QD layers on a stamp by inkjet printing and is sub-
sequently transferred onto organic material via microcontact 
printing (Figure 1a).  This technique allows patterning of  the QD 
material and drastically improves material usage in fabrication 
of  QD-LEDs and other optoelectronic devices that utilize QD 
thin films.

With a thermal inkjet printer from Hewlett Packard, we pattern 
QDs onto a polydimethylsiloxane (PDMS) stamp with a feature 
size of  50µm. Interaction between the QD solution and the stamp 

surface plays an important role in the formation of  the inkjet 
printed QD patterns. Coating the stamp with a layer of  parylene 
allows for better drying properties of  the ink on the stamp (Figure 
1b).  The QD patterns have been transfer stamped onto organic 
hole transport layers (Figure 2a).  The QD-LED structure is com-
pleted by subsequent deposition of  a hole blocking layer, electron 
transport layer, and electrode, and electroluminescence images of  
QD-LEDs are shown in Figure 2b and c.

Figure 1: (a) Inkjet printed quantum-dot technique (b) 
Photoluminescence of quantum-dot drop on different stamp 
surfaces. 

p Figure 2: (a) Photoluminescence of inkjet printed red 
quantum dots transfer printed from parylene coated PDMS 
stamp to TPD. (b) and  (c) Electroluminescence from an inkjet-
assisted patterned QD-LED.

p
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Electronic and Excitonic Processes in Quantum Dot LEDs
P.O. Anikeeva, C.F. Madigan, J.E. Halpert, M.G. Bawendi, V. Bulović 
Sponsorship: ISN, NSF MRSEC, PECASE

Hybrid light emitting devices (LEDs) based on organic charge 
transporting materials and emissive colloidal quantum dot mono-
layers have demonstrated superior color purity and high external 
quantum efficiency close to that of  organic LEDs (OLEDs) [1], 
making them a technology that can potentially replace OLEDs in 
flat panel displays. While fabrication methods for QD-LEDs have 
been extensively studied over the past several years, the mecha-
nisms of  QD-LED operation still present a significant scientific 
challenge. Understanding the excitonic and electronic processes 
in QD-LEDs is crucial to efficient device design.

We investigate the mechanism of  operation of  the hybrid organ-
ic/colloidal quantum dot (QD) light emitting devices (QD-LEDs). 
By varying the position of  the emitting QD monolayer within the 
stacked organic structure, we find that the quantum efficiency of  
the device improves by >50% upon imbedding the emissive QD 

monolayer into the hole-transporting layer <10 nm below the in-
terface between hole and electron transporting layers. We analyze 
these results in the context of  two different mechanisms for QD 
light emission: the charge injection model and the exciton energy 
transfer model. We find that maximizing energy transfer contri-
bution to QD luminescence improves QD-LED performance, 
primarily due to inefficiencies arising from charged QDs.

Figure 1: Schematic diagram of the charge injection and energy 
transfer from organic charge transporting layers to a monolayer of 
colloidal CdSe/ZnS core-shell QDs.

p Figure 2:  External quantum efficiency curves are shown 
for six devices displayed in the inset. The highest EQE of 2.3% 
corresponds to the device 2, in which a QD monolayer is 
imbedded 10 nm into TPD layer below the TPD/Alq3 interface.

p
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Förster Energy Transfer from Fluorescent and Phosphorescent Organic 
Small Molecules to J-aggregate Thin Films
Y. Shirasaki, P.O. Anikeeva, J.R. Tischler, M.S. Bradley, V. Bulović 
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Due to their extremely narrow absorption spectra and high peak 
absorption constant (α~1.0x10

6 
cm

-1
), J-aggregated thin films 

composed of  the anionic cyanine dye TDBC electrostatically ad-
sorbed to the cationic polyelectrolyte PDAC (poly diallyldimeth-
ylammonium chloride) present an interesting material for thin 
film opto-electronic devices.  For example, J-aggregated film was 
successfully incorporated into a microcavity light-emitting device 
(LED) to produce strongly coupled states of  light and matter [1].  
Its strong dipole also enables us to consider its application as an 
efficient light-harvesting material that can transfer energy to oth-
er materials of  interest, such as quantum dots.

As an initial step in this research, we study Förster resonance en-
ergy transfer (FRET) from fluorescent (Alq3) and phosphorescent 
(Ir(ppy)3) donors to the J-aggregated films. The two donor materi-
als were chosen for the large overlap between their emission spec-
tra and J-aggregate absorption spectrum, allowing for efficient 
long range (~10nm) FRET. In order to find a Förster radius and 

potentially a magnitude of  the J-aggregate transition dipole, an 
organic spacer layer of  high bandgap material (TAZ) with vary-
ing thickness of  0-15 nm with 3 nm increments is deposited be-
tween the acceptor and donor films.  The donor films are excited 
with a 400-nm pulsed laser and the total photon emission from 
the films is measured using a streak camera as shown in Figure 1.  
Figure 2 shows the J-aggregate photoluminescence decay times 
changing with respect to the distance to the donor film, indicating 
an efficient FRET.

Figure 1:  Streak camera pictures of photon emission from 
films with the J-aggregate (acceptor) and Alq3 (donor) layers with 
varying spacer layer thickness d in between.

p Figure 2:  Time-resolved PL measurements of J-aggregate 
emission from films with Alq3 as the donor material.  The spacer 
layer thicknesses between the donor and the acceptor layers 
vary from 0-15 nm with 3 nm increments.

p
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Combined Impact of Field and Carrier Concentration on Charge- carrier 
Mobilities in Amorphous Organic Thin Films
C. Madigan, V. Bulović 

We report Monte Carlo (MC) simulations of  charge-carrier trans-
port in amorphous organic solids and provide the first calculations 
of  the field-dependent charge-carrier mobility in the presence of  
elevated carrier concentrations in energetically disordered solids.  
We utilize the Miller-Abrahams field-assisted hopping rate [1] to 
perform mobility calculations over a range of  carrier concentra-
tions, electric fields and energy disorders typically encountered 
in organic electronic devices.  We find that charge accumulation 
in energetically disordered solids increases the mobility, with the 

strongest effects at the lowest applied fields and the highest energy 
disorders.  We show that the Poole-Frenkel regime [2-3] persists 
at elevated carrier concentrations.  However, comparison of  our 
MC calculations shows that existing analytic theory of  charge 
transport in amorphous solids [4] inadequately accounts for im-
pact of  carrier concentration on charge transport as it neglects 
hopping cycles and improperly uses Fermi statistics under non-
equilibrium conditions.

Figure 1: Equilibrium mobility as a function of field and carrier 
concentration, n, subject to two Gaussian disorder models (GDM 
and CDM) for σ = [2-4] kBT. 

p Figure 2: Comparison of equilibrium mobility as computed 
by MC calculations and existing analytic theory [4] for the GDM 
with σ = 3 kBT.

p
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Ambient Environmental Patterning of Organic Thin Films by a Second-
generation Molecular Jet (MoJet) Printer
J. Chen, V. Leblanc, P. Mardilovich, M.A. Schmidt, V. Bulović 
Sponsorship: Hewlett-Packard

Organic light emitting device (OLED) technology for use in flattechnology for use in flatin flat 
panel display (FPD) applications would benefit greatly from the applications would benefit greatly from thegreatly from thefrom thethe 
development of  a reliable, repeatable, additive patterning tech-patterning tech- tech-
nique of forming organic electroluminescent (EL) thin films.of  forming organic electroluminescent (EL) thin films.forming organic electroluminescent (EL) thin films.electroluminescent (EL) thin films.thin films.. 
We previously demonstrated that the first-generation molecular-generation moleculargeneration molecularmolecular 
jet (MoJet-I) printing technique is superior to the two industrial (MoJet-I) printing technique is superior to the two industrialsuperior to the two industrial to the two industrial 
mainstream methods to pattern the EL layers, namely shadow-layers, namely shadow-, namely shadow--
masking patterning for molecular organics and InkJet printing fororganics and InkJet printing for and InkJet printing forprinting forfor 
polymeric materials [1-2]. We present here the concept and ap-materials [1-2]. We present here the concept and ap-2]. We present here the concept and ap- We present here the concept and ap-here the concept and ap-the concept and ap-
plication of  the second generation (MoJet-II) printing technique.second generation (MoJet-II) printing technique.(MoJet-II) printing technique.-II) printing technique.) printing technique. 
Using an improved silicon MEMS printhead, we demonstratean improved silicon MEMS printhead, we demonstrate improved silicon MEMS printhead, we demonstrateimproved silicon MEMS printhead, we demonstrate, we demonstrate 
the feasibility of  ambient environmental patterning of molecu-patterning of molecu-ing of molecu- molecu-
lar organic EL thin films directly by local evaporative deposition.EL thin films directly by local evaporative deposition. thin films directly by local evaporative deposition. 
Three stages are involved in the printing process. In the first stage, 
thermal InkJet printing technology is used to dispense ink dropsispense ink drops ink drops 
into a micro-machined silicon membrane consisting of an arrayto a micro-machined silicon membrane consisting of  an array 

of  8 by 8 micro-pores and an integrated heater. Once the pores8 by 8 micro-pores and an integrated heater. Once the porespores and an integrated heater. Once the porespores 
are filled, in the second stage, a small current is passed throughfilled, in the second stage, a small current is passed through, a small current is passed through a small current is passed through 
the heater to completely drive off  solvent from the micro-pores. 
In the final stage, a pulsed current of  larger magnitude is applied 
to heat up the pores to a temperature sufficient to discharge the 
dry ink materials out of  the pores and form molecular flux. The 
flux is then condensed onto a nearby substrate, forming desig-condensed onto a nearby substrate, forming desig- onto a nearby substrate, forming desig-ing desig- desig-
nated thin-film EL patterns.EL patterns.patterns. 

MoJet printing combines the advantages of  the film purity of  
thermally evaporated films with the flexibility of  direct patterning 
to enable "flux on demand" deposition of  molecular organic thin 
films with scalability over arbitrary form/size substrates. Suchs with scalability over arbitrary form/size substrates. Such with scalability over arbitrary form/size substrates. Such 
ambient environmental patterning can enable high-quality, low-can enable high-quality, low-
cost, on-demand digital fabrication of  organic devices [3]. [3]..

Figure 1:  (a) Schematic diagram of MoJet-II 3-step(a) Schematic diagram of MoJet-II 3-stepSchematic diagram of MoJet-II 3-stepMoJet-II 3-step 
deposition; (b) MoJet-II printhead; (c) Photoluminescent (PL) 
image of printhead micro-pores filled with ink; (d) Empty pores 
after printing, ready for the next round of receiving ink..

p Figure 2:  MoJet-II printing results (a) in comparison withMoJet-II printing results (a) in comparison with 
the inkjet printing results (b) with identical ink composition; (c) 
Individual OLED pixel reveals improved thickness uniformity underimproved thickness uniformity under thickness uniformity under 
PL excitation; (d) example of the final printed pattern annealed by 
excessive solvent..

p
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Heterojunction Photovoltaics Using Printed Colloidal Quantum Dots as a 
Photosensitive Layer 
A.C. Arango, D.C. Oertel, M.G. Bawendi, V. Bulović 
Sponsorship: ISN

Colloidal quantum dot (QD) systems offer distinct optical and 
electronic properties that are not easily attained by other nano-
structured semiconductors, such as highly saturated emission in 
QD light-emitting-diodes, access to infrared radiation in QD 
photodetectors, and the prospect of  optically optimized solar cell 
structures.  The prevailing deposition method for colloidal QD 
systems is spin casting, which introduces limitations such as solvent 
incompatibility with underlying films and the inability to pattern 
side-by-side pixels for multispectral photodetector arrays.  In the 
present work we employ a non-destructive microcontact printing 
method, which allows for deposition of  a thin quantum dot films 
onto a wide-band-gap organic hole transport layer, N,N’-bis-(3-
methylphenyl)-N,N’-bis-(phenyl)-benzidine (TPD), thus produc-
ing an inorganic/organic heterojunction that serves to enhance 

charge separation in the device. The top and bottom contacts are 
provided by ITO electrodes, allowing for near transparency.

We observe a photocurrent spectrum that follows the QD absorp-
tion profile. The magnitude of  the quantum efficiency is low, due 
in part to minimal absorption and also to excess charge transport 
losses in the CdSe layer.  We achieve a maximum short circuit 
current density at a QD film thickness corresponding to 3% ab-
sorption.  By changing the size and material properties of  the 
QDs, the response spectrum of  the device can be tuned across 
visible and near infra-red.  The present focus is on improving 
the device’s performance and optimizing the photodetection re-
sponse in the 1µm to 2µm wavelength region by utilizing different 
QD film chemistries.

Figure 1: Plot of the quantum efficiency and absorption 
versus incident photon energy and wavelength.  The absorption 
is determined by measuring the transmission and reflection of the 
entire device stack.  The internal quantum efficiency at the first 
absorption peak is 16%..

p Figure 2:  Plot of the short circuit current, open circuit voltage 
and fill factor (FF) for devices where the QD layer thickness is 
varied from greater than six monolayers (13% absorption) to 
less than complete surface coverage (1% absorption).  Lines 
are guides to the eye.

p
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Transmission and Flux Due to Surface Phonon-Polaritons
D.-Z. A. Chen, A. Narayanaswamy, X. Chen, G. Chen (in coll. with R. Hamam, M. Soljačić, J.D. Joannopoulos) 
Sponsorship: DOE, MURI (through UC Berkeley)

Surface phonon-polaritons are electromagnetic surface waves 
that are present in dielectrics with a negative permittivity. These 
near-field modes lead to interesting far-field phenomena such as 
extraordinary optical transmission through sub-wavelength holes. 
Although light propagation is classically cut-off  by the holes, 
experimental Fourier transform infra-red measurements of  the 
transmission through the perforated film show that significant 
transmission still occurs [1]. As shown in Figure 1, the enhanced 
transmission occurs only for certain frequency ranges. Further-
more, these frequencies correspond exactly with where surface 
phonon-polaritons are found and are also confirmed by finite-dif-
ference time-domain simulations.

The in-plane thermal conductivity due to surface phonon-polari-
tons has also been examined. The in-plane energy transfer due 
to these surface polaritons is modeled as a diffusive process in an 
absorbing medium. Due to the well-known very long propaga-
tion length of  the anti-symmetric mode, it was found that the 
surface polaritons can make a significant contribution to the ef-
fective thermal conductivity along thin films. In particular, for a 
50-nm-thick film of  amorphous silicon dioxide, the total thermal 
conductivity was calculated to be 4 W m-1 K-1 at 500K, which is 
an increase of  ~100% over the intrinsic phonon thermal conduc-
tivity [2], as shown in Figure 2.
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Figure 1: Transmission through silicon dioxide films perforated 
with 2-µm holes normalized to the transmission through a solid 
film. (a) The experimentally measured transmission spectra. The 
inset shows a scanning electron micrograph of the actual sample. 
(b) FDTD simulation results for the same structures. The inset 
shows a schematic of the computational cell for the structure 
with a 4-µm period.

p Figure 2: Amorphous silicon dioxide (glass) thermal 
conductivity due to phonons and surface phonon-polaritons as a 
function of film thickness at 500 K.

p
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High-throughput, Continuous-flow Separation of Biomolecules in a High-
aspect-ratio Nanofilter Array
P. Mao, J. Han 
Sponsorship: KIST IMC, NSF

We have developed a novel fabrication ap-a novel fabrication ap-ovel fabrication ap- fabrication ap-ap-
proach to generate massively-parallel, high-
aspect-ratio vertical nanofluidic channels 
with smooth, vertical sidewalls and precise 
control of  uniform gap sizes (lateral trench 
width) down to 50 nm (Figure 1) [1]. The 
aspect ratio can be as high as 400 and the 
channel depths are more than 20 µm. This 
technique enables us to fabricate a large area 
of  solid membrane structures with well-de-
fined pore size and geometries, which can 
be very useful for membrane-based ap-
plication such as filtration, separation and 
fuel cells. Also, using such systems as mo-
lecular sieving filters, we demonstrated ef-
ficient continuous-flow size-fractionation 
of  large DNA molecules in a two-dimen-
sional (2D) vertical nanofilter array device 
fabricated by this method (Figure 2). Our 
device allows much higher sample volume 
processing rate (1µL/hour), compared with 
the planar nanofilter array chip previously 
reported [2]. We believe that these devices 
could be a key to the efficient proteomic 
sample preparation microsystems as well as 
useful in purifying and separating various 
bioparticles and nanoparticles.

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, 200 nm, and 30 nm.

p

Figure 2:  Bidirectional transport of molecules (top view) and fluorescence 
micrographs of continuous fractionation of the mixture of λ-DNA and λ-DNA Hind III 
digest in 2D vertical nanofilter array device. Electrical fields in both horizontal and 
longitudinal directions are applied over the sieving matrix. The gap sizes (widths) of 
horizontal and longitudinal channels are around 100 nm and 500 nm, respectively.

p
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Transplanting Assembly of Single-strand Carbon Nanotubes
S. Kim, H.W. Lee, S.G. Kim 
Sponsorship: Intelligent Microsystems Center

Most of  the potential applications of  carbon nanotubes (CNTs) 
such as field emitters, scanning probe microscopy (SPM) tips, and 
nanowire interconnection require deterministic assembly tech-
niques with control of  shape (diameter and length), orientation, 
location, and range. We are developing a new deterministic as-
sembly method for single strand CNTs such that the individual 
CNTs can be integrated into micro-scale devices. For this pur- into micro-scale devices. For this pur-into micro-scale devices. For this pur-
pose, we propose and demonstrate a concept of  transplanting as-
sembly of  individual CNTs. An array of  nickel catalytic dots is 
seeded at the predefined locations on a titanium deposited silicon 
wafer using electron beam lithography followed by a metal liftoff  
process. An array of  vertically aligned CNTs is grown from the 

Ni catalysts (Figure 1) using plasma enhanced chemical vapor de-
position (PECVD) machine developed by Micro & Nano Systems 
Laboratory of  MIT [1-2]. Each single strand CNT is embedded strand CNT is embeddedstrand CNT is embedded 
into polymer blocks, which work as CNT carriers. A 1.5-µm-thick 
positive photoresist is coated on the silicon wafer before 20-µm- before 20-µm-before 20-µm-
thick negative photoresist (SU8 of  MicroChem Corp.) is coated 
on top of it. The SU8 layer is patterned into cylindrical blocks. it. The SU8 layer is patterned into cylindrical blocks.it.  The SU8 layer is patterned into cylindrical blocks. 
Finally, each SU8 block encapsulating one single-strand CNT 
is released by removing the positive photoresist layer (Figure 2). 
Each released SU-8 block can be transplanted to the location of can be transplanted to the location ofcan be transplanted to the location of  
interest using the assembly methods readily available at the micro 
scales.

Figure 1: An array of vertically aligned single strand CNTs. 
CNTs were grown straight on the seeded area, and the enlarged 
view shows that each CNT has a uniform diameter from the top to 
the bottom.

p Figure 2: An SU8 block with a single CNT on one side. The 
length of the extruded CNT is 1.5µm, and this is the same as 
the thickness of the positive photoresist layer.

p
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Growth Mechanisms of Horizontally Aligned Carbon Nanotubes by CVD
A. Reina, M. Hofmann, D. Zhu, J. Kong 
Sponsorship: SRC/FCRP IFC, Intel Higher Education Program

The selective production of  long, horizontally aligned carbon 
nanotubes (>1mm) or short, randomly oriented carbon nano-
tubes (<50μm) was achieved in a chemical vapor deposition 
process by influencing the catalyst pretreatment and reaction 
conditions. A detailed investigation was undertaken to elucidate 
the mechanism yielding the two different morphologies. It was 
found that the duration of  the catalytic growth of  a nanotube 
plays a vital role; i.e., the actual growth period of  long nanotubes 
is significantly higher (up to 15 minutes or more) compared to 

short nanotubes (10 seconds or less). Alignment with the gas flow 
occurs only when a nanotube reaches a critical length, which 
suggests that short growth durations limit not only the length of  
CNTs but also their alignment with the gas flow. Furthermore, it 
is concluded that differences in the nanoparticle’s catalytic life-
time is the most probable factor determining the extension of  
growth duration and lengths to obtain long, horizontally aligned 
CNTs. This work represents a step forward towards the integra-
tion of  CNTs in electronic applications.

Figure 1: An SEM micrograph of short, randomly aligned 
carbon nanotubes.
p Figure 2: An SEM micrograph of long, gas-flow-aligned 

carbon nanotubes.
p
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Templated Assembly by Selective Removal
M. Hyers, F. Eid, C. Livermore  
Sponsorship: NSF Career Award, Pappalardo Fellowship, NSF Graduate Research Fellowship

Templated assembly by selective removal (TASR) is an effective 
technique for site-selective multi-component assembly at the 
nano- and micro-scales.  In this project, the TASR approach has 
been created and quantitatively modeled; work to expand the 
technology and demonstrate practical applications is now under-
way.  The TASR approach offers great promise for assembling 
arbitrary (not necessarily periodic) systems of  multiple different 
types of  nanoscale components, such as electronics and biological 
or chemical sensing devices.  It also offers a path to a new kind of  
shape and size selective chromatography.

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 re-
moved by fluid force, which is initiated by the high-frequency ul-
trasound.  The fluid forces create a moment that rolls components 
from mismatched holes.  Components in shape-matched sites are 
selectively retained because the adhesive forces create a stronger 

moment that retains components in matching holes.  Figure 1 is 
an optical micrograph showing the successful assembly of  600-
nm- and 2-mm-diameter silica microspheres into designated sites 
on the substrate.  The TASR approach has been demonstrated 
for component sizes down to about 400 nm and with a variety 
of  excitation and interaction strengths.  Figure 2 shows how the 
assembly yield (the ratio of  the number of  filled sites to the total 
number of  sites) varies with the ratio of  the retention moment to 
the removal moment.

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.  The TASR method allows the organiz-
ing information to be stored in the template initially and permits 
components that may not be compatible with top-down manu-
facturing techniques to be added to the system later, with high 
positional precision.  Present work is focused on the creation of  
improved models based on molecular dynamics simulations, ex-
tension of  TASR to smaller size scales and a diverse set of  com-
ponent shapes and materials, and improved template fabrication 
techniques, with the goal of  demonstrating practical applications 
enabled by the TASR approach.
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Figure 1: Optical micrograph of a template with assembled 
spheres of two different sizes.
p Figure 2: Plot of yield versus retention to removal 

moment ratio for the simultaneous assembly of 636-nm- and 
2-µm-diameter spheres with various excitation and interaction 
strengths. The plot shows the actual data points and the fitted 
curves for the cases of minimum, nominal, and maximum 
moment ratios.
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Templated Self-assembly of Block Copolymers for NanolithographyBlock Copolymers for NanolithographyCopolymers for Nanolithography
C.A. Ross, H.I. Smith, F. Ilievski, V. Chuang, Y.S. Jung  
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By combining “bottom-up” self-assembly with “top-down” pat-
terned templates, templated self-assembly can provide many ad-
vantages in nanofabrication methods. 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 [1]. 
Previously, sphere-forming polystyrene-b-ferrocenyldimethylsi-
lane (PS-PFS) diblock copolymers were successfully aligned in 2-
D [2] or 3-D [3] templates. On the one hand, with the purpose ofOn the one hand, with the purpose ofith the purpose of  
fabricating arrays of  magnetic nanosized dots, we are working on 
templating the block copolymers in a removable template. These 
arrays are a potential candidate for magnetic hard-drive media, 
but the flexibility of  the technique allows it to be extended to 
the fabrication of  other devices such as plasmon waveguides or 
biomedical devices. On the other hand, cylindrical morphology 
of  block copolymers can be used for defining nanoscale line pat-
terns. Poly(styrene-b-dimethylsiloxane) (PS-PDMS) diblock copo-
lymers have a large interaction parameter between two blocks, 
which is desirable for long-range ordering [4]. The high density [4]. The high density. The high density 
of  Si in the backbone of  PDMS provides extremely high etch 
contrast between the two blocks when it is treated in an oxygen it is treated in an oxygen treated in an oxygen 
plasma, which is advantageous for pattern transfer into underly-
ing materials. The cylinders can be oriented  either parallel (Fig-
ure 1) or perpendicular (Figure 2) to the template by controlling 
mesa width and solvent vapor pressure. Beyond rather limited 
morphologies of  diblock copolymers, an appropriate combina-
tion of  block sequence, interaction parameter of  the adjacent 
blocks, volume fraction, and molecular weights of  ABC triblock 
polymer thin films provides a diversity of  new structures. For ex-
ample, a concentric cylinder forming triblock polymer thin films 
can be used as a lithographic mask for patterning a magnetic film 
into rings via an etching process. As shown in  Figure 3, a con-
centric forming PB-PS-PMMA is vertically oriented after solvent 
annealing.

Figure 1: Parallel cylinders from PS-PDMS diblockure 1: Parallel cylinders from PS-PDMS diblock1: Parallel cylinders from PS-PDMS diblock: Parallel cylinders from PS-PDMS diblock Parallel cylinders from PS-PDMS diblockParallel cylinders from PS-PDMS diblockarallel cylinders from PS-PDMS diblock from PS-PDMS diblock 
copolymers on trench substrates. on trench substrates.
p

Figure 2: Perpendicular cylinders from PS-PDMS diblockure 2: Perpendicular cylinders from PS-PDMS diblock Perpendicular cylinders from PS-PDMS diblockPerpendicular cylinders from PS-PDMS diblock cylinders from PS-PDMS diblock from PS-PDMS diblock 
copolymers on trench substrates. on trench substrates.  
p

Figure 3: Vertically oriented hollow cylinders of PS.  The 
PMMA at the center of the cylinders and PB matrix are partly 
removed.

p
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Scanning Beam Interference Lithography
M. Ahn, C.-H. Chang, R. Heilmann, 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 gen-
erally 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 pho-
tonic 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 tech-
nology 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 

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 that will allow 
rapid variation and control of  grating pitch and fringe orienta-
tion, which will enable a new mode of  operation of  the Nanor-
uler that we call variable-period SBIL.

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.

p Figure 2:  A 300-mm-diameter silicon wafer patterned 
with a 400-nm-period grating by the Nanoruler.  The grating 
is diffracting light from the overhead fluorescent bulbs.

p
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Manufacturing of  future nanodevices and systems will require 
accurate means to pattern, assemble, image and measure nano-
structures.  Unfortunately, the current state-of-the-art of  dimen-
sional metrology, based on the laser interferometer, is grossly 
inadequate for these tasks.  While interferometers can be very 
precise when used in carefully-controlled conditions, they typi-
cally have an accuracy measured in microns rather than nano-
meters.  Achieving high accuracy requires extraordinarily tight 
control of  the environment and thus high cost.  Manufacturing 
at the nanoscale will require new technology for dimensional me-
trology that 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 accura-
cy.  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 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 to-
day.  Improved dimensional accuracy at the nano-to-picometer 
scale will have a large impact in many nanotechnology disciplines 
including semiconductor manufacturing, integrated optics, preci-
sion 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 grat-
ings.  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 is undergoing extensive 
refurbishment and improvements designed to boost interferom-
eter accuracy.

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.

p Figure 2: Photograph of reference block/sample holder for 
the Sub-atomic Measuring Machine at the University of North 
Carolina at Charlotte.

p
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Nanofabricated Reflection and Transmission Gratings
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Diffraction gratings and other periodic patterns have long been 
important tools in research and manufacturing.  Diffraction oc-
curs due to the coherent superposition of  waves—a phenomenon 
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, op-
tical communications, semiconductor manufacturing, and nano-
technology research in nanophotonics, nanomagnetics and nano-
biology.
The performance of  a grating is critically dependant on the ge-
ometry of  individual grating lines.  Lines can have rectangular, 
triangular or other geometries, depending on the application.  
High efficiency requires control of  the geometric parameters that 
define individual lines (e.g., width, height, smoothness, sidewall 
angle, etc.) 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  fabricat-
ing gratings, such as diamond tip ruling, electron and laser beam 
scanning, or holography, generally result in gratings that fall far 
below theoretical performance limits due to imperfections in the 
grating line geometry.  The main goal of  our research is to de-
velop 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 perfor-
mance 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 Lithogra-
phy 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].  
Figure 1 depicts a gold wire-grid transmission grating designed 
for filtering deep-UV radiation for atom telescopes, while Figure 
2 depicts a nano-imprinted saw-tooth reflection grating for x-ray 
spectroscopy.

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.

p

Figure 2:  An AFM image 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 an 
RMS surface roughness of <0.2 nm.

p
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Microscale Single-Chamber Solid Oxide Fuel Cell Stacks
E.J. Crumlin, G.J. la O’, Y. Shao-Horn 
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Solid oxide fuel cells (SOFCs) are electrochemical conversion 
devices that convert various fuel sources directly into electrical 
energy at temperatures ranging from 600 to 1000°C.  These high 
temperatures could potentially allow the direct use of  various hy-
drocarbon fuel sources and hydrogen, without the need for ex-
pensive noble metal catalyst.  Conventional SOFCs are designed 
in a two-chamber system, separating the fuel and oxidant flow 
to the anode and cathode, respectively. However, fuel cell manu-
facturing cost and robustness has proven to be the main chal-
lenge to rapid commercialization. A promising alternate method 
to achieve these requirements and to open up new architecture 
designs for the SOFC is the single-chamber solid oxide fuel cell 
(SC-SOFC). The SC-SOFC avoids many of  manufacturing chal-
lenges associated with conventional SOFCs and has shown opti-
mal performance between 500 and 800°C. Figure 1 demonstrates 
how a SC-SOFC operates.  This device reduces the need for high 
temperature sealing and a complicated manifold structure; how-
ever, it also reduces the partial pressure of  the gases at the elec-
trodes, which reduces the theoretical obtainable voltage.

The architecture of  a SC-SOFCs allows for entire fuel cells to be 
manufactured with a micro-size scale.  Figure 2 shows the manu-
facturing processes to create micro SC-SOFCs.  After successfully 
fabricating these micro SC-SOFCs, the fuel cells are tested in a 
microprobe station with a custom gas chamber enclosure.  Cur-
rent micro SC-SOFCs using Au and Pt electrodes are among the 
smallest created and obtain an OCV of  0.4V and a power den-
sity of  approximately 0.03mW/cm2.  The OCV is comparable to 
previous studies[1]; however, the power is much lower due to the 
non-porous electrodes and thin electrolyte layers.

Future research will involve characterizing micro SC-SOFCs to 
understand the fundamental reaction mechanisms, electrode ma-
terials, and architectures to obtain dense, high performing stacks 
of  micro SC-SOFCs.

Figure 1: The diagram depicts how a SC-SOFC works; the 
kinetic reactions are driven by the selective reactions that occur 
at each electrode.  The cathode will selectively reduce oxygen 
to form an oxygen anion, which traverses the electrolyte to the 
anode.  The anode selectively breaks down the fuel into hydrogen 
atoms, which lose an electron (to flow through the electrical circuit 
providing electrical power then to the cathode to create the oxygen 
anions) to form a proton that combines with the oxygen anion from 
the cathode, thus creating water molecules and completing the 
electrochemical reaction.

p Figure 2: This schematic depicts the fabrication steps 
used to produce micro-sized SC-SOFCs: (1) a silicon wafer is 
used as the SC-SOFC support; (2) a spin-coating of negative 
photoresist is applied; (3) photo-mask with electrolyte features; 
(4) 8YSZ is deposited by sputtering for 2 hours; (5) excess 
8YSZ is lifted off by removing the resist with a photoresist 
stripper, leaving the desired electrolyte features; (6) photoresist 
is applied; (7) photo-mask with the first electrode features is 
exposed; (8) Au is deposited via sputtering; (9) excess Au is 
lifted off; (10) photoresist; is applied (11) photo-mask with the 
second electrode features is exposed; (12) Pt is deposited via 
sputtering; (13) excess Pt is lifted off, completing the micro 
SC-SOFC.

p
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Spatial-phase-locked Electron-beam Lithography 
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Our research in spatial-phase-locked electron-beam lithography 
(SPLEBL) is conducted in collaboration with the University of  
Kentucky.  It is aimed at reducing pattern-placement errors in 
electron-beam-lithography systems to the sub-1 nm level.  Such 
high precision is essential for certain applications in photonics 
and nanoscale science and engineering. The SPLEBL is currently 
the only approach capable of  achieving such pattern-placement 
accuracy.  As shown in Figure 1, SPLEBL uses a periodic signal, 
derived from the interaction of  the scanning e-beam with a fidu-
cial grid placed directly on the substrate, to continuously track 
the position of  the beam while patterns are being written. The 
SPLEBL senses any deviation of  the beam from its intended loca-
tion on the substrate  and feeds corrections  to the beam-control 
electronics to cancel beam-position errors.  In this manner, the 
locations of  patterns are directly registered to the fiducial grid on 
the substrate.

The research effort at MIT is now focused on developing the ma-
terials and processes for producing the fiducial grid, with the ob-
jectives of  maximizing the signal-to-noise of  the secondary-elec-
tron signal derived from the grid; minimizing electron scattering 
from the grid, which would be deleterious to precision lithogra-
phy; maximizing the area and absolute accuracy of  the grid; and 
minimizing the cost and inconvenience of  producing the grid on 
substrates of  interest.  We have determined that signal levels are 
maximized when the grid is formed from nanoparticles.  Substrates 
have been patterned with in-situ Faraday cups to make accurate 
measurements of  signal to noise for a wide variety of  nanoparti-
cle types.  To minimize electron scattering, the nanoparticles must 
be composed of  low-atomic-number materials.  Fullerenes may 
be the optimal nanoparticle, but achieving uniform thickness of  
layers and attaching the fullerenes along the grid lines represents 
a challenge of  attachment chemistry.  Scanning-beam interfer-
ence lithography will be used to produce master grids.  A special 
form of  imprint lithography that maintains long-range spatial-
phase coherence will be used to transfer attachment-chemistry 
grid patterns onto substrates of  interest.  The research effort at 
the University of  Kentucky is focused on processing of  the signal 
from the grid. Specifically, new approaches are being developed 
that enable spatial-phase locking while writing in a vector-scan 
mode.  Previous approaches utilized only the raster-scan mode.
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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.

p
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Optical projection lithography (OPL) has been the key enabler 
of  the continued improvements in performance of  silicon inte-
grated electronics. Modern OPL systems are designed for both 
high resolution and high-volume production, resulting  in capital 
costs of  tens of  millions of  dollars for OPL systems and putting 
them out of  reach for applications other than high-volume pro-
duction. Moreover, to achieve high resolution, various resolution-
enhancement and proximity-effect-correction techniques must be 
employed. These, in turn, make the cost of  masks prohibitive for 
low-volume production and for research. To address this dilemma, 
the NanoStructures Lab has for several years been developing an 
entirely new approach to OPL, depicted in Figure 1, called zone-
plate-array lithography (ZPAL)[1].  No mask is required and writ-

ing is done in a dot-matrix fashion, which makes proximity-effect 
correction orders-of-magnitude simpler computationally. 

In ZPAL the array of  beamlets is created by an array of  high-nu-
merical 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]. Figure 2 shows the roadmap for continued improvement 
in resolution. 

Figure 1: Schematic of zone-plate-array lithography (ZPAL). 
Light from a CW laser illuminates a spatial-light modulator (SLM), 
which redirects the light to an array of phase zone plates. These 
zone plates, in turn, focus the light to diffraction-limited spots on 
axis, with 40% efficiency.  Each pixel of the SLM addresses one 
zone plate of the array and adjusts the intensity from zero to the 
maximum in a quasi-continuous manner.  By moving the stage 
and adjusting the intensity of each focal spot under computer 
control patterns of arbitrary geometry are created  in a dot-matrix 
fashion.

p Figure 2: Roadmap for extending ZPAL to the 22 nm 
node.  The micrographs show experimental results for λ = 
400 nm. The side plot is a simulation of result expected with 
Absorbance Modulation Optical Lithography (AMOL) using 
existing photochromic materials. AMOL is a recent invention 
at MIT[3][4].

p
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Interference lithography (IL) uses the interference of  2 or more 
coherent light beams to produce periodic structures, such as grat-
ings and grids.  Typically, light from a laser is divided and recom-
bined, forming a periodic intensity pattern that can be recorded 
in a photosensitive film (resist) on a substrate.  The NanoStruc-
tures Lab (NSL) has been developing interference lithography 
systems since the mid 1970’s, and it operates a range of  tools 
for fabrication gratings, grids, and other periodic structures with 
periods as fine as 100 nm.  These structures have a wide range 
of  applications in nanoscale science and engineering.  The most 
flexible and widely used of  our IL systems is the Lloyd’s mirror 
(LM).  It can be easily configured to write patterns with periods 
from 170 nm to several microns.  The LM system has recently 
been used to develop a simple and effective means of  testing the 
response of  photoresist to variations in image contrast and ex-
posure dose.  Other projects have used patterns from the LM to 
cut carbon nanotubes, guide the assembly of  nanoparticles for 
templated self-assembly, study the behavior of  strained-silicon, or 
fabricate templates for imprint lithography. 

The NSL also operates a Mach-Zehnder interferometer. Although 
this system lacks the flexibility and ease of  use of  the Lloyd’s mir-
ror, it produces higher quality patterns.  The Mach-Zehnder sys-
tem 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 NSL also operates an achro-
matic interference lithography (AIL) system.  The AIL uses phase 
gratings to split and recombine the light from a pulsed, 193-nm 
ArF excimer laser.  It produces 100-nm-period patterns, as shown 
in Figure 1.  This system can form high-contrast fringe patterns 
over a large area, despite the limited temporal coherence of  the 
ArF laser.  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 Nanotechnol-
ogy Laboratory, which also operates a Mach-Zehnder IL system 
and the Nanoruler, an IL system that can write high-quality grat-
ings over areas larger than 300 mm in diameter. 

Figure 1: Scanning-electron micrograph of a stage in 
the fabrication of a 100-nm-period 2D grid, by means of two 
orthogonal exposures. Note that the underlying grating does not 
adversely affect the exposure control for the second, orthogonal 
grating on top.

p
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Interference lithography is a means of  using the coherent inter-
ference of  light to create periodic structures such as gratings and 
grids.  The period of  the pattern written is determined by the in-
terference angle, θ, and the wavelength, λ, according to the equa-
tion P = λ/2nsin(Θ).  Since an upper limit exists for the interfer-
ence 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 capa-
ble of  writing gratings with periods of  70 nm or even smaller. 

The system under development, shown in Figure 1, is an achro-
matic grating interferometer similar to an existing system that is 
used to produce 100-nm-period gratings.  Diffraction gratings are 
used to split and recombine light in such a way that the contrast 
of  the fringe pattern formed is not dependent on the source’s hav-
ing high spatial or temporal coherence.  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 grat-
ings, using water as the immersion fluid.  Using immersion fluids 
of  higher index, it should be possible to achieve grating periods 

as fine as 60 nm (i.e., lines and spaces of  30-nm width). Grat-
ings produced by this system will find application in areas such 
as atom interferometry, short-wavelength spectroscopy, and tem-
plated self-assembly of  macromolecules.  In addition, the system 
will be used to study the performance of  photoresists and immer-
sion fluids at very high numerical apertures. 

To produce a system with reasonable exposure times, the parent 
gratings must have high diffraction efficiency.  Efficiency depends 
on the dimensions of  the grooves that constitute the parent grat-
ings. Diffraction from the gratings has been modeled using the 
rigorous-coupled-wave analysis method.  The resulting designs 
present a fabrication challenge, requiring the etching of  high-as-
pect-ratio slots in silica glass.  New processing techniques have 
been developed to produce such parent gratings.

Figure 1: Immersion-achromatic-interference lithography system.p
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Absorbance-modulation Optical Lithography (AMOL)
R. Menon, H-Y. Tsai, H.I. Smith 
Sponsorship: DARPA

We are investigating absorbance modulation as a means to over-
come the diffraction limit in far-field, optical-projection imag-
ing. A substrate is coated with an absorbance-modulation layer 
(AML) in which illumination at one wavelength, λ2, renders the 
AML opaque, while illumination at a shorter wavelength, λ1, ren-
ders it transparent. When illuminated with a ring-shaped spot at 
λ2 co-incident with a focused spot at λ1, the dynamic competition 
between λ1 and λ2 results in a nanoscale aperture, through which 
λ1 can penetrate to the substrate beneath (see Figure 1). The size 
of  the aperture is limited only by the photokinetic parameters of  
the AML and the intensities of  the illuminations [1].

If  the AML is placed atop a photoresist that is sensitive to λ1 
but not to λ2, patterns of  arbitrary geometry can be written by 
scanning the substrate. The writing speed can be increased by 
using a large number of  independently illuminated lenses operat-
ing in parallel and scanning the stage [2]. This technology, which 
we call Absorbance-Modulation Optical Lithography (AMOL), 
will be maskless, fast, nanoscale and low-cost.  The resolution of  
AMOL is determined by the ratio of  the intensities at the two 
wavelengths. By simply scaling this ratio, it is possible to scale the 
transmitted spot far beyond the diffraction limit, enabling AMOL 
to eventually replace scanning-electron-beam lithography. 

Figure 1: Absorbance modulation. The absorbance 
modulation layer can be made transparent or opaque, depending 
upon the wavelength of illumination. By illuminating with both 
wavelengths at appropriate intensities, a stable, transparent 
aperture of nanoscale dimensions can be generated as shown. 

p
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Fabrication of 100-nm Pitch Inverted Pyramid Arrays for  
Templated Self-assembly
T. Savas, H.I. Smith 
Sponsorship: Singapore-MIT Alliance

Arrays of  inverted pyramids of  100-nm pitch are produced by 
anisotropically etching silicon through holes in a thin silicon ni-
tride masking layer. The holes in the silicon nitride are patterned 
with Achromatic Interference Lithography (AIL).  The AIL uses 
diffraction gratings to split and recombine an ArF laser beam of  
193-nm wavelength [1].  The recombined beams produce a 100-
nm-period grating (lines and spaces), which is recorded in PMMA 
resist.  Grids (posts or holes) can be patterned by recording two 
orthogonal grating images.

It is well known that an array of  holes is most easily obtained by 
recording the two orthogonal grating images in a negative resist.  
However, robust, high-resolution negative resists, for lithography 

at 193 nm, are not available.  Therefore, we currently use a posi-
tive resist, PMMA, for AIL at 193 nm and pattern holes in the sili-
con nitride by etching two orthogonal gratings into the nitride.

The inverted pyramids represent artificial structures with facets 
that are nearly atomically smooth and apices that are close to 
atomically sharp. They are used in a variety of  experiments on 
templated self-assembly and for producing arrays of  crystallo-
graphically aligned metallic nanoparticles [2].

Figure 1: Scanning-electron micrograph showing the pattern 
in SiNx on top of (100) Si in which the inverted pyramids have been 
etched.  The SiNx is produced by reactive ion etching following 
achromatic interference lithography. 

p Figure 2: Scanning-electron micrograph of an array of 
inverted pyramids etched in Si.  For templated self-assembly, 
the Si is lightly oxidized and material to be assembled is 
deposited on top and annealed. 

p
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Figure 1:  a) A 600-nm SiNx membrane folded to 900.  b) 
Magnified view of folded region, which was thinned to 150 nm by 
CF4 RIE.  The ion implantation was done at 16kV with a dose of 1018 
ions/cm2.  c) View of a 180o fold illustrating typical fold radius of 
about 1µm. 

p Figure 2:  The layer-to-layer alignment error for 100µm 
×100µm ×1 µm SiNx membranes that were folded and aligned 
using arrays of nanomagnets and an external magnetic field.

p

R e f e R e n C e S
[1]  H.J. In, W.J. Arora, T. Buchner, S.M. Jurga, H.I. Smith, and G. Barbastathis, “The nanostructured Origami/sup TM/3D fabrication and assembly 

process for nanomanufacturing,” in Proc. 4th IEEE Conference on Nanotechnology, Aug. 2004, pp. 358-60. 
[2]  A.J. Nichol, P.S. Stellman, W.J. Arora, and G. Barbastathis, “Two-step magnetic self-alignment of folded membranes for 3D nanomanufacturing,” 

Journal of Microelectronics Engineering, Dec. 2006, to be published.

Building Three-dimensional Nanostructures via Membrane Folding 
W.J. Arora, A.J. Nichol, G. Barbastathis, H.I. Smith 
Sponsorship: ISN, NSF Graduate Research Fellowships

Nanostructured Origami [1] describes a method of  fabricating 
three-dimensional (3D) nanostructures. Nanometer-scale struc-
tures are best fabricated with various two-dimensional (2D) li-
thography techniques. This project investigates the idea of  pat-
terning thin membranes in 2D and then folding them up into a 
3D configuration. We have developed methods of  both folding 
and aligning patterned silicon-nitride membranes.

Ion implantation can be used to fold membranes. Membranes 
are implanted locally with a high dose to create a large stress. By 
varying the implanted ion energy, the implantation depth can be 
controlled and hence where the stress is generated. This depth 
control enables one to fold membranes either up or down. In our 
experiments, helium ions are used because they do almost no 
sputtering, do not damage the membrane and can be implanted 
to depths of  20 to 200 nm with low voltages (2-20 kV). Results are 
shown in Figure 1.

Magnetic forces can be used to both fold and align nanopatterned 
membranes [2]. Silicon nitride membranes of  1µm thickness and 
100 µm×100 µm area were patterned with arrays of  75 nm thick 

cobalt nanomagnets.  The membrane segments were then pat-
terned and released from the substrate, making them free to ro-
tate about compliant torsional hinges.   Before folding, a 0.2 tesla 
external field magnetized the nanomagnets along their long axis.  
The field was then rotated 180o to create a magnetic torque to 
fold the membranes.  This procedure resulted in the membranes 
completely folding over into a coarse layer-to-layer alignment of  
2 µm.

After coarse alignment is achieved via folding, the nanomag-
net arrays on the folded segments interact resulting in a very 
precise self-aligning force between arrays.  Figure 2 shows the 
alignment results for folding ten samples. As shown in the plot, 
the magnet array interaction resulted in alignment error of  
roughly 200 nm. Therefore, the coarse alignment was reduced 
by a factor of  ten.  We modeled the dynamics and found that 
the alignment accuracy can actually be much better than the 
lithographic patterning accuracy.  Therefore, this method may 
be useful for 3D nano-systems that need feature placement 
accuracy better than 20 nm, such as 3D nanophotonics, 3D 
integrated circuits, and 3D memory. 
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Replication of Diffractive-optical Arrays via Imprint Lithography 
E.E. Moon, M.D. Galus, R. Menon, H.I. Smith 
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Diffractive-optical arrays serve important functions in a variety 
of  applications, including zone-plate-array maskless lithography, 
in which they focus light to diffraction-limited spots and expose 
multiple features in parallel.  Diffractive arrays are typically fab-
ricated by e-beam lithography, but this approach is very time-
consuming and prone to defects. We investigated the feasibility 
of  replicating such arrays using a custom step-and-flash imprint 
lithography (S-FIL) tool [1]. 

Imprint template patterns were fabricated as relief  structures 
in bulk fused silica, using nickel liftoff  after e-beam exposure of  
PMMA.  The nickel pattern was used as a hardmask to dry-etch 
the patterns into the underlying fused silica.  After coating of  the 
template with a release layer, droplets of  a low-viscosity imprint 
fluid were applied to the substrate surface, and the template was 

leveled and brought to within ~100 nm of  the substrate.  At that 
point the imprint fluid filled the template features via capillary ac-
tion.  The imprint fluid was crosslinked under UV exposure, and 
the template removed.  The imprint process was completed in 
under 5 min.  A two-step dry etch transferred the patterns into a 
transparent substrate.  Figure 1 shows micrographs of  the result-
ing imprinted and etched features [2].

The focusing capability of  the imprinted diffractive elements was 
characterized by exposing single-spot features and comparing the 
feature width, or the derived point-spread function, with a finite-
difference time-domain (FDTD) model, as illustrated in Figure 
2.  We believe these experiments establish the efficacy of  imprint 
lithography for reproduction of  diffractive-optical arrays.

        

Figure 1: Scanning-electron micrographs of a zone plateScanning-electron micrographs of a zone plate 
imprinted in a fused silica substrate. (a) Imprinted pattern. (b) 
Etched pattern in fused silica. (c) Close-up view of etched patterns, 
indicating few local defects (“mousebites”). Moiré artefacts in the 
micrographs are generated by beating between the scan period of 
the SEM beam and the spatial periods of the zone plate.

p Figure 2: Point-spread function (PSF) characterization of 
the etched zone plates via single-spot exposures at increasing 
doses.  After scaling, inverse diameters were plotted as a 
function of the dose. The FDTD-simulated PSF is also plotted for 
comparison. The parameters were λ = 400 nm, NA = 0.7, f = 
40 µm.  The data indicate the ability to achieve sub-wavelength 
focusing using imprinted zone plates.

p
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Three-dimensional Photonic Crystals via Membrane Assembly.
A. Patel, H.I. Smith 
Sponsorship: NSF

The diffraction of  light within periodic structures (so called “pho-
tonic crystals”) offers a wide variety of  opportunities for control-
ling and manipulating light.  Most research to date has focused on 
2-dimensional (2D) photonic crystals, because highly developed 
planar-fabrication techniques (i.e., lithography followed by pat-
tern transfer) are directly applicable. However, the full potential 
of  photonic crystals in futuristic sensing, communication and 
computation systems is best achieved with 3-dimensional (3D) 
structures.  The problem is that new methods of  3D fabrication 
need to be developed to achieve desired complex structures over 
large areas with low cost and high yield.

Interference lithography can produce periodic 3D structures in 
photosensitive polymers, but the introduction of  deviations from 
perfect periodicity (i.e., waveguides and structures that consti-
tute “devices” within the periodic matrix, so-called “defects”) is 
highly problematic. Moreover, it is not clear that backfilling 3D 
polymeric structures is applicable to a suitable range of  materials. 
Layer-by-layer methods enable the controlled introduction of  de-
fects, but to date fabrication is tedious, slow, low yield, and covers 
impractically small areas (e.g., <0.1mm on edge). 

We describe a novel approach in which the 3D structure is fab-
ricated by assembling membranes that are patterned in advance 
using conventional planar methods (Figure 1). This approach 
minimizes the yield problem because membranes can be in-
spected and selected before assembly, and the desired waveguides 
and devices can be introduced at any level.  When brought into 
contact, membranes that are free of  particulate and other con-
tamination will bond spontaneously by Van der Waals or other 
mechanisms.

We report the progress to date using low-stress SiNx membranes as 
the test vehicle. 2D periodic structures have been etched into-free 
standing membranes (Figure 2), and nonaligned stacking carried 
out (Figure 3).  We do not consider precise alignment of  layers a 
potential problem since light diffracted from the structures during 
assembly will provide a built-in, reliable alignment signal. We be-
lieve the major problem facing the membrane assembly approach 
will be ensuring freedom from particles and other contamination. 
The Si membranes, with their higher refractive index, are more 
desirable and will be used in the next stage of  our research.

Figure 1: Depiction of the layer-by-layer stacking paradigm we are 
developing.  All the layers in the photonic crystal are fabricated in parallel 
reducing processing cycles, which will help improve yield and reduce lead 
times.

p Figure 2: Initial stacking experiment.  A patterned SiN membrane 
is brought into contact with SiN substrate.  The pitch of the array is 
600 nm and the membrane is 350 nm thick.  A second patterned 
membrane is brought into contact.

p
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Nanofabrication of Hitless Reconfigurable Optical Add-drop Multiplexers  
in Silicon
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Reconfigurable optical add-drop multiplexers (ROADMs) are key 
components of  modern optical networks. Data in optical fibers 
is carried via numerous wavelengths, referred to as channels. 
ROADMs allow the rerouting (dropping) of  a subset of  the data 
channels traveling in an optical fiber and replacing these with new 
data streams (adding) that will be carried in the fiber at the previ-
ously rerouted wavelengths. The term “reconfigurable” indicates 
that the subset of  dropped channels can be changed in real time 
while the ROADM is in operation. 

Previously, we developed nanofabrication techniques of  unpre-
cedented accuracy that allowed us to demonstrate, in silicon-rich 
silicon nitride, the most advanced micro-ring filters reported to 
date [1]. In the present work, we employ silicon micro-rings to 

take advantage of  the lower optical loss and high thermo-opti-
cal coefficient of  silicon.  The latter enables wide-range tuning 
of  the wavelengths of  operation of  the ROADM by means of  
integrated heaters. Line-edge roughness is of  critical concern in 
silicon waveguides as it translates into 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 etch-mask. Reactive ion etching was done in 
HBr. Figure 1 is an electron micrograph of  the coupling region 
between a micro-ring and a bus waveguide defined in HSQ. The 
patterning was done by dose-controlled scanning electron-beam 
lithography.  Figure 2 presents a cross-sectional diagram and top-
view micrograph of  our implementation of  a silicon waveguide 
with an integrated heater. 

       a ba b

Figure 1:  Top-view scanning-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.

p Figure 2:  (a) 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. (b) Top-view optical micrograph of 
an overclad silicon-micro-ring filter below a Ti heater.

p
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Carbene-modified Single-walled Carbon Nanotubes:  
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Carbon nanotubes (CNTs) are materials with excellent mechani-
cal, thermal, and electronic properties that may be suitable for 
electronic devices and interconnects.  A potential method for the 
fabrication of  CNT structures on a substrate involves the deposi-
tion of  CNTs from suspension coupled with chemically-driven 
alignment or subsequent lithographic processes. As-produced 
CNTs are notoriously difficult to disperse in solvents, often requir-
ing high-powered sonication or chemical modification that can 
damage CNT physical and electronic structure.  Recently, a co-
valent chemical functionalization scheme has been proposed [1] 
that may allow modification of  CNTs to impart solubility without 
the corresponding loss in electronic conductivity observed in other 
covalent modification schemes.  We have fabricated interdigitated 
electrodes with single-walled carbon nanotubes (SWNTs) to test 
this theory (see Figure 1), and results indicate that carbene-modi-
fied SWNTs are significantly less resistive than SWNTs modified 
with a standard covalent radical method while remaining more 
soluble than the as-produced material.

In addition to the conductance-preserving properties of  the car-
bene-CNT chemistry, there is also evidence that the carbene 
chemistry may shift the Fermi levels of  functionalized CNTs.  Us-
ing an electrochemical open-circuit potential measurement tech-
nique, we have observed varying and reproducible steady-state 
potential values for SWNTs modified with different carbenes (see 
Figure 2).  This approach may allow the development of  a chemi-
cal doping technique for CNTs where the final Fermi level is de-
termined by the type of  substituent on the carbene group.

Figure 1: Measured resistance for unmodified and modified 
SWNTs.  The carbene-modified sample (green) show slightly higher 
resistance than the unmodified sample (blue) but significantly lower 
resistance than the sample modified with a standard covalent 
radical method (magenta).  Error bars represent two standard 
deviations.

p Figure 2: Measured open-circuit potentials for unmodified 
and modified SWNTs.  The unmodified samples are shown in 
blue. The SWNTs modified with a dichlorocarbene are shown 
in brown; SWNTs modified with a dibromocarbene are shown 
in red.

p
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Stress Evolution and Defect Formation during Nanoparticle Coalescence
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Metal thin films are key components in a wide variety of  micro- 
and nano-systems. The performance characteristics of  thin films 
are strongly dependent on the  intrinsic stress in the film. Figure 
1 shows an example of  the variation of  film stress with film thick-
ness.  The tensile stress peak is a key feature in the stress evolution 
of  the film and is associated with the process of  particle coales-
cence [1]. Our computational modeling via molecular dynamics 
indicates that the magnitude of  the stress incorporated during co-
alescence may be modified by the formation of  planar defects [2].  
These planar defects relieve strain energy at the expense of  stack-
ing fault interface energy. Our calculations also show that planar 
defects induced by particle coalescence occur only for a specific 

range of  particle sizes. We rationalize the existence of  the size 
window using an analytic energetic model consistent with exist-
ing continuum theories for particle coalescence [3]. The presence 
of  stacking faults in coalesced nanoparticles has been confirmed 
by transmission electron microscopy (TEM); see Figure 2. The 
planar defects can further reduce the intrinsic stress by changing 
position within the particle.  The TEM observations of  partially 
coalesced structures suggest that the faults anneal out of  the par-
ticles at high temperatures.  Our observations and model show 
that the intrinsic stress in thin films can be tuned by controlling 
the particle size at coalescence and defect density.

Figure 1: Stress thickness product as a function of Au film 
thickness on silicon nitride.  The tensile peak in the curve is 
associated with the process of island coalescence.  

p Figure 2: A TEM image of Au nanoparticle structures after 
20 Angstroms of deposition.  Regions 1 and 2 show particles 
clearly containing stacking faults.  Region 3 shows a larger 
particle that appears to be defect-free.

p
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Templated Dewetting of Nanoparticle Solutions
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A major issue in nanotechnology is the need for versatile tech-
niques 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 litho-
graphically patterned templates with well-controlled sizes and 
structures.  The patterned features can act as pinning sites for the 
moving contact line, leading to high particle concentrations near 
the pinning sites.  Particles in the physical templates then self-as-
semble into close-packed structures due to long-range immersion 
forces.

As an initial effort, patterned substrates with gratings and holes 
were fabricated using interference lithography.  The substrates 
were then immersed in Au nanoparticle solutions for evaporation. 
The resulting capillary interaction due to solvent evaporation was 
found to be sufficiently strong to force the nanoparticles into the 
templated features without leaving particles on the surrounding 
areas. Figure 1 presents a schematic outline of  the process. Cur-
rent efforts include applying the templated dewetting approach to 
smaller nanostructures and on different topographies.

Figure 1: Schematic of the templating process. 1: Schematic of the templating process. Schematic of the templating process.p

Figure 2: Au particles that are 50 nm in diameter self-assemble into templated holes. 2: Au particles that are 50 nm in diameter self-assemble into templated holes. Au particles that are 50 nm in diameter self-assemble into templated holes.p
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We are investigating solid-state dewetting of  thin films as a tech-
nique for producing ordered arrays of  metal nanodots over large 
areas.  Such arrays are used as catalysts for nanowire and nano-
tube growth and may also be of  interest in memory or plasmon 
device applications.  Our research comprises two main dewetting 
systems: 1) polycrystalline films on amorphous substrates and 2) 
epitaxial films on single crystal substrates.  

In our study of  polycrystalline films, we influence dewetting be-
havior with topographically patterned oxidized silicon substrates 
that modulate the curvature of  as-deposited films.  Gold films 
deposited and annealed on di-periodic arrays of  pyramidal pits 
result in one-to-one self-assembly of  ordered arrays of  gold par-
ticles 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 
and ensure a narrow size and spatial distribution (Figure 1). This 
technique uniquely results in crystallographic ordering of  the 
particles, imposing an in-plane texture and changing the out-of-
plane texture (Figure 2).

Our current efforts include investigation of  other topographic ge-
ometries and development of  numeric models to predict topog-
raphies that lead to the formation of  multiple particles per litho-
graphic feature.  We are also expanding the technique to nickel, 
which is known to catalyze carbon nanotube growth, with the 
goal of  studying the impact of  crystallographic texture and facet 
morphology on nanotube growth.

In our study of  epitaxial films, we grow nickel thin films on single 
crystal magnesium oxide substrates and observe the dependence 
of  the dewetting behavior on various experimental parameters, 
such as crystallographic orientation of  the substrate, film thick-
ness, annealing time, and annealing temperature.   The crystal-
lographic orientation of  the substrate has a profound effect on 
the evolution and final form of  the dewetted film.  We believe 
these differences are associated with surface energy anisotropy of  
nickel.  Dewetting of  single crystal films also offers the potential 
for obtaining ordered arrays of  crystallographically aligned cata-
lyst particles.

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.

p Figure 2: The effect of topography on particle orientation. 
(a) and (b) show Au <111> X-ray pole figures (37.4˚ < 2θ < 
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.

p
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Nano-sized materials are core building blocks for advanced func-
tional devices such as interconnects, logics, memories, sensors, and 
displays. To integrate synthesized nano-materials into the devices, 
it is desirable to fabricate them with controlled size and distribu-
tion on the device applicable substrates with precise location. 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 and semicon-
ducting 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) is a self-ordered nanostructured 
material that is well-suited as a scaffold to grow multi-functional 
nanowires and nanotubes for use in magnetic, electronic andand nanotubes for use in magnetic, electronic andfor use in magnetic, electronic and 
opto-electronic devices. Perfectly ordered porous alumina scaf-
folds were developed by combining interference lithography with 
anodization of  the evaporated Al thin films on silicon substrates. 
The regular array of  electrically insulating holes obtained had 

diameters of  less than 30 nm and aspect ratios >50:1, which is 
hardly achievable without the state-of-art Si technology. Topo-
graphic 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 multi-walled carbon nanotubes (CNTs) on silicon 
substrates. In addition to the vertically ordered AAO scaffolds,In addition to the vertically ordered AAO scaffolds, 
we are also developing the porous alumina scaffold, horizontally 
lying on the substrate to grow nano-materials on the plane ofthe substrate to grow nano-materials on the plane of substrate to grow nano-materials on the plane of  
substrate.

We are currently pursuing the growth of  uniform arrays of  CNTs 
in templated AAO scaffolds to obtain statistical electrical and 
thermal characterization of  CNTs as a function of  nanotube di-
ameter and length variations

Figure 1:  An SEM image 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]]

p Figure 2. An SEM image of a monolayer of porous alumina lyingAn SEM image of a monolayer of porous alumina lyingSEM image of a monolayer of porous alumina lyinga monolayer of porous alumina lying of porous alumina lying 
horizontally on the substrate. on the substrate.
p
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Catalyst Engineering and Carbon Nanotube Growth Mechanisms
G.D. Nessim, Y. Wang, A.J. Hart, D. Acquaviva, J. Oh, J.S. Kim, C. Morgan, N. Abate, M. Seita, C.V. Thompson 
Sponsorship: SRC/FCRP IFC, Intel Corporation

As integrated circuit technology is developed at dimensions below 
45 nm, carbon nanotubes (CNTs) represent an ideal replacement 
for copper interconnects as they can carry higher current densi-
ties, do not need liners, and do not suffer from electromigration.  
However, fabrication issues such as growing the desired type of  
CNTs in a selected position and making electrical contacts and 
interconnections remain major technical challenges.

Consistent with our goal of  making the use of  carbon nanotubes 
a manufacturing reality for interconnect vias, we have achieved 
the following results:

We discovered that by introducing the reducing gas (hydrogen) 
at specific times during the thermal chemical vapor deposition 
process, we were able to control the diameter and the number of  
walls of  vertically-aligned CNTs grown on insulating substrates, 
as shown by Transmission Electron Microscopy images.  We also 
analyzed the substrate with Atomic Force Microscopy to correlate 
catalyst morphology with CNT density.

Using appropriate catalyst/substrate metallic thin films, we have  
grown carbon nanostructures at temperatures below 500 degrees 
Celsius.  We analyzed properties such as the grain structure of  the 
substrate to maximize CNT density and achieve vertical align-
ment.  Electrical measurements show contact of  the CNTs with 
the conductive substrate.

Finally, we have grown CNTs on conductive substrates in an insu-
lating anodized alumina scaffold with perfectly periodic templated 
pores.  This technique will allow us to emulate a nanometer-scale 
via system for measurement of  electrical and thermal properties 
of  CNTs, averaged over a large regular matrix.  We plan to use 
this structure to develop CNT-based devices.

Figure 1: Transmission electron microscope images of 
multi-wall carbon nanotubes grown using iron catalysts on 
alumina substrates using the same process but delaying the 
introduction of hydrogen.  As the delay in hydrogen introduction 
is increased (up to a limit), the diameters and number of walls of 
the tubes reduces, and the length and number of tubes per area 
increases.

p
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Fiber Composites Reinforced by Aligned CNTs
E.J. Garcia, A.J. Hart, B.L. Wardle (in coll. with A.H. Slocum) 
Sponsorship: Airbus S.A.S., Karl Chang Innovation Fund, La Caixa Foundation

The interaction, or wetting, of  long aligned carbon nanotube 
(CNT) forests with off-the-shelf  (no solvent added) commercial 
thermoset polymers is investigated experimentally. A technique 
for creating vertically aligned CNT composite microstructures 
of  various shapes is presented [1]. Direct characterization of  the 
mechanical properties of  the nanocomposites structures is also 
presented in this work. The mechanical reinforcement results 
(220% increase of  the Young´s modulus at 2% volume loading 
[2]) support the feasibility of  using these CNT forests in large-
scale, hybrid, advanced composite architectures reinforced with 
aligned CNTs.

A hybrid composite architecture consisting of  aligned carbon 
nanotubes (CNTs), woven ceramic fiber cloth, and a thermoset 
epoxy is described and fabricated. Interlaminar reinforcement 
improvement is also quantified experimentally [3]. The nano-en-

gineered laminates are constructed using conventional hand la-
yup techniques. Fabrication begins with growth of  aligned CNTs 
on the surface of  fibers in a ceramic fiber cloth using a thermal 
chemical vapor deposition process and liquid-based catalyst as 
shown in Figure 1.  Effective wetting of  the CNT/cloth by the 
polymer is shown via optical and scanning electron microscopy 
(see Figure 2).  This intralaminar reinforcement by CNTs also 
extends to the interlaminar region between individual plies in 
the laminate.  The strength of  the interlaminar reinforcement is 
investigated experimentally, focusing on shear strength with an 
average improvement of  70% over the unreinforced laminate.  
Ongoing investigations focus on such nano-engineered laminates,  
including mechanical and multifunctional performance benefits 
derived from the aligned nature of  the CNTs appearing every-
where in the laminate.  Future work focuses on extending this 
model architecture to carbon- fiber-based advanced composites.

Figure 1: a) As-received alumina cloth; b) Alumina cloth with 
CNTs grown on the surface of fibers; c) An SEM of the alumina 
fibers with CNTs grown on the surface; d) An SEM of one alumina 
fiber with well-aligned, 30-µm long CNTs grown on its surface.

p Figure 2: a) Nanoengineered composite laminate before 
cutting the specimen for inspection; b) An SEM picture of a 
cross section of CNT/alumina cloth/epoxy hybrid composite 
with no evidence of voids; c) Optical microscopy picture of the 
cross section, showing regular distribution (volume fraction) of 
the fibers inside the cloth.

p
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A Versatile MEMS Quadrupole Platform for Portable Mass Spectrometry 
Using the First and Second Stability Regions 
L.F. Velásquez-García, K. Cheung, A.I. Akinwande 
Sponsorship: DARPA

The Micro Gas Analyzer Program aims to develop portable, low-
power, fast and low-false-alarm-rate 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 charges. Both high 
sensitivity and high resolution are needed over a wide range of  
ion masses, from 15 to 650 amu. In order to achieve this perfor-
mance, multiple micro-fabricated quadrupoles, each operating at 
a specific stability region and mass range, are operated in paral-
lel.

The proof-of-concept device is a single, linear quadrupole that has 
a micro-fabricated mounting head with meso-scaled DRIE-pat-
terned 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 for a 
given electrode diameter. The springs can be individually actu-
ated using spring tip handlers. The current version of  the spring-

head is able to interact with rods with diameters from 1588 µm 
down to 250 µm. The quadrupoles that have been implemented 
thus far span the aspect ratio range from 30 to 60. The choice 
of  electrode diameter takes into account the dimensional uncer-
tainties and alignment capabilities with respect to the expected 
resolution and transmission goals. Figure 1 shows an assembled 
MEMS quadrupole with 250-micrometer diameter rods. Figure 
2 shows the experimental data of  one of  these quadrupoles us-
ing FC-43 as a calibration compound, where a mass resolution 
of  2 amu and a full mass range of  650 amu are demonstrated, 
while using a 1.44 MHz RF power supply to drive the quadrupole 
with a constant-width circuit made by the Extrel company (Pitts-
burgh, PA). To obtain better resolution, the MEMS quadrupoles 
have been driven with up to 4 MHz RF sources, resulting in 0.7 
amu peak width. Also, the devices have been driven in the second 
stability regions to obtain 0.4 amu of  peak width and smoother 
peaks. Current research efforts concentrate on developing RF 
power supplies of  higher frequency and further exploration of  
the second stability region to obtain better performance. 

Figure 1:  A micro-fabricated quadrupole with electrode diameter 
equal to 250 micrometers, near a dime for size comparison. The 
micro-fabricated part of the device is the square base, which contains 
a system of meso-scaled DRIE-patterned springs.

p Figure 2:  Experimental characterization of a MEMS 
quadrupole, using the compound FC-43 to get peaks in the 
1 – 650 amu mass range. The peak width is estimated at 
2 amu, using a 1.44-MHz-RF-power supply. Peak widths as 
small as 0.4 amu have been obtained.

p
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First Principles Optimization of Mass-producible Microscaled Linear 
Quadrupoles for Operation in Higher Stability Regions
K. Cheung, L.F. Velásquez-García, A.I. Akinwande 
Sponsorship: DARPA

In recent years, there has been a desire to scale down linear quad-
rupoles.  The key advantages of  this miniaturization are the por-
tability it enables and the reduction of  pump-power needed due 
to the relaxation on operational pressure.  Various attempts at 
making microscaled linear quadrupoles met with varying degrees 
of  success [1-2].  Producing these devices involved some com-
bination of  precision machining or microfabrication and down-
stream assembly.  For miniature quadrupole mass filters to be 
mass-produced cheaply and efficiently, manual assembly should 
be removed from the process.

A purely microfabricated quadrupole mass filter comprising a 
planar design and a rectangular electrode geometry is proposed.  
Quadrupole resolution is inversely-proportional to the square of  
the electrode length, thus favoring a planar design since electrodes 
can be made quite long.  Rectangular rods are considered since 
that is the most amenable geometric shape for planar microfabri-
cation.  This deviation from the conventional round rod geometry 
calls for optimization and analysis.  Electrode designs were pa-
rameterized, and the potential fields were solved using Maxwell 

3D (Figure 1).   The fields were decomposed using a multipole ex-
pansion to examine the higher-order coefficients (Figure 2).  This 
process was used to minimize the significant high-order terms, 
thus optimizing the design and determining the ultimate limita-
tions of  the device.

Higher-order field contributions arising from geometric non-ide-
alities lead to non-linear resonances.  These resonances manifest 
as peak splitting that is typically observed in quadrupole mass 
spectra.  Reported work involving linear quadrupoles operated 
in the second stability region show improved peak shape without 
these splits [3].  It is believed that operating the device in the 
second stability region will provide a means to overcome the non-
linear resonances introduced by the square electrode geometry.  
This study was conducted to justify a fully microfabricated, mass-
producible, MEMS linear quadrupole mass filter.  Successful im-
plementation of  such devices will lead into arrayed configurations 
for parallel analysis and aligned quadrupoles operated in tandem 
for enhanced resolution.

Figure 1: Potential field solution generated by Maxwell 
3D using a rectangular electrode geometry.  Geometries were 
parameterized and solved.

p Figure 2: Dependence of the coefficients derived from a 
multipole expansion on the ratio of rod size to aperture size. 
The C2 refers to an ideal quadrupole field.

p
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A Single-gated Open Architecture Carbon Nanotube Array for  
Efficient Field Ionization
L.F. Velásquez-García, A.I. Akinwande  
Sponsorship: DARPA

Mass spectrometers require a suitable ionizer to be able to discern 
the chemical composition of  the sample that they are analyzing. 
Traditional ionizers for gases use either chemical ionization (CI) 
or electron impact ionization (EI). In the latter case, electrons 
from thermionic sources produce ions by colliding with neutral 
molecules. More efficient carbon nanotube-based field emitted 
electron impact ionizers have been developed [1]. However, one 
of  the drawbacks of  electron impact ionization is that the sam-
ple is transformed into fragmentation products. Several samples 
could have similar fragmentation spectra but be quite different 
compounds, with radically different properties (for example, one 
substance can be a poisonous agent while another is a harmless 
material). Therefore, an approach to reduce the fragmentation 
products would improve the informational power of  the mass 
spectrometer.

Field ionization soft-ionizes molecules, thus reducing the frag-
mentation products. In the field ionization scheme, ions are cre-
ated by directly tunneling electrons from the outer shell of  neutral 

molecules by virtue of  a very high electric field [2]. The electric 
field is produced by high aspect ratio field enhancers and the ap-
plication of  a large (up to 1 kV) bias voltage. Carbon nanotubes 
are ideal field enhancers because of  their high aspect ratio and 
their reduced tip radius. A good field ionizer should work in the 
field-limited regime instead of  the molecular flux-limited regime, 
where all the molecules that approach the high field region are 
thus ionized. In the case of  the electron impact ionizers, a closed 
architecture is implemented because it is intended to protect the 
field enhancers from back streaming ions [3]. Therefore, an open 
architecture, where the field enhancers surround a through-hole, 
is a more suitable approach to produce field ionization. We plan 
to implement a single-gated field ionizer array with an open ar-
chitecture. Figure 1 shows a schematic of  the open architecture 
concept. Figure 2 shows a cross section of  the device. Current 
research effort focuses on device characterization.

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.

p Figure 2: A single-gated CNT field ionizer array grown 
at MIT. Field view of an array cross-section (A), and detail of 
two adjacent field ionizers (B). The ionizer well has a film of 
silicon dioxide 5 µm thick below the gate that acts as electrical 
insulator between the gate and the CNTs.  The CNT catalyst 
was Ni 7.5 nm thick.

p
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A Fully Micro-fabricated Planar Array of Electrospray Emitters for  
Space-propulsion Applications
B. Gassend, L.F. Velasquez-Garcia, A.I. Akinwande, M. Martinez-Sanchez 
Sponsorship: AFOSR, DARPA

Electrospray thrusters work by extracting ions or charged droplets di-
rectly from a liquid surface using an electrostatic field and accelerating 
them in that field to produce thrust [1]. This method could lead to 
more efficient and precise thrusters for space propulsion applications. 
Emission occurs from sharp emitter tips, which enhance the electric 
field and constrain the emission location. The electrospray process 
limits the thrust from a single tip. To get into the millinewton range 
will require an array with tens of  thousands of  emitters. Batch micro-
fabrication is well suited to making this array.

We have designed, built, and tested a thruster made in silicon using 
deep reactive ion etching (DRIE) and wafer-bonding technology (see 
Figure 1). This thruster comprises two components. The emitter die 
has up to 517 emitters in a 0.75 cm2 area, formed using DRIE and 
SF6 etching, and is plasma treated so that liquid can be transported to 
the tips in a porous black silicon surface layer. The extractor die incor-
porates the extractor electrode, a Pyrex layer for insulation, and the 
springs, which are used to reversibly clamp the emitter die [2]. This 
versatile assembly method allows the extractor die to be reused with 
multiple emitter dies and potentially with emitter concepts radically 
different from the one we have experimented with.

Figure 2 shows data collected when firing the thruster with the ionic 
liquid EMI-BF4. Measurable emissions occurred for extraction volt-
ages down to 700 V. The current collected on the extractor electrode 
was less than 3% of  the emitted current over a wide operating range 
and often less than 0.1 %. Beam-divergence half-angles were between 
15 and 30 degrees, depending on the operating conditions. Emitted 
currents of  500 nA/emitter were observed in stable operation, for ex-
pected thrusts of  25 nN/emitter. Time-of-flight measurements prove 
operation in the ion emission regime, which is most efficient for pro-
pulsion.

Figure 1:  The assembly mechanism (top-left), the extractor 
electrodes (top-right), diagram of the thruster (bottom).
p
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Carbon Nanotube Electron Sources for Space Propulsion Applications 
L.F. Velásquez-García, A.I. Akinwande  
Sponsorship: DARPA

Low-power, low-voltage, efficient field emission neutralizers 
for FEEPs [1], colloid thrusters [2], and other micro-propul-
sion engines are attractive for nanosatellites because they do 
not use mass flowrate to operate, unlike more conventional 
neutralizing solutions such as hollow cathodes [3]. Electrons 
are field-emitted from the surface of  metals and semicon-
ductors by the application of  a high electrostatic field. Field 
emitters use high aspect ratio structures to generate very high 
fields even when low voltages are applied. The ideal field en-
hancing structure is a rounded whisker [4]. Micro-engineered 
field emission neutralizers would have smaller starting volt-
ages, better area usage, and more uniform I–V characteristics, 
compared to macro/meso fabricated field emitter versions. 
Plasma-Enhanced Chemical Vapor Deposited (PECVD) Car-

bon Nanotubes (CNTs) are rounded whiskers with 100 nm or 
less of  tip radius and 13 µm or more tall. The adoption of  
CNTs as electron-emitting substrate has recently being shown 
to have advantages compared to Spindt emitters because of  
the higher aspect ratio of  CNTs and their superior resistance 
to harsh environments. This research focuses on the devel-
opment of  a batch-fabricated MEMS neutralizer that uses 
PECVD CNTs as field enhancers (Figure 1). As a reference, 
a previously made Busek-MIT MEMS CNT device that uses 
a randomly oriented CNT matrix produced by Busek Co. 
(Natick MA) with a proprietary arc-based process yielded de-
vices with Fowler-Nordheim emission, startup voltage as low 
as 100 V, and electron currents as large as 3.2 mA/cm2 with 
about 20% of  gate current interception.

Figure 1: Top view of a 14-µm-tall CNF forest inside a 
microfabricated well. The well has integrated a gate to bias voltage 
to the CNT forest to produce field emission.  

p Figure 2:  The I-V characterization of a similar CNT-based 
field emitter array. The device was jointly developed with the 
Busek company (Natick, MA)

p

R e f e R e n C e S
[1] M. Tajmar, A. Genovese, and W. Steiger, “Indium field emission propulsion microthruster experimental characterization,” J. of Propulsion and Power, 

vol. 20, no. 2, pp. 211-218, Mar.-Apr. 2004.
[2] M. Gamero and V. Hruby, “Electrospray as a source of nanoparticles for efficient colloid thrusters,” J. of Propulsion  and  Power, vol. 17, no. 5, pp. 

977-987, Sep.-Oct. 2001.
[3] I. Kameyama and P. Wilbur, “Measurements of ions from high-current hollow cathodes using electrostatic energy analyzer,” J. of Propulsion  and  

Power, vol. 16, no. 3, pp. 529-535, May-June µ2000.
[4] T. Utsumi, “Vacuum microelectronics: What’s new and exciting,” IEEE Transactions on Electron Devices, vol. 38, no. 10, pp. 2276-2283, Oct. 

1991.



MEMS & BIoMEMS MTL ANNUAL RESEARCH REPORT 20074-6

Carbon Nanotubes for Electrospray Nanofluidic Applications
L.F. Velásquez-García, A.I. Akinwande  
Sponsorship: DARPA

Electrospray is the technique to soft-ionize liquids by applying 
a high electric potential to a liquid meniscus. The liquid menis-
cus is deformed into a cone [1], and charged species are emit-
ted from its apex. The emission can be solvated ions, charged 
droplets, or a mix of  the two. This low-divergence charged 
species source can be used in diverse applications such as mass 
spectrometry, propulsion, printing, and etching. Our research 
group has successfully developed several multiplexed MEMS 
electrospray sources, mainly intended for space propulsion ap-
plications. These devices include internal pressure-fed spouts 
that emit charged droplets [2] and externally surface tension 
fed spouts that emit solvated ions [3]. In all cases, the emit-
ter field enhancers and the hydraulic impedance are provided 
using silicon-based structures. Furthermore, the devices use a 
3D packaging technology that allows decoupling the process 
flows of  the subsystems without loss in emitter density [4]. 
Consequently, it is possible to use radically different fabrica-
tion techniques and materials to implement MEMS electro-
spray arrays. 

This project intends to investigate the application of  Plasma 
Enhanced Chemical Vapor Deposition Carbon Nanotubes 
(PECVD CNTs) in multiplexed electrospray sources. Two 
research directions are currently pursued: the use of  CNTs 
as hydraulic impedance to ballast the emitter array (both in 
internal and external architectures) and the use of  CNTs as 
emitter field enhancers. On the one hand, PECVD CNT for-
ests can be custom tailored to match a desired morphology. 
On the other hand, PECVD CNTs have remarkable field en-
hancing properties. Figure 1 shows a silicon-based externally 
fed electrospray linear emitter array that uses PECVD CNTs 
as hydraulic impedance, while Figure 2 shows the PECVD 
CNT forest grown on top of  the silicon structures, using our 
group’s reactor. Current research is focused on exploring the 
wettability of  CNT forests using different liquids, catalysts, 
and growth conditions. These results will be used to choose the 
proper nanostructure to be used in an externally fed MEMS 
electrospray head that will eventually include CNT-based field 
enhancers.

Figure 1: A 145 externally fed electrospray linear array. The 
emitter array is about 1-inch long.
p Figure 2: An SEM of a zoomed PECVD CNT forest used 

as hydraulic impedance for the electrospray array. The CNT 
height is about 1 µm.

p
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A High-density Electron Source that Uses Un-gated Transistors for 
Ballasting
L.F. Velásquez-García, A.I. Akinwande  
Sponsorship: AFRL

Electrons are field emitted from the surface of  metals and 
semiconductors when the potential barrier (work function) that 
holds electrons within the metal or semiconductor is deformed 
by the application of  a high electrostatic field. Field emitters 
use high aspect ratio structures with tips that have nanometer 
dimensions to produce a high electrostatic field with a low ap-
plied voltage. We are implementing two types of  field enhanc-
ers: carbon nanofibers (CNFs) and silicon conical tips (Figure 
1). Spatial variation of  tip radius results in the spatial variation 
of  the emission currents and non-uniform turn-on voltages. 
Small changes in the tip radius result in huge changes in the 
current density because of  the exponential dependence of  the 
emitted current on the bias voltage, as described by the Fowler-
Nordheim theory. If  the emitters are ballasted, the spatial non-
uniformity can then be substantially decreased. Furthermore, 
ballasting individual emitters prevents destructive emission 
from the sharper tips allowing higher overall current emission 
because of  the inclusion of  duller tips. Ballasting also results 

in more reliable operation. The use of  large resistors in series 
with the field emitters is an unattractive ballasting approach 
because of  the resulting low emission currents and power dis-
sipation in the resistors. A better approach for ballasting field 
emitters is the use of  un-gated field effect transistors that ef-
fectively provide high dynamic resistance with large saturation 
currents. In the past our research group demonstrated the use 
of  a MOSFET to ballast the emission of  electrons from silicon 
tips [1]. We plan to implement vertical un-gated transistors in 
series to the field emitters to obtain spatial uniformity in the 
current emission and I-V characteristics of  the array [2]. The 
ballast structure is an n-doped, single-crystal silicon column, 
patterned using Deep Reactive Etching, and thinned using 
wet oxidation. Figure 2 shows a cross section of  the un-gated 
transistors consisting of  a 1-million elements in 1 cm2. The 
field emitters are formed on top of  the columns. Current ef-
forts focus on device testing. 

 

Figure 1: A) An isolated 4 µm-tall CNF on top of a 100 µm-tall 
silicon column; B) Zoom of the CNF tip –tip diameter equal to 36 nm; 
C) Field of silicon tips on top of 100 µm-tall silicon columns; D) Zoom 
of a silicon tip -tip diameter equal to 35 nm. 

p Figure 2: A 1000×1000 array of 100-µm-tall, 1-µm-wide 
silicon columns, spaced 10 µm. The columns are un-gated 
transistors that control the current that the tips field-emit. 

p
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Nanoelectromechanical Switches and Memories
K.M. Milaninia, M.A. Baldo 
Sponsorship: SRC/FCRP MSD, ISN

The ability to change shape is a compelling attraction of  molecu-
lar semiconductors. Compared to rigid inorganic materials, mol-
ecules are soft and malleable, and their conformational changes 
are essential to the functionality of  biological systems. Applica-
tions of  nano-electro-mechanical (NEM) molecular devices in-
clude memories and transistors: Information can be stored in the 
conformation of  molecules, potentially leading to very high den-
sity memories, and molecular transistors that change shape under 
bias could exhibit sub-threshold slopes of  << 60 mV/decade [1]. 
Indeed, as an example of  the potential of  NEMs, voltage-gated 
ion channels possess sub-threshold 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 an NEM testbed. 
The proposed design for our relay is shown in Figure 1. Nano-

tubes are directly grown at the bottom of  an electron-beam de-
fined trench etched in Si. Leaving tube growth to the final step  
gives us  better control of  the nanotube and removes the need 
for additional steps that are required for the removal of  surfac-
tants 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, 
which enables 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 nano-
tube reduces the voltage needed to pull in the nanotube, thereby 
reducing the power consumption. Furthermore, because of  the 
ability to easily functionalize the surface of  nanotubes, we can 
functionalize the tube with multiple charges to lower the pull-in 
voltage even further.

Figure 1:  Testing is performed by introducing a probe- mounted 
CNT in between two gold contacts on silicon and then sweeping it 
from the center position (1), to the right contact (2), and subsequently 
to the third contact (3), and then back.

p Figure 2:  An I-V of the 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 switched from state 3→2 by 
applying a bias between Contact 1 and CNT.

p
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Exciton Coupled Surface Plasmon Resonance Biosensor
M. Bora, M.A. Baldo 
Sponsorship: ISN

The development of  portable and cost-effective biological sen-
sors promises benefits to medical care, pharmaceutical testing, 
and the detection of  biological warfare agents. Electronic devices 
are compact and readily integrated into microfluidic substrates, 
making them a promising alternative to today’s bio-detection 
requirements. Our sensor design aims to exploit the sensitivity 
of  surface plasmon resonance (SPR). Unlike conventional SPR 
sensors, the plasmon is detected in the near field using a thin film 
organic photovoltaic (PV). High absorption coefficients make 
organic semiconductors ideal candidates for the detection of  
surface plasmons. Organic materials are also easily deposited on 
microfluidics, enabling use of  these devices outside the laboratory 
environment in a convenient portable package.

In the initial demonstration, plasmon modes are excited in the 
top surface of  the gold cathode by a p-polarized laser beam, when 
the horizontal component of  the light wavevector matches the 
plasmon wavevector [1]. The plasmon is absorbed by the organic 
semiconductor and split into holes and electrons at the interface 
between the donor and acceptor layers composing the PV cell 
(Figure 1). The plasmon resonance measured indirectly as reflect-
ed power and photocurrent (Figure 2) has a strong angular loca-
tion dependence on the adjacent layer’s dielectric constant that is 
altered upon binding of  bio-molecular species.  The steep slope 
of  the resonance enables sensitive detection as well as measure-
ment of  kinetic parameters of  the binding event. 

Figure 1: Device structure for biosensor.  An organic 
photovoltaic cell converts the plasmon excitation resonance into 
photocurrent, resulting in direct probing of the environment above 
the top surface of the gold cathode.

p Figure 2: Plasmon resonance conversion to photocurrent. 
A dip in reflectivity above the total internal reflection angle of 
43° corresponds to a proportional increase in photocurrent.

p
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Micromechanical Substrates for Reconfigurable Cell Culture 
E. Hui, S.N. Bhatia  
Sponsorship: NIH NIDDK

We have previously demonstrated the use of  microfabricated cell 
culture substrates (Figure 1) to implement reconfigurable cell cul-
ture (Figure 2) [1]. Specifically, we studied interactions between 
liver hepatocytes and supportive stromal cells. We found that 
preservation of  liver-specific function depended on signaling from 
the stroma. Specifically, signaling both through direct contact and 
through diffusible secreted factors was important. However, while 
the secreted factors needed to be maintained for the entire dura-
tion of  culture (2 weeks), direct contact was  required only for an 
18-hour period early in culture. In addition, the secreted factors 
were found to have a limited effective range of  less than 400 µm. 

Through FEM diffusion modeling, we showed that a half-life on 
the order of  hours would result in such short-range signaling.

Currently, we are exploring the use of  this platform in a variety 
of  applications including identification of  the signaling factors in 
hepatocyte co-culture, stabilizing liver endothelial cells in culture, 
toxicity models for drug testing, preconditioning of  hepatocytes 
prior to encapsulation in a 3D gel, and patterning cells directly on 
the combs to study contact signaling mechanisms.

Figure 1: Micromechanical substrate is composed of two 
parts that may be locked together with the fingers in contact or 
separated by a narrow gap of 80 µm. Switching between these 
states modulates interactions between cells adhered to the top 
surface of the fingers.

p Figure 2: Fluorescent microscopy of dyed cells on 
the comb substrates, illustrating the various manipulations 
possible. Cell populations can be brought into and out of 
contact with each other. A single population can also be 
swapped out and replaced.

p

R e f e R e n C e S
[1] E.E. Hui and S.N. Bhatia, “Micromechanical control of cell-cell interactions,” in Proceedings of the National Academy of Sciences of the United 

States of America, vol. 104, no. 14, Apr. 2007, pp. 5722-5726.



4-11 MEMS & BIoMEMS MTL ANNUAL RESEARCH REPORT 2007

Aligned Multimask Patterning of Biomolecules and Cells
E. Hui, S.N. Bhatia 
Sponsorship: NIH NIDDK

Surface engineering of  cell culture substrates has developed into 
a powerful tool for controlling multicellular organization at the 
micrometer scale. This new capability has brought valuable in-
sight into the biological mechanisms by which the cellular micro-
environment determines cell fate and function. However, studies 
requiring more complex tissue structures have been hindered by 
limitations in surface patterning. Typically, molecules that medi-
ate cell attachment are patterned against a non-adhesive back-
ground, allowing arrays of  a single cell type to be formed with 
control of  cell positioning and relative spacing. Alternatively, 
patterns composed of  two different adhesive regions can be em-
ployed to form patterned co-cultures of  two different cell types, as 
long as one cell type selectively attaches to a specific region. How-
ever, there have been a few examples where multiple attachment 
chemistries have been successfully combined with non-adhesive 
surfaces in a multicomponent pattern. This has prevented the re-
alization of  configurations in which cell-cell contact and spacing 
between different cell types are controlled.

The use of  photolithography with multiple aligned masks is well 
established for generalized multicomponent patterning, but it is 
often too harsh for biomolecules. We report a two-mask photo-
lithographic process that is tuned to preserve bioactivity in pat-
terns composed of  covalently coupled polyethylene glycol (PEG), 
adsorbed extracellular matrix protein (e.g., collagen I), and ad-
sorbed serum proteins (e.g., vitronectin). Thereby, we pattern two 
cell types—primary hepatocytes and 3T3 fibroblasts—demon-
strating control over contact and spacing (20-200 µm) between 
the two cell types for over one week. This method is applicable 
to the study of  intercellular communication in cell biology and 
tissue engineering.

Figure 1: Hepatocyte islands isolated from surrounding 
fibroblast support cells by “moats” of PEG-disilane. The moats 
prevent contact interactions between the two cell types, while 
preserving communication via diffusible secreted factors.

p Figure 2: A closer view of an alternative configuration. Here, 
the moat is discontinuous in 3 locations. These “bridges” allow 
local contact at specific points of the hepatocyte island, while 
contact remains prevented over the rest of the island.

p

R e f e R e n C e S
[1] E.E. Hui and S.N. Bhatia, “Microscale control of cell contact and spacing via three-component surface patterning,” Langmuir, vol. 23, no. 8, pp. 

4103-4107, Apr. 2007.



MEMS & BIoMEMS MTL ANNUAL RESEARCH REPORT 20074-12

Collective Hydrodynamics and Kinetics of Sickle Cell Vaso-occlusion and 
Rescue in a Microfluidic Device
D.T. Eddington, J.M. Higgins, L. Mahadevan, S.N. Bhatia  
Sponsorship: NIH

The pathophysiology of  sickle cell disease, the first to be implicat-
ed with a genetic origin, is complicated by the multi-scale nature 
of  the processes that link the molecular genotype to the organis-
mal phenotype.  Here, we show that it is possible to evoke, control 
and inhibit the vaso-occlusive crisis event in sickle cell disease us-
ing an artificial microfluidic environment. We use a combination 
of  geometric, physical, chemical and biological means to quantify 
the phase space for the onset of  a jamming crisis, as well as its dis-
solution, as shown in Figure 1.

The microfluidic chip designed to independently vary the various 
parameters that control the onset of  vaso-occlusion in a sickle 
cell crisis is shown in Figure 2.  This device allows us to dissect 
and probe the hierarchical dynamics of  this multi-scale process 
by manipulating the geometrical, physical, chemical and biologi-
cal determinants of  the process. The chip consists of  a series of  
bifurcating channels of  varying diameters that grossly mimics the 
geometry of  vasculature.  By controlling the physical pressure 

gradient across the chip, we can vary the kinetic time scale for 
transit of  red blood cells. The channels are separated from a gas 
reservoir by a thin gas-permeable polydimethylsiloxane (PDMS) 
membrane.  As the geometries are microscopic, gas diffusion is 
rapid and the oxygen concentration in the microchannels is gov-
erned by the concentration in the gas reservoir.  By changing the 
mixture of  this reservoir, we control oxygen concentrations in the 
channels and hence the onset of  microscopic hemoglobin polym-
erization. By using blood with varying concentrations of  HbS 
and different hematocrits, we can mimic the variability among 
individuals.  This device was used to study the phase space of  
jamming governed by pressure, channel dimensions and oxygen 
concentration as shown in Figure 1.  Our experimental study 
integrates the dynamics of  collective processes at the molecu-
lar, polymer, cellular and multi-cellular level; lays the foundation 
for a quantitative understanding of  the rate limiting processes;  
provides a potential tool for optimizing and individualizing treat-
ment; and serves as a bench test for dynamical drugs.

Figure 1: Phase space of vaso-occlusion.  The colored 
surface represents a fitted hypersurface in 4-dimensional space: 
width, pressure, oxygen concentration, and occlusion time.  The 
isosurface was computed from 43 data points using Delaunay 
triangulation.  All points on the hypersurface correspond to triples 
of height, pressure, and oxygen concentration where the fitted 
time to occlusion was 500 seconds.  The color of each point on 
the surface characterizes the minimal width in the device and is 
redundant with the point’s vertical (width) coordinate.  The filled 
contour plots represent slices through the fitted volume at specific 
planes (top: oxygen concentration = 0.5%, middle: normalized 
pressure = 20 cm H20, bottom: minimal width = 25 µm). This 
phase space describes the behavior of patients whose samples 
contained hemoglobin S concentrations of at least 65% (mean 
86%, standard deviation 6.7%).

p Figure 2: Fabrication and schematic of the device.  The 
oxygen channels and vascular network were fabricated in 
separate steps.  After removal of the device from the SU8 
mold master, holes were cored and networks were bonded via 
oxygen plasma activation and then attached to a glass slide.  
The widest cross section in the vascular network on the left and 
right of the device is 4 mm x 12 µm.  The vascular network then 
bifurcates, maintaining a roughly equal cross-sectional area. An 
open 5 mL syringe was connected to the device and raised 
and lowered to increase or decrease the flow rates through the 
device.  The gas channels were connected to two rotometers 
regulating the ratio of 0% and 10% oxygen in the gas mixture 
that was fed into the device.  The outlet of the gas network had 
an oxygen sensor to validate the oxygen concentration in the 
microchannels.

p
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Plasma-activated Inter-layer Bonding of Thermoplastics  
for Micro- and Nano-fluidic Manufacturing
H.K. Taylor, M. Dirckx, D.S. Boning 
Sponsorship: Singapore-MIT Alliance

Plasma-activated polymer–polymer bonding is a promising way 
of  encapsulating micro- and nano-fluidic channels across large 
substrate areas, without the substantial distortion of  channel ge-
ometries that can plague thermally- and solvent-assisted bond-
ing. The process involves treating the surfaces to be bonded with 
an oxygen or air plasma, and then pressing the surfaces together 
to allow an irreversible chemical bond to form [1]. A conve-
nient method is desired for measuring the toughness of  such a 
bonded interface. Simple crack-opening tests (whereby a blade 
prizes apart the two bonded layers and the length of  the inter-
layer crack determines the bond toughness [2]) are clumsy and 
hard to automate. We propose that built-in microscopic crack-
opening test sites be distributed across manufactured substrates 
[3]. At each test site, a polymeric film bonded over a step in the 
substrate would peel back from the step after bonding, by a dis-
tance depending on the toughness of  the bond. The presence of  a 
wedge-shaped air gap between the covering film and the substrate 
leads to visible interference fringes, the spacing of  which can be 
used to extract the bond strength (Figure 1). Arrays of  these in situ 

cracks might be imaged without removing the substrate from a 
production line and would allow us to monitor both substrate-to-
substrate and cross-substrate bond toughness variation. 

Bond toughness and polymer layers’ surface energies are of  par-
ticular relevance in planning the fabrication of  very shallow flu-
idic channels whose widths, w, are much larger than their depths, 
h. The risk of  channels’ collapsing during fabrication must be 
controlled. For channels with h ~ 1 µm or less that are fabricated 
with thermoplastics, we expect collapsing to occur through lo-
cal deformation of  the surrounding material rather than through 
plate-like bending of  the cover plate [4]. Our analysis suggests 
that the pressure applied during bonding, together with the 
polymer–polymer interface energies that exist before and after 
plasma-activated bonding, will delineate, on a w/h against h plot, 
regions in which collapsing will and will not occur. We have dem-
onstrated nanochannels fabricated from polymethylmethacrylate 
(PMMA) that are 80 nm deep and 10 µm wide and other chan-
nels that are 110 nm deep and 20 µm wide (Figure 2). 

Figure 1: Results from a prototype bond toughness measurement 
feature. The topography of the film covering one side of a PMMA ridge 
(a) is determined with white-light interferometry (black line); a cubic-plus-
linear function of the lateral position has been fit to the film topography, 
showing good agreement with an analytical small-deflections model of the 
cover plate. Symbols indicate the varying height of the air gap between 
substrate and cover film, obtained by interpreting a color interference 
image of the sample (c). The average red, green, and blue intensities 
present in the image are plotted (b) above the image.

p Figure 2:  The PMMA nanochannel fabrication results. 
Our analysis suggests that provided w/h < E’/2p (where 
E’ is the plate modulus and p is the pressure applied 
during bonding), channel collapsing is determined by 
the channel dimensions, the material’s stiffness, and the 
surface energy change γ that occurs when a polymer–
polymer interface is reversibly formed or broken. 
Possible lines separating regions of collapsed and intact 
channels are suggested; many more channel sizes need 
to be tested to map the w/h–h space confidently. 

p
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Environmentally Benign Manufacturing of  
Three-dimensional Integrated Circuits
A. Somani, D.S. Boning 
Sponsorship: SRC/SEMATECH Engineering Research Center for Environmentally Benign Semiconductor Manufacturing

Along with scaling down in size, novel materials have been in-
troduced into the semiconductor industry to enable continued 
improvements in performance and cost as predicted by Moore’s 
law. It has become important now more than ever to include an 
environmental impact evaluation of  future technologies, before 
they are introduced into manufacturing, in order to identify po-
tentially environmentally harmful materials or processes and un-
derstand their implications, costs, and mitigation requirements. 
In this project we introduce a methodology to compare alterna-
tive options on the environmental axis, along with the cost and 
performance axes, in order to create environmentally aware and 
benign technologies. This methodology also helps to identify po-
tential performance and cost issues in novel technologies by tak-
ing a transparent and bottoms-up assessment approach. 

This methodology is applied to the evaluation of  the MIT 3D IC 
technology in comparison to a standard CMOS 2D IC approach. 
Both options are compared on all three axes–performance, cost, 
and environmental impact. The “handle wafer” unit process in 

the existing 3D IC technology, which is a crucial process for back-
to-face integration, is found to have a large environmental impact 
because of  its use of  thick metal sacrificial layers and high-en-
ergy consumption. We explore three different handle wafer op-
tions:  between-die channel, oxide release layer, and alternative 
low-temperature permanent bonding. The first two approaches 
use a chemical handle wafer-release mechanism while the third 
explores solid liquid inter-diffusion (SLID) bonding using cop-
per-indium at 200°C. Preliminary results for copper-indium 
bonding indicate that a sub-micron thick multi-layer copper-in-
dium stack, when bonded to a 300-nm-thick copper film, results 
in large voids in the bonding interface primarily due to rough 
as-deposited films. Finally, we conduct an overall assessment of  
these and other proposed handle wafer technologies. The overall 
assessment shows that none but the oxide release layer approach 
appears promising; however, each process option has its strengths 
and weaknesses, which need to be understood and pursued ac-
cordingly. 

Figure 1: Three axes to manufacturing: Cost, performance 
and EH&S impact. Emerging silicon technologies can be mapped 
into three-dimensions for environmentally conscious technologies.

p Table 1: Demonstration of integrated assessment of handle 
wafer options. A indicates acceptable, and a indicates 
further work is required, while indicates that an area of high 
concern. The oxide release layer approach has no , which 
makes it most appropriate.

p
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An Implantable MEMS Drug-delivery Device
H.L. Ho Duc, N. Elman, M.J. Cima 
Sponsorship: ARO, ISN

A novel drug-delivery system based on MEMS technology is be-
ing developed. This implantable microchip is capable of  deliv-
ering vasopressin, a known vasoconstrictor that can prevent or 
delay death by hemorrhagic shock [1]. The device is specially 
tailored to treat hemorrhagic shock in ambulatory settings and is 
intended for in vivo use as a micro-implant in the peritoneum for 
people in high-risk situations.

The device has a modular design and is composed of  three layers 
(shown schematically in Figure 1): a large reservoir layer, where 
the drug solution is stored; a membrane layer from where the 
drug is ejected; and a bubble-generating layer, where bubbles 
are formed.  The reservoir layer is defined by drilling through 
a Pyrex 7740 wafer with a diamond bit. Wafer thickness and 
hole diameter can be modified to change reservoir capacity.  The 
membrane layer is composed of  silicon nitride membranes cover-

ing through-holes etched by DRIE into a silicon substrate. Thin 
gold fuses can be patterned on the membranes to detect ruptures, 
which then shows as an open circuit. The bubble-generating layer 
is defined by micro-resistors, which can quickly and locally heat 
the contained fluid to generate bubbles. The pressure exerted by 
these bubbles causes rupture of  the silicon nitride membranes 
and forces the contained solution out of  the device.

In vitro operation of  the device has been demonstrated, as shown 
in Figure 2. Further developments of  this device include reduc-
tion of  power consumption during activation, wireless activation, 
and adaptation of  the device for a pen-size, transdermal delivery 
system. We believe that the ramifications of  this MEMS-based 
drug delivery system can be useful for a vast number of  medical 
applications.

Figure 1: Schematic representation of drug delivery system with 
(A) membrane layer, (B) reservoir layer containing the drug solution 
and (C) bubble-generating layer.

p Figure 2: In vitro release of methylene blue solution 
from the drug delivery system.
p
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High Speed Three-dimensional Scanner for in vivo Non-invasive Optical 
Biopsy using Two-photon Microscopy
S.-C. Chen, H. Choi, P.T. So, M.L. Culpepper 
Sponsorship: NIH 

We have recently demonstrated the modeling, design, and micro-
fabrication process of  a millimeter-scale, high-speed endoscopic 
scanner that is to be integrated at the distal end of  an endomicro-
scope [1]. The scanner system consists of  (1) an active Silicon op-
tical bench (SOB), as shown in Figure 1, which constrains, aligns, 
and thermally actuates (1) mm-size optics (GRIN lens and prism) 
at 5 Hz and (2) a slim fiber resonator that excites the double-clad 
photonic bandgap fiber at ~1 kHz. The scanner system has a 
7-millimeter device envelope with a range of  100 micrometers 
in X, Y and Z. The design of  a two-photon endoscope requires 
scanning of  focused light to create tissue images, and scanning 
actuator technology still proves to be a bottleneck for practical 
endoscope design. The performance (force-speed-stroke) criteria 
for the prototype endomicroscope design are generated based on 
clinical needs. The strict force, speed, and stroke requirements 
(~10 mN, 1 kHz, and 100 µm) call for a new method for ac-
tuation. The low voltage requirement for future in vivo examina-
tion/operation makes a new class of  thermomechanical actua-
tors (TMAs) a suitable candidate among other micro-actuation 
technologies.

The two-photon imaging technique requires scanning of  focused 
light to create tissue images. The endoscopic scanner may en-
able the design and construction of  a miniaturized two-photon 
microscopic system to image the surface and sub-surface cells (up 
to 200 microns depth) of  internal tissues with sub-cellular reso-
lution. The two-photon endomicroscope is designed to perform 
non-invasive, in vivo, optical biopsy, which has numerous benefits 

over excisional biopsy. For example,  non-invasive optical screen-
ing may decrease the number of  excision biopsies required, and 
optical biopsy can provide more informed selection of  excisional 
biopsy sites, minimizing incorrect diagnosis due to random sam-
pling. This is useful for detecting cancer at an early stage among 
other diseases. 

The chevron TMAs on the SOB are optimized through the 
geometric contouring method [2] to provide enhanced force, 
displacement and reduced power consumption compared to 
common chevron actuators. This also allows the TMAs to be 
operated at lower temperature and thus makes the TMAs more 
suitable for precision actuation. Figure 2 presents an example of  
a contoured chevron TMA. Early models and experiments of  
the contour shaping method have confirmed that  the maximum 
achievable thermal strain of  a driving beam may be increased 
by 29%,  the actuator stroke may be increased by a factor of  3 
or more, and  identical force or displacement characteristics may 
be achieved with 90% reduction in power.  A new high-speed 
pulsing technique has also been investigated recently; it enhances 
the dynamic performance of  the contoured TMAs [3]. Prelimi-
nary simulation results indicate a 12% bandwidth increase, 30% 
stroke enhancement, and 70% power reduction. This technique, 
together with the geometric contouring method for TMAs, may 
potentially increase the bandwidth of  the endoscopic scanner by 
a factor of  10 and therefore meet the functional requirements for 
a two-photon scanning endomicroscope.

Figure 1:  Silicon optical bench with integrated contoured TMAs 
and flexural bearings that generates linear and rotary motions.
p Figure 2:  Example of a conventional and contoured 

chevron TMAs.
p
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Electromagnetically-driven Meso-scale Nanopositioners for Nano-scale 
Manufacturing and Measurement
D. Golda, M.L. Culpepper 
Sponsorship: NSF, NIH

Nanopositioners – be they nano-, micro-, or macro-scale in physi-
cal size – enable us to move large or small parts with nanome-
ter-level or better precision.  They therefore set the limits on our 
ability to measure, understand, manipulate, and affect physical 
systems.  Six-axis small-scale nanopositioners enable a combina-
tion of  faster speed and better resolution.  They are therefore 
important in scientific and commercial applications where speed 
and small-dimensions are important: biological sciences, data 
storage and nanomanufacturing equipment and instruments [1-
4].  Emerging applications in these fields will benefit from por-
table, multi-axis nanopositioners that are capable of  nanometer-
level positioning over tens-of-microns at speeds of  hundreds to 
thousands of  Hertz.  Toward this end, our work aims to create a 
meso-scale, high-speed, six-axis nanopositioner.

The nanopositioner is designed to  operate with a range-of-mo-
tion of  larger than 10 micrometers in the X-, Y- and Z- direc-
tions,  possess a natural frequency of  1 kHz, and  exhibit better-

than-10-nm resolution.  The nanopositioning system, shown in 
Figure 1, is composed of  three sets of  micro-actuators.  Within 
each set, micro-coils are suspended above a linear array of  1 mm3 
permanent magnets via a silicon flexure system [5].  Each actua-
tor is composed of  two independent coils that apply in-plane and 
out-of-plane forces to the flexure.  The actuator inputs are com-
bined to control the stage position in six axes.  Figure 2, which 
shows the actuator’s force output capability vs. coil footprint, was 
generated using a numerical model.  The micro-coils consist of  
two stacked copper micro-coils that are electrically isolated by a 
layer of  silicon dioxide.  They are created by electroplating cop-
per within silicon and photoresist molds.  The flexures are etched 
using deep reactive-ion etching.  The system will be applied to the 
high-speed and precise positioning of  small parts such as probes 
and thin-films.  The system is scheduled to be integrated into a 
bench-top scanning-probe microscope and within a nano-electro-
discharge machining station [4].

Figure 1: Solid model representation of the proposed 
meso-scale nanopositioner that shows the permanent magnets, 
microfabricated silicon flexures, and copper coils.

p Figure 2: Maximum in-plane (Fx) and out-of-plane (Fz) 
actuator forces vs. micro-coil footprint.  The micro-coils used 
in the nanopositioner are designed with a footprint of 4 mm2, 
resulting in a maximum output force of 10 mN.

p
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Barcoded Microparticles for Multiplexed Detection
D. Pregibon, M. Toner, P.S. Doyle 
Sponsorship: NSF

The detection of  multiple targets in a single sample is important 
for many applications, including medical diagnostics, genotyp-
ing, and drug discovery.  The current approaches to multiplexing, 
such as planar arrays (such as DNA microarrays) and suspension 
(particle-based) arrays, require expensive or cumbersome means 
of  encoding, decoding, or functionalizing substrates. Currently, 
commercially available approaches for multiplexed analysis are 
cost-prohibitive for high sample throughput, low-cost applica-
tions such as bedside diagnostics. 

We have developed a method [1], based on multifunctional bar-
coded particles, for the sensitive and accurate multiplexed detec-
tion of  biomolecules.  Our method is unique in that (1) we can 
fabricate, encode, and functionalize particles in a single step, (2) 
the particles are composed of  poly(ethylene glycol) hydrogel to 

increase both sensitivity and specificity, and (3) only a single fluo-
rescent wavelength is required to decode the particles and quan-
tify the corresponding targets. Using an efficient one-step method 
based on continuous-flow lithography, we synthesize micropar-
ticles with multiple functional regions (Figure 1).  Each particle 
bears a fluorescent dot-pattern barcode (capable of  providing over 
a million unique codes) to identify the target(s) it is looking for and 
one or more spatially separated regions containing a probe where 
those targets can bind and be detected via fluorescence. In this 
way, particles from a library can be mixed and incubated in a 
single sample to simultaneously detect many targets, such as DNA 
oligomers (Figure 2).  The detection of  targets is not only sensitive 
but also extremely specific due to the porous and bio-inert nature 
of  the hydrogel structure that allows target molecules to diffuse 
and bind deep into the transparent particle surfaces.

Figure 1: Schematic of one-step particle synthesis in a microfluidic 
device. Two monomer streams (one with a DNA probe and the 
other with a fluorescent dye) are flowed adjacently along a channel 
where they are repeatedly hit with burst of UV light shone through a 
microscope objective.

p Figure 2: (a) Schematic of multiplexed sample analysis. 
Particles (with unique barcodes corresponding to their 
target) are mixed and incubated in a single sample.  (b) 
Fluorescence image of particles after incubation with 
DNA oligomers targets. Positive detection is indicated by 
fluorescence in the probe-region of the particles. Scalebar 
= 100 µm.

p
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Single-molecule DNA Mapping in a Fluidic Device
J. Tang, G. Randall, P.S. Doyle 
Sponsorship: NSF

The ability to controllably and continuously stretch large DNA 
molecules in a microfluidic format is important for gene-mapping 
technologies such as Direct Linear Analysis (DLA). We have recently 
shown that electric field gradients can be readily generated in a mi-
crofluidic device and the resulting field is purely elongational. We 
have performed a single-molecule fluorescence microscopy analysis 
of  T4 DNA (169 kbp), stretching in the electric field gradients in a 
hyperbolic contraction microchannel. In addition, we are able to se-
lectively pattern a crosslinked gel anywhere inside the microchannel. 
With an applied electric field, DNA molecules are forced to reptate 
through the gel and they stretch moderately  as they exit the gel. By 
placing a gel immediately in front of  the hyperbolic contraction, we 
bypass “molecular individualism” and achieve highly uniform and 
complete stretching of  T4 DNA. This device offers a new method to 
efficiently stretch DNA for single-molecule mapping studies.

Figure 1: An SEM image of a PDMS hyperbolic channel.p

Figure 2: Schematic diagram of the method used to create 
a gel filter just before the hyperbolic contraction.
p
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DNA Dynamics in Nanofluidic Devices
A. Balducci, C.-C. Hsieh, P.S. Doyle

In dilute polymer solutions, the shape, motion, dynamic response, 
and solvent-interaction (HI) of  single polymer molecules change 
when geometric constraints reach the length scales of  the equi-
librium polymer conformation.  Our study seeks to understand 
these changes using double-stranded DNA as a model polymer 
and to utilize these confinement effects to tune the dynamic re-
sponse of  single molecules.  This ability is useful in processes that 
rely on controlling the conformation of  a biomolecule for analysis 
[1] or in the manipulation of  molecules for separations and/or 
reactions

Our experiments [2-3] use thermally-bonded pyrex channels 
with heights ranging from 75 to 500 nm and widths of  150 µm.  
The Brownian motion of  stained DNA molecules is observed us-
ing epi-fluorescence microscopy.  By following the time evolution 

of  the center-of-mass and orientation of  single molecules, we can 
obtain the diffusion coefficient (D) and longest relaxation time (τ1) 
of  the polymer independently.  We find that scalings with molecu-
lar weight of  both D and τ1 agree with a free-draining polymer 
model, indicating that, in contrast to bulk solution, HI is not im-
portant in slit confinement at length scales comparable to the size 
of  the molecule.  We find that the relaxation time of  the polymer 
increases with confinement, which promises easier manipulation 
of  DNA conformations.  Our results in well-defined nanofluidic 
devices may also provide insight into polymer behavior in the less-
controlled confinement that occurs in concentrated polymer solu-
tions.  We are currently working to stretch DNA in confinement 
and to study the effects of  confinement far from the equilibrium 
conformation of  the polymer

Figure 1: (a) An SEM micrograph of a 100-nm-tall channel.  (b) 
Time-series images of a single 97-kbp DNA molecule undergoing 
Brownian motion in a 500-nm-tall channel.

p Figure 2: Variables D and τ1 normalized by their bulk 
values versus a measure of confinement (equilibrium 
radius divided by gap height) for DNA molecules of varying 
molecular weight.

p
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Microfluidic Bubble Logic
M. Prakash, N. Gershenfeld 
Sponsorship: Center for Bits and Atoms

Large-scale microfluidic integration promises to revolutionize the 
fields of  biology and analytical chemistry. The “Lab-on-a-Chip” 
community has long sought the ability to precisely control very 
small volumes (nanoliters) of  fluid  packets . Current mechanisms 
for fluid routing depend on external control elements with no 
feedback, limiting scalability and integration. In [1] we describe 
Bubble logic, an all-fluidic universal logic family implemented in 
a two-phase microfluidic system.  The presence or absence of  
a drop or a bubble represents a bit of  information. Non-linear 
hydrodynamic interactions of  these elements in microfluidic ge-
ometries are exploited to build logic gates (AND, NOT), bistable 
memory (toggle flip-flop), ring oscillators, ripple counters, and 
synchronizers. This provides an on-chip internal flow control 
mechanism with all the properties of  a digital logic family includ-
ing gain, bistability, cascadability, feedback and synchronization. 
Since no external control elements are required, bubble logic can 
also find applications in diagnostic instrumentation in resource-
poor settings, controlled drug delivery or computation in harsh 
settings. 

Previous attempts at an all-fluidic computation mechanism used 
inertial effects (significant only at high Reynolds numbers) or non-
Newtonian fluids (like polymer blends). Bubble logic operates at 
both low Reynolds and capillary numbers, allowing us to reduce 
length scales further and thus operate in nanoliter or smaller re-
gimes.   Figure 1 depicts device geometries for universal AND-
NOT logic gate and a toggle flip-flop. The devices are fabricated 
using soft-lithography in PDMS bonded to glass. Propagation 
time for the logic gate and toggle flip-flop is ~10ms. Figure 2 de-
picts a ring oscillator consisting of  three AND gates and a delay 
line with photomicrographs of  the device in operation (recorded 
by a high speed video camera). We are currently working on in-
tegrating bubble logic elements to build high-density, random-ac-
cess chemical memories.

Figure 1: Universal logic and memory. Top row depicts a 
universal logic gate (AND and NOT) with a plot depicting gain. 
Bottom row depicts one bit bistable memory, implemented as a 
toggle flip-flop with a plot of bistability (surface energy) as a bubble 
traverses the microfluidic geometry. Scale bar ~100 µm.  

p Figure 2: Microfluidic ring oscillator depicting cascading 
and feedback. Top inset depicts the schematic with three 
microfluidic AND gates connected in a ring configuration. Right 
column depicts a time series of steady state operation of the 
oscillator at ~10Hz. Scale bar ~200 µm.

p
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Perfused Multiwell Tissue Culture Plates for Development of  
Drug and Disease Models 
K. Domansky, W. Inman, J. Serdy, B. Owens, S. Karackattu, J.R. Llamas Vidales, R. Littrel, M.H.M. Lim, L. Vineyard, L.G. Griffith 
Sponsorship: DuPont-MIT Alliance, Pfizer, Biotechnology Process Engineering Center

A new platform for three-dimensional hepatic tissue engineering 
has been developed. It is based on the conventional multiwell tis-
sue culture plate format but it allows the tissue to be continuously 
perfused with cell culture medium [1]. The new capability is 
achieved by a microfluidic perfusion system that re-circulates cell 
culture medium between reactors and reservoir (Figure 1). It fea-
tures a network of  microfluidic valves and pumps integrated into 
the plate [2]. Flow pulsatility is controlled by fluidic capacitors. 
In order to measure performance of  fluidic capacitors, fluid was 
pumped through a capillary and a high-speed video camera was 
used to track the end position of  the fluid. Figure 2 compares the 
performance of  measured and modeled capacitors. As predicted 
by the model, the 10-mm capacitor effectively filters fluid pulses 
and generates a nearly constant flow. Flow with this characteristic 
is critical during the initial cell attachment time-period.

Phase contrast and fluorescent imaging, measurement of  oxygen 
consumption, accumulation of  taurocholic acid, gene expression 
profiling, and drug metabolism assays are used to characterize 
the performance of  the 3D perfused cultures. Because the new 
system features a standard multiwell tissue culture plate footprint, 
it is readily amenable to numerous high-throughput assays com-
patible with automated technologies commonly used in pharma-
ceutical development. The system provides a means to conduct 
assays for toxicology and metabolism and can be used as a model 
for human diseases such as hepatic disorders, exposure-related 
pathologies, and cancer.

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

p Figure 2: Comparison of measured capacitor 
performance to the capacitor model for 5- and 10-mm 
diameter capacitors and a flow rate of 0.05 mL/min.

p
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A Patterned Anisotropic Nanofilter Array for Continuous-flow Separation  
of DNA and Proteins
J. Fu, J. Han 
Sponsorship: NIH, NSF, Singapore-MIT Alliance (SMA-II, CE program)

Microfabricated regular sieving structures hold great promise as 
an alternative to gels to improve biomolecule separation speed 
and resolution. In contrast to the disordered gel porous network, 
these regular structures also provide well-defined environments 
ideal for study of  molecular dynamics in confining spaces. How-
ever, previous regular sieving structures have been limited for sep-
aration of  long DNA molecules, and separation of  smaller, physi-
ologically-relevant macromolecules, such as proteins, still remains 
as a challenge. Here we report a microfabricated anisotropic siev-

ing structure consisting of  a two-dimensional periodic nanoflu-
idic filter array (an Anisotropic Nanofilter Array, or ANA). The 
designed structural anisotropy in the ANA causes differently-sized 
molecules to follow different trajectories, leading to efficient sepa-
ration. Continuous-flow Ogston sieving-based separation of  short 
DNA and proteins as well as entropic trapping-based separation 
of  long DNA were achieved, thus demonstrating the potential of  
the ANA as a generic sieving structure for an integrated biomol-
ecule sample preparation and analysis system. 

Figure 1: Ogston sieving of the PCR marker through the 
ANA. For A, only Ey applied and Ey=25 V/cm; for B, Ex=35 
V/cm, Ey=25 V/cm; for C, Ex=60 V/cm, Ey=25 V/cm; for 
D, Ex=35 V/cm, Ey=12.5 V/cm; for E, Ex=35 V/cm, Ey=50 
V/cm; for F, Ex=35 V/cm, Ey=75 V/cm. Band assignment: (1) 
50-bp; (2) 150-bp; (3) 300-bp; (4) 500-bp; (5) 766-bp. 

p Figure 2: Entropic trapping of long DNA (the λ DNA−Hind III 
digest) through the ANA. Fluorescent photographs show separation 
of λ DNA−Hind III digest with different electric field conditions. In A, 
B, and F, Ex=185 V/cm and Ey=100 V/cm. In C, Ex=50 V/cm and 
Ey=100 V/cm. In D, Ex=145 V/cm and Ey=100 V/cm. In E, Ex=170 
V/cm and Ey=100 V/cm. Band assignments are 2,322 bp (1), 4,361 
bp (2), 6,557 bp (3), 9,416 bp (4), and 23,130 bp (5). 

p
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Cell Stimulation, Lysis, and Separation in Microdevices
J. Albrecht, J. El-Ali, S. Gaudet, K.F. Jensen 
Sponsorship: NIH

Quantitative data on the dynamics of  cell signaling induced by 
different stimuli requires large sets of  self-consistent and dynamic 
measures of  protein activities, concentrations, and states of  modi-
fication. A typical process flow in these experiments starts with 
the addition of  stimuli to cells (cytokines or growth factors) 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 laborious 
assays in a reproducible and automated fashion [1].

Figure 1 shows quantification of  the stimulation of  a T-cell line 
with antibodies performed in a micro-fluidic device with integrat-
ed cell lysis. The device is capable of  resolving the very fast kinet-
ics of  the cell pathways, with protein activation levels changing 
4-fold in less than 15 seconds [2]. The quantification of  the lysate 
is currently performed off-chip using electrophoretic separation. 
To effectively extract meaningful data from cellular preparations, 
many current biological assays require similar labor-intensive 
sample purification steps.

Micro-electrophoretic separators have several important advan-
tages 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 using metal electrodes in-
side the microfluidic channel. A PDMS isoelectric focusing device 
with polyacrylamide gel walls [3] has been developed to perform 
rapid separations by using electric fields orthogonal to fluid flow.  
This device and its variants have been shown to focus organelles, 
low-molecular-weight dyes, proteins, and protein complexes (Fig-
ure 2a) in seconds.  Simulations have driven the development of  
improved device configurations, such as tandem IEF stages (Fig-
ure 2b).

Figure 1: The ERK signaling in Jurkat E6-1 cells stimulated 
with α-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.  This fast ERK response is resolved with 
relatively small variations between experiments performed with 
the same stimulation conditions, showing the reproducibility of 
the stimulation and effectiveness of the integrated lysis in the 
microfluidic device.

p Figure 2: a) Focusing of Alexa 488 conjugated Protein G at 
various levels of unlabeled mouse IgG.  Plotted are fluorescent 
intensities of Protein G alone (dotted line), 5µg/mL of IgG 
(dashed line), and 22µg/mL (solid line) that show the focusing 
of the IgG-Protein G complex.  The proteins were focused in less 
than 20 seconds with an applied voltage of 30 V. b) Photograph 
of improved tandem-IEF device.  Nine outlet fractions enable 
subsequent orthogonal separation and analysis. 

p
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Microreactors for Synthesis of Quantums Dots
S. Marre, J. Guan, J. Park, M.G. Bawendi, K.F.Jensen 
Sponsorship: NSF, ISN, Rhodia

We have fabricated  gas-liquid, segmented-flow reactors with 
multiple temperature zones for the synthesis and the overcoating 
of  quantum dots (QDs). In contrast to single-phase flow reactors, 
the segmented flow approach enables rapid mixing and narrow 
residence time distribution, factors which strongly influence  the 
ultimate QD size distribution. The silicon-glass reactors accom-
modate a 1-m-long reaction channel (hydraulic diameter ≈ 400 
µm) and swallow side channels for multiple additional injections 
of  precursors inside the main channel (Figure 1). Pressure-drop 
channels were added in order to avoid backflow into the side chan-
nels. Two temperature zones are maintained, a heated region (> 
260 °C) and a cooled quenching region (< 70 °C). Measurements 
of  the flow distribution (Figure 2a) show that this side manifold de-
sign results in very uniform distribution even at very low nominal 
flow rates. As a model system, monodispersed CdSe and CdSe/
ZnS QDs were prepared using this reactor. For the preparation of  

CdSe QDs, cadmium and selenium precursor solutions were de-
livered separately in the cooled region and were thereafter mixed 
in the heated region. An inert gas stream is introduced further 
downstream to form a segmented gas-liquid flow, thereby rapidly 
mixing the precursors and initiating the reaction, as  was shown 
in a previous work [1]. In the case of  the synthesis of  CdSe/ZnS 
QDs, CdSe cores are introduced directly inside the main channel, 
while Zn and S precursors are added through the side swallow 
channels, allowing the overcoating. The reaction is stopped when 
the fluids enter the cooled outlet region of  the device. When we 
vary the process parameters (temperature, precursors flow rates). 
the size of  the cores material can be tuned without sacrificing the 
monodispersity. In addition, the overcoating of  CdSe cores allows 
shifting the absorbance spectrum (5 nm), due to the presence of  
the ZnS layering (Figure 2b).

 (a)  

(b)  

Figure 1: Microreactor design with two feeder channels (blue) 
for adding precursor into the main stream. Each channel has a 
length of 14 cm and a hydraulic diameter of 50 µm, whereas the 
main reaction channel (black) is 1 m long and has a hydraulic 
diameter of 400 µm. 

p Figure 2: (a) False-color fluorescence image used for 
measuring the flow distribution. Green-emitting nanocrystals are 
continuously injected from the side channels from the right into a 
gas-ethanol segmented flow in the main channel. (b) Absorbance 
and photoluminescence spectra of CdSe cores and CdSe/ZnS 
core/shell nanocrystals in hexane.

p
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Microfluidic Synthesis and Surface Engineering of 
Colloidal Nanoparticles
S.A. Khan, E.V. Loewer, K.F. Jensen

There has been considerable research interest over the last de-
cade in fabricating core-shell materials with tailored optical and 
surface properties.  For example, core-shell particles of  silica and 
titania have drawn attention due their potential for trapping light 
at specific frequencies.  This optical property depends on the for-
mation of  nanolayers on nano- or micro-cores.  To obtain useful 
particles, these layers need to be uniform and even.  These lay-
ered particles also need to be distinct and monodispersed.  While 
nanolayer formation is successful in batch reactions, nonunifor-
mity, agglomeration, and secondary nucleation often occur.   We 
have developed microfluidic routes for synthesis and surface-coat-
ing of  colloidal silica and titania particles. 

The chief  advantages of  a microfluidic platform are precise con-
trol over reactant addition and mixing and continuous operation. 
Microfluidic chemical reactors for the synthesis and overcoating 
of  colloidal particles are shown in Figures 1a and  1b, respectively 
[1-2]. Figure 2a is an SEM micrograph of  silica particles synthe-
sized in a microreactor (Figure 1a) operated in segmented gas-liq-
uid 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.

Figure 1: Microfluidic reactor for (a) synthesis of colloidal silica, 
fabricated in PDMS, and (b) overcoating thick titania shells on silica 
particles.

p Figure 2: (a) Silica synthesized in microreactor and (b) 
titania-coated silica. 
p
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Organic Synthesis in Microreactor Systems
J.P. McMullen, N. Zaborenko, H.R. Sahoo, K.F. Jensen 
Sponsorship: Pacific Scientific, Microchemical Systems Consortium

Enhanced heat and mass transfer, reduced reaction volume, 
and the ability to run several experiments in parallel render mi-
croreactors powerful instruments for scanning and optimizing 
chemical reaction conditions.  Furthermore, the high mechanical 
strength and thermal conductivity of  silicon microreactors permit 
the exploration of  organic syntheses at higher temperatures and 
pressures than can be achieved with conventional bench-scale 
equipment.  An example of  these benefits is demonstrated in the 
aminocarbonylation reaction study [1].  Traditionally, these reac-
tions are performed at atmospheric conditions and with tempera-
tures at or below the boiling point of  the solvent (toluene, 110ºC).  
However, in silicon microreactors (Figure 1), it is possible to reach 
pressures exceeding 100 bar [2] and temperatures above 800ºC 
[3].  Exploration of  the aminocarbonylation reaction offers in-
formation that can be useful for the optimizing selectivity of  the 
synthesis; higher CO pressures enhance α-ketoamide formation 
and increased temperatures favor amide formation.

Once the chemical reaction is complete, it is desirable to separate 
the toxic gas from the liquid phase.  Although negligible on the 
macro-scale, surface forces play a dominant role in microfluidics.  
Creating a capillary-based system (Figure 2) [4] makes it possible 
to take advantage of  these forces.  The liquid phase wets the cap-
illaries and prevents the gas from penetrating the capillary ma-
trix through the proper adjustments of  pressure drops across the 
separator.  Similarly, this concept can be applied to heterogeneous 
reactions that involve two immiscible liquids.  Due to this micro-
technology, microreactor systems can be assembled for multi-step 
synthesis and separation that could not easily be achieved in tra-
ditional laboratory environments.  As a result, high throughput 
experiments can be performed and entire chemical processes can 
be optimized efficiently with microreactor systems.

Figure 1: Silicon microreactor. Photograph, F. Frankel.p Figure 2:  Capillary system for gas-liquid separation.p
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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 is typically achieved 
with hydrogen, but safety and reliability issues remain with cur-
rent storage options.   Consequently, there is continued interest in 
reforming of  liquid fuels to hydrogen.  The process typically in-
volves 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 ease 
of  storage and handling, methanol is an attractive fuel. However, 
partial oxidation of  methanol also generates CO, which can poi-
son the fuel cell catalyst [1]. 

Previously [4] we have successfully demonstrated hydrogen pu-
rification using thin (~200 nm) Pd-Ag membranes using electri-
cal heating. Further, integration of  these devices with LaNiCoO3 
catalyst allowed methanol reforming at 475oC with 47% fuel con-
version [5]. In the current work, we fabricate a novel autother-

mal reformer for hydrogen generation and purification using bulk 
micromachining techniques. This device combines the reforming 
unit with a catalyst loaded microreactor for combustion of  hy-
drogen not recovered through the Pd- Ag membrane, generated 
CO, and unreacted methanol. The energy from the combustion 
heats the reformer to the operating temperature (~450C). High 
thermal conductivity of  silicon ensures efficient heat transfer 
from combustor to reformer. In the first phase, Pd-Ag membrane 
stability post-fabrication was tested; results indicated a pin-hole- 
and crack-free layer. Further, we successfully demonstrate high-
pressure operation (up to 1.6 atm) of  the device for enhanced 
hydrogen flux. The microburner has also been characterized with 
hydrogen oxidation over platinum catalyst. Work on reforming 
methanol for hydrogen generation and characterization of  ther-
mal responses is currently under progress. 

Figure 1: Fabricated reformer-burner unit with palladium 
membranes.
p Figure 2: Hydrogen flux comparison as a function of 

applied feed pressure. 
p
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Thermal Management in Devices for Portable Hydrogen Generation
B. Blackwell, M.A. Schmidt, K.F. Jensen  
Sponsorship: ARO MURI, Lincoln Laboratory

The development of  portable-power systems employing hydro-
gen-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 elec-
tronics 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 am-
monia – to hydrogen. Critical 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 devel-
opment of  improved packaging and fabrication techniques.

A new fabrication scheme for a thermally insulated, high-temper-
ature, 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 ac-
commodates the difference in thermal expansion between the 
silicon reactor and the glass tubes has been developed. Autother-
mal combustion of  hydrogen, propane (Figure 2), and butane has 
been demonstrated in ambient atmosphere and in a vacuum.

Figure 1: Suspended-tube microreactor showing 2 pre-fabricated 
SiO2 tubes, a microfabricated Si reaction chip, and a microfabricated 
Si frame.  The modular design is assembled via a glass braze.

p Figure 2: Autothermal combustion of propane under 
25-mTorr vacuum.
p
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Microfluidic Systems for the Study of Vascular Networks
S. Chung, V. Vickerman Kelly, R. Sudo, R.D. Kamm 
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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 [1-3],[1-3],, 
and at the same time they receive multiple biochemical cues. All 
these factor into the integrated response of  the tissue.  A micro-
fluidic bioreactor has been constructed to facilitate studies into 
the roles of  both biophysical and biochemical factors on capil-
lary morphogenesis. The device is made of PDMS, cured on The device is made of PDMS, cured on The device is made of PDMS, cured onThe device is made of  PDMS, cured on 
an SU-8 patterned wafer.  Then a scaffold material, collagen, 
is induced into a specific region of  devices that was designed 
to keep its shape and properties.  Cells are seeded via one flowCells are seeded via one flow 
channel on the surface of  the scaffold and then subjected tothe scaffold and then subjected to scaffold and then subjected to and then subjected toand then subjected to 
controlled mechanical factors like surface shear and trans-endo-mechanical factors like surface shear and trans-endo-surface shear and trans-endo-
thelial pressure, or biochemical angiogenic factors, inducing theor biochemical angiogenic factors, inducing theinducing the 

formation of  vascular sprouts that extend across the scaffold to 
a second flow channel. With the bioreactor, cells on the scaffold.  With the bioreactor, cells on the scaffoldcells on the scaffold 
form a confluent monolayer and generate sprouts. They show.  They show 
different responses and interactions with the scaffold, followingfollowing 
the angiogenic factors, fluidic factors, surface characteristics and 
scaffold properties.  Experiments are now under way to find theExperiments are now under way to find thefind the 
relations between cell responses and controlled factors. The de- The de- The de-The de-
veloped system is the first system that can control biochemical andis the first system that can control biochemical andthat can control biochemical andcan control biochemical andcontrol biochemical and biochemical and 
mechanical factors together, and it can be used for comparing thecan be used for comparing thecomparing the 
effects of  angiogenic factors under controlled environment withenvironment with with 
enhanced view.  It can also be applied to study the process of an-to study the process of  an-
giogenesis that entails the growth of  vascular sprouts emanating 
from one endothelial surface and connecting with the other.

Figure 1: Concept drawing of the developed device. TheConcept drawing of the developed device.  The 
seeded monolayer on the scaffold works as the wall of a real 
vascular system.

p Figure 2: The MVC sprout formed in collagen gel from theThe MVC sprout formed in collagen gel from the 
cell monolayer. 
p
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Patterning and Processing of Thermosensitive Hydrogels for  
Microfluidics Applications
N.E. Reticker-Flynn, H. Lee, S.G. Kim

Hydrogels have been an active area of  research for a variety of  
applications due to their ability to retain large volumes of  water 
within their polymer gel networks.  Stimuli-responsive hydrogels 
provide the added advantage of  the ability to control the water 
retention by means of  external stimuli.  For example, N-isopro-
pylacrylamide (NIPAAm) is a thermosensitive hydrogel that ex-
hibits a Lower Critical Saturation Temperature (LCST) around 
32°C, above which the gel becomes hydrophobic and expels the 
water molecules, resulting in a drastic swelling/shrinking ratio.  
The goal of  this project is to utilize this pseudo-binary transition 
in the fields of  microfluidics and drug delivery.

By imbedding magnetic nanoparticles into the gel networks, the 
Hamad-Schifferli group [1] could control the temperature of  the 
gels by inducing eddy currents by means of  an oscillating magnet-

ic field.  We are developing the concept further into micro-scale 
devices that can be monolithically integrated into many micro-
fluidic systems. We have demonstrated the ability to photopattern 
the hydrogels and have shown control of  the swelling behavior by 
controlling the amount of  cross-linking in the network.  This al-
lowed for the creation of  hydrogel valves for microfluidic devices. 
Unlike pressure controlled valves, these valves do not require any 
physical interconnects to macro-scale devices.  This advantage 
could prove extremely useful in the commercialization of  micro-
fluidic analysis systems where users might not have equipment 
such as syringe pumps or air compressors available.  In addition 
to valves, applications of  the swelling behavior to micropumps 
are also being examined.

Figure 1: (a) Controlable microfluidic valve activated by means of external magnetic field. (b) NIPAAm MIT logo with top of “T” 
removed from substrate.
p
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A Large-strain, Arrayable Piezoelectric Microcellular Actuator by Folding 
Assembly 
Z.J. Traina, S.G. Kim 
Sponsorship: Korean Institute of Machinery and Materials

A low-power, piezoelectric, contracting cellular MEMS actuator 
has been developed that demonstrates a peak strain of  3% under 
a 10 V stimulus.  Since the motion of  the end effecter is linear and 
in-plane, the actuator can be arrayed in series to amplify the total 
stroke or in parallel to amplify the total force, as needed.  Loca-
tion of  the piezoelectric member through the structural center of  
stiffness reduces the potential for parasitic out of  plane bending 
present in previous designs [1].

Cellular actuators arrays can be assembled into a larger array of  
actuators.  We demonstrated that sets of  cellular microactuators 
can be assembled out of  plane by folding them over thin gold 

hinges. To our knowledge, this study is the first effort in this field. 
The gold hinges serve dually as mechanical assembly guides and 
electrical interconnects.  Long chains of  devices may be assem-
bled by rolling out of  plane.  Figure 2 shows a smaller collection, 
assembled by folding three actuator triplets onto one another.  
Actuation of  the collection is contingent on the manufacturing of  
functional thin-film PZT.

Figure 1: An array of three cellular actuators fabricated in 
series, which demonstrates a total static displacement of more than 
15 µm under 10V stimulus.  The strain of the assembly exceeds 
that of unmodified PZT by a factor of more than 29:1.

p Figure 2:  A total of 9 actuators (three actuator triplets) 
assembled into one collection by folding out of plane over gold 
hinges.  Actuation of a folded device collection is contingent on 
the manufacturing of functional thin film PZT.

p
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Thermal Ink Jet Printing of Lead Zirconate Titanate Thin Films
S. Bathurst, H.W. Lee, S.G. Kim 
Sponsorship: DARPA, Hewlett-Packard

The ferromagnetic and piezoelectric properties of  ceramic lead 
zirconate titanate (PZT) thin films have made PZT an appealing 
choice for micro-sensors and actuators.  Significant work has been 
done integrating PZT with standard MEMS processes, including 
the development of  PZT sol-gels for spin coating [1-2]. Crack-
ing is often a problem with PZT spin coating due to the brittle 
nature of  the films coupled with the thermal strain experienced 
during annealing. This propensity for cracking limits the overall 
thickness deposited and the size out of  plane features over which 
PZT can be reliably coated. Furthermore, spin coating requires a 
large volume of  the expensive PZT precursor solution. We pro-
pose thermal ink-jet printing of  a modified PZT sol-gel as a new 
method of  depositing PZT films for MEMS applications. Pre-
liminary work has shown ink jetting to be a reliable method for 
depositing PZT films of  the correct thickness for MEMS applica-
tions and that annealed films can crystallize into the piezoelectric 
perovskite phase using the same thermal process developed for 
spin-coated PZT (see Figure 1) [3]. The goal of  this research is to 
develop a deposition process that will enable reliable manufactur-
ing of  high-quality PZT films with greater deposition flexibility 
and lower material costs than spin coating. 

Thermal ink jetting technology supports a wide range of  ink 
viscosities and solid particle contents. The ink composition can 
therefore be adjusted to control both the contact angle of  solution 
with the substrate (1000Å Pt/ 200Å Ti) and the as-deposited film 
thickness. This flexibility allows for the deposition of  films with 
thickness and uniformity that are acceptable for the fabrication of  
piezoelectric devices (see Figure 2). Multiple layers can be depos-
ited to attain the thickness as needed. Currently, annealed films 
have been prepared as thick as 0.5 µm, corresponding to an as 
deposited thickness of  approximately 1 μm. This is comparable to 
the current limit of  standard spin-coated PZT sol-gel processed; 
printing of  thicker films is under investigation.

We acknowledge Hewlet Packard for providing the POEMS ther-
mal ink-jet printer.

Figure 1: Comparison of X-ray diffraction of spin-coated PZT 
film with thermal ink-jetted film. 
p Figure 2: Optical microscope image and profilometry of as 

deposited thermal ink-jetted lead zirconate titanate thin film.
p
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Piezoelectric Micro-power-penerator: MEMS Energy-harvesting Device for 
Self-powered Wireless Corrosion-monitoring System
A. Hajati, S.G. Kim  
Sponsorship: NSF, Korean Institute of Machinery and Material

A novel thin-film, lead zirconate titanate Pb(Zr,Ti)O3 (PZT), 
energy-harvesting MEMS device is being developed for autono-
mous wireless monitoring systems. It is designed to harvest en-
ergy from parasitic vibrational energy sources and convert it to 
electrical energy via the piezoelectric effect.  We envision that  
harvesting parasitic energy from the vortex-induced vibration of  
the oil pipelines will deploy a massive number of  microsensors  
along the hundreds of  miles of  pipeline in very cold and remote 
areas. The proposed system consists of  a corrosion sensor, a ra-
dio transceiver, a microcontroller, a power management module, 
and a piezoelectric micro power generator (PMPG) to supply the 
needed power of  the system without replacing batteries. 

The new pie-shaped design for the harvester (about a size of  a 
nickel) has a radical departure from previous design concepts. 
This energy harvester design can be regarded as revolutionary  
as the first self-rectifying piezoelectric power generator. The new 
design avoids the high Q resonance, which is also a big change 
from previous designs. This will enable more robust power gen-
eration even if  the frequency spectrum of  the source vibration 
varies unexpectedly. Furthermore, the beam shape is optimized to 
achieve uniform allowable strain throughout the PZT layer. Cur-
rently, the first prototype, which is shown schematically, is being 
fabricated at MTL.

Figure 1: Wireless sensor system schematics. The self-
powered sensor node transmits data to a receiver at the base 
station. 

p Figure 2: The structure of a pie-shaped PMPG.p
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Lateral-line-inspired MEMS-array Pressure Sensing for  
Passive Underwater Navigation
V. Fernandez, S. Hou, F. Hover, J. Lang, M. Triantafyllou 
Sponsorship: NOAA: MIT Sea Grant College Program

A novel sensing technology for unmanned undersea vehicles 
(UUVs) is under development. The project is inspired by the 
lateral line sensory organ in fish, which enable some species to 
form three-dimensional maps of  their surroundings [1-2]. The 
canal subsystem of  the organ can be described as an array of  
pressure sensors [3]. Interpreting the spatial pressure gradients 
allows fish to perform a variety of  actions, from tracking prey 
[4] to recognizing nearby objects [2].  It also aids schooling [5]. 
Similarly, by measuring pressure variations on a vehicle surface, 
an engineered dense pressure sensor array allows the identifica-
tion and location of  obstacles for navigation (Figure 1). We are 
demonstrating proof-of-concept by fabricating such MEMS 
pressure sensors by using KOH etching techniques on SOI 
wafers to construct strain-gauge diaphragms.

The system consists of  arrays of  hundreds of  pressure sensors 
spaced about 2 mm apart on etched silicon and Pyrex wafers. The 
sensors are arranged over a surface in various configurations (Fig-

ure 2). The target pressure resolution for a sensor is 1 Pa, which 
corresponds to the noiseless disturbance created by the presence 
of  a 0.1-m-radius cylinder in a flow of  0.5 m/s at a distance of  
1.5 m. A key feature of  a sensor is the flexible diaphragm, which 
is a thin (20 µm) layer of  silicon attached at the edges to a silicon 
cavity. The strain on the diaphragm due to pressure differences 
across the diaphragm is measured. At this stage, the individual 
MEMS pressure sensors are being constructed and tested.

In parallel to the construction of  a sensor array, techniques are 
being developed to interpret the signals from a dense pressure ar-
ray by detecting and characterizing wake structures such as vorti-
ces and building a library of  pressure distributions corresponding 
to basic flow obstructions.  In order to develop these algorithms, 
experiments are being performed on coarse arrays of  commercial 
pressure sensors

Figure 1: Pressure-sensor array applications.p Figure 2: Diagram of pressure-sensor array with basic 
structure depicted.
p
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Fabrication of a Fully-integrated Multiwatt µTurboGenerator
B.C. Yen, M. Allen, F.F. Ehrich, A.H. Epstein, F. Herrault, K.J. Hillman, L.C. Ho, S. Jacobson, J.H. Lang,  
H. Li, Z.S. Spakovszky, C.J. Teo, D. Veazie 
Sponsorship: US Army Research Laboratory Collaborative Technology Alliance

There is 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, andsensors, robotics, and, robotics, and 
other applications. Building upon the results presented in [1], 
the current research is aimed at fabricating a fully-integrated, 
multiwatt micro turbogenerator on silicon that can produce 10 micro turbogenerator on silicon that can produce 10 
W DC output power (Figure 1). One of  the main challenges in-in-
volves the seamless integration between silicon and the magnetic the seamless integration between silicon and the magnetic 
components required to generate power. The generator requires 
a NiFe soft magnetic back iron and laminated stator for flux 
redirection as well as NdFeB permanent magnet pieces to serve 
as flux sources (Figure 2). In addition, copper windings must be 
fabricated above the laminated stator to couple to the alternating 
flux in order to extract electrical power from the machine.

Great strides have been made in the past year to quantify the 
requirements on the magnet pieces that will go into the rotor 
housing. Manufacturing accuracy of  the pieces is critical 
because variations in the magnet geometries create an overall 
rotor imbalance, which can cause the rotor to crash during 

transcritical operation. A procedure in which the gaps around in which the gaps around the gaps around 
the magnet pieces are filled with solder and then polished back 
using chemical-mechanical planarization has been developed; 
this process can reduce the effective imbalance of  the rotor by anan 
order of  magnitude.

The assembly and packaging procedure for the turbogenerator is 
also critical because the embedded permanent magnets cannot 
withstand temperatures much above 150 oC.  This temperature 
restriction rules out the use of  fusion bonding for the final die-
level assembly after rotor insertion. Based on results presented by 
Choe, et al. [2], an eutectic In-Sn bonding scheme that requires 
only 140 oC has been researched. In this scheme, Cr/Au is de-
posited on one bonding surface and Cr/Sn/In/Au is deposited 
on the other surface; both depositions are done using an e-beam 
evaporator without breaking vacuum. By painting no-clean flux 
on both surfaces and compressing the dies together on a hot plate, 
we form the bond.

Figure 1: Conceptual rendering of the fully-integratedConceptual rendering of the fully-integrated 
generator. Back iron and magnet pieces will be inserted into the 
empty cavities of the rotor, which will be supported by gas thrust 
and journal bearings. Electrical connections are taken out from the 
backside of the die.

p Figure 2: Magnetic rotor test structure with back ironMagnetic rotor test structure with back iron 
plated and sample magnet pieces inserted. The magnets 
shown in this photo were not manufactured to the correct size,were not manufactured to the correct size, not manufactured to the correct size, 
but they demonstrate what a completed rotor might look like. 
(Courtesy of F. Herreault, GIT)

p
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A Portable Power Source Based on MEMS and Carbon Nanotubes
F A. Hill, T.F. Havel, C. Livermore 
Sponsorship: Deshpande Center for Technological Innovation

There is a growing need for small, lightweight, reliable, highly 
efficient and fully rechargeable portable power sources.  The 
focus of  this project is the design and modeling of  a system 
in which energy is stored in the elastic deformation of  carbon 
nanotube (CNT)-based springs.  The CNTs are coupled to 
a MEMS electric generator.  When the CNT deformation is 
released, the stored energy actuates the generator, which then 
converts the energy into electricity.  The MEMS generator may 
be operated in reverse, as a motor, in order to wind the CNT 
springs and recharge the system.  Alternatively, the stored elastic 
energy may be used to supply a mechanical load directly.  This 
project is motivated by recent research into the mechanical 
properties of  CNTs. The CNTs have a high stiffness, low defect 
density, and a consequently high yield strain that enables them 
to store elastic energy with significantly greater energy density 
than typical spring materials such as high-carbon steel.  Models 
suggest that CNTs can be reversibly stretched by up to 15% [1]; 
lower strains of  up to 6% have been demonstrated experimen-
tally to date [2-3].

This type of  system offers several important potential advantages.  
First, due to CNTs’ high strength, high flexibility, and low defect 
density, they can store energy at very high energy density.  Con-
sidering just the CNT-based spring itself, the energy density of  an 
array of  CNTs stretched to a reversible 15% strain is about 1500 
W-hr/kg, about ten times the energy density of  Li-ion batteries.  

The energy density of  the final system will be lower because of  
the finite conversion efficiency of  the generator and the weight 
of  both the supporting structure and the generator hardware.  In 
addition, because energy storage in the CNT system is based on 
stretching chemical bonds rather than breaking and reforming 
chemical bonds as in batteries, the CNT-MEMS generator sys-
tem has the potential to operate at higher power densities, un-
der harsher conditions, to deeper discharge levels, and through a 
greater number of  charge-discharge cycles than a chemical bat-
tery.

The system architecture consists of  a CNT-based energy storage 
element, an energy release rate mechanism, and a MEMS gen-
erator.  This project is examining and modeling different varia-
tions on this system architecture that incorporate different modes 
of  deformation of  the CNT-based energy storage element, vari-
ous types of  generators, different types of  coupling between the 
storage element and the generator, and different size scales for 
the various components.  One conceptual example is illustrated 
below, in which the axial relaxation of  an axially-stretched CNT-
based storage element is converted to rotational motion of  a 
wheel.  The wheel is coupled to a piezoelectric generator through 
a mechanism that regulates the rate of  energy release, much as in 
a mechanical watch.

Figure 1: Schematic diagram showing the conceptual design of a MEMS-based energy storage device p
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A MEMS Steam Generator
F. Eid, L.F. Velasquez-Garcia, A.H. Epstein, C. Livermore 
Sponsorship: DARPA, MDA, AFRL

Previous work [1] has shown that MEMS technology has signifi-
cant potential to create more compact, higher- performing hard-
ware for chemical oxygen iodine lasers (COIL).  In COILs, the 
laser medium is a flowing gas that must be pumped through the 
system at high mass flow rates to ensure proper system opera-
tion.  As a result, compact pumps with high pumping rates are 
a key element of  the COIL system.  One promising component 
of  a MEMS COIL system would be a compact MEMS pump 
system in which the pump action is provided in part by micro 
steam ejectors and the micro steam generators that supply their 
driving fluid.  This work describes the design and modeling of  a 
microscale hydrogen peroxide (H2O2)-based steam generator to 
supply such a MEMS pump system. Hydrogen peroxide is a read-
ily available, inexpensive, nontoxic, and environmentally friendly 
fluid that may be catalytically decomposed to form steam.  Steam 
generation by the catalytic decomposition of  H2O2 also finds oth-
er important applications in the MEMS field beyond pumping, 
particularly in the area of  thrust generation. Compared to their 

macroscale counterparts, MEMS H2O2-based steam generators 
offer better performance, notably improved mixing, and higher 
uniformity due to the absence of  moving parts [2-3].

A complete MEMS steam generator consists of  a peroxide res-
ervoir, an injector, a reactor, and a converging-diverging nozzle 
to accelerate the exiting flow, as shown in Figure 1. Initial work 
focuses on the design of  the reactor and nozzle.  Liquid H2O2 
in aqueous solution is injected into the reactor, where it decom-
poses into steam and oxygen gas upon contact with the catalyst.  
A continuous supply of  homogeneous liquid catalyst is used, as 
it avoids the aging problem typically exhibited by heterogeneous 
catalysts [4]. The gaseous products of  the reaction are then accel-
erated to supersonic velocities through the converging-diverging 
nozzle.  The work to date indicates that a MEMS steam generator 
designed to minimize heat transfer to the environment can pro-
vide complete, compact, uniform decomposition of  peroxide into 
steam suitable to drive a MEMS pumping system. 
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Figure 1: Schematic diagram of a hydrogen peroxide-based MEMS steam generator, showing the peroxide reservoir, injector, 
reactor, and nozzle.
p
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Microscale Singlet Oxygen Generator for MEMS-based COIL Lasers 
T. Hill, L.F. Velásquez-García, A.H. Epstein, K.F. Jensen, C. Livermore  
Sponsorship: DARPA, MDA, AFRL

Conventional chemical oxygen iodine lasers (COIL) offer several 
important advantages for materials processing, including short 
wavelength (1.3 µm) and high power.  However, COIL lasers typi-
cally employ large hardware and use reactants relatively ineffi-
ciently.  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 microchemical reactors, microscale supersonic 
nozzles, and micropumps.  System models incorporating all of  
these elements predict significant performance advantages in the 
microCOIL approach [1].

Initial work is focused on the design, microfabrication, and 
demonstration of  a chip-scale singlet oxygen generator (SOG), 
a microchemical reactor that generates singlet delta oxygen gas 
to power the laser.  Given the extensive experience with micro-
chemical reactors over the last decade [2], it is not surprising that a 

microSOG would offer a significant performance gain over large-
scale systems.  The gain stems from basic physical scaling; sur-
face-to-volume ratio increases as the size scale is reduced, which 
enables improved mixing and heat transfer.  The SOG chip being 
demonstrated in this project employs an array of  microstructured 
packed-bed reaction channels interspersed with microscale cool-
ing channels for efficient heat removal [3]. To date the device has 
produced oxygen concentrations of  1017 cm-3, yields approaching 
80% and molar flowrates in excess of  600x10-4 moles/L/sec [4].  
The yield and molar flowrates indicate a significant improvement 
over the macroscale SOG designs.

       

Figure 1: A – View of chip surface showing glow resulting 
from singlet-oxygen production; B – View of packaging and optics 
surrounding microSOG; C – Photograph of microSOG.  

p Figure 2: The IR spectra measured at the µSOG gas outlet 
versus time.  The peak at 1268 nm indicates the spontaneous 
decay of singlet oxygen into its triplet state.

p
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An Integrated Microelectronic Device for Label-free Nucleic Acid 
Amplification and Detection
C.J. Hou, M. Godin, K. Payer, S.R. Manalis 
Sponsorship: Hewlett-Packard, AFOSR

While there have been extensive advances in miniaturized poly-
merase chain reaction (PCR) systems, progress on integrated mi-
crofabricated readout mechanisms has been rather limited, and 
most systems rely on off-chip optical detection modules to mea-
sure the final product.  Existing optical detection platforms typi-
cally include CCD cameras, photodiodes, and photomultiplier 
tubes.  While such hardware has adequate sensitivity for detecting 
PCR products in sample volumes significantly lower than that of  
bench-top systems, most are difficult to miniaturize and integrate 
into a compact analytical system. For example, some portable 
systems incorporating external LEDs and photodetectors can 
weigh between 1 kg and 4 kg each.   To address these limitations, 
several groups have successfully embedded photodetectors within  
integrated PCR platforms.   However, these devices still rely on 
external excitation sources.

To address this limitation, we have developed an integrated mi-
croelectronic device for amplification and label-free detection of  
nucleic acids (Figure 1) [1]. Amplification by PCR is achieved 
with on-chip metal resistive heaters, temperature sensors, and 
microfluidic valves. We demonstrate a rapid thermocycling with 
rates of  up to 50°C/s and a PCR product yield equivalent to that 
of  a bench-top system. Amplicons within the PCR product are 
detected by their intrinsic charge with a silicon field-effect sensor. 
Similar to existing optical approaches with intercalators such as 
SYBR Green, our sensing approach can directly detect standard 
double-stranded PCR products while in contrast our sensor oc-
cupies a micron-scale footprint, dissipates only nano-watt power 
during operation, and does not require labeling reagents. By com-
bining amplification and detection on the same device, we show 
that the presence or absence of  a particular DNA sequence can 
be determined by converting the analog surface potential output 
of  the field-effect sensor to a simple digital true/false readout.

Figure 1: Device layout and concept. (top) Photograph of 
an integrated device with embedded sensors (right dotted area), 
PCR microfluidic channel with integrated valves (left dotted area), 
and metal-resistive heaters and temperature sensors (features 
above and below PCR channel). (bottom) A 3D rendering of the 
device centered on sensors (top and bottom squares) and an 
excitation metal electrode. Adjacent features include gold traces 
for electrical connections, inlet of the sensor channel, and an 
integrated valve controlling the interface to the PCR channel.

p

Figure 2: The integrated PCR and field-effect sensing 
of product.  The sensor was functionalized and pressure was 
applied to flow the content of PCR channel over electronic 
sensors, after which valves were closed and measurement 
buffer flow was restored. The PCR channel was replenished with 
starting PCR reagent as its contents  flowed into the sensing 
channel. The greyed-out area indicates the period of PCR channel 
injection during which mechanical operations caused the sensor 
to lose its baseline value and drift temporarily. The higher and 
lower dotted segments are arbitrarily defined threshold levels for 
positive and negative signals, respectively.

p
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Monitoring of Heparin and its Low Molecular Weight Analogs by 
Silicon Field Effect
N. Milovic, J. Behr, M. von Muhlen, M. Godin, C.J. Hou, K.R. Payer, A. Chandrasekaran, P.R. Russo, R. Sasisekharan, S.R. Manalis 
Sponsorship: Hewlett-Packard, AFOSR

Heparin is a highly sulfated glycosaminoglycan that is used as an 
important clinical anticoagulant. Monitoring and control of  the 
heparin level in a patient’s blood during and after surgery is essen-
tial, but current clinical methods are limited to indirect and off-
line assays. We have developed a silicon field-effect sensor for di-
rect detection of  heparin by its intrinsic negative charge [1]. The 
sensor consists of  a simple microfabricated electrolyte-insulator-
silicon (EIS) structure encapsulated within microfluidic channels 
(Figure 1). As heparin-specific surface probes, we used the clinical 
heparin antagonist protamine or the physiological partner an-
tithrombin III. The dose-response curves in 10% PBS revealed 
a detection limit of  0.001 U/ml, which is orders of  magnitude 
lower than clinically relevant concentrations. We also detected 
heparin-based drugs, such as the low-molecular-weight heparin 
enoxaparin (Lovenox®) and the synthetic pentasaccharide hepa-
rin analog fondaparinux (Arixtra®) (Figure 2), which cannot be 
monitored by the existing near-patient clinical methods. We de-
monstrated the specificity of  the antithrombin III functionalized 
sensor for the physiologically active pentasaccharide sequence. As 
a validation, we showed correlation of  our measurements to those 
from a colorimetric assay for heparin-mediated anti-Xa activity. 
These results demonstrate that silicon field-effect sensors could 
be used in the clinic for routine monitoring and maintenance of  
therapeutic levels of  heparin and heparin-based drugs and in the 
laboratory for quantitation of  total amount and specific epitopes 
of  heparin and other glycosaminoglycans.

Figure 1: Optical micrograph of an array of silicon field-
effect sensors for the detection of charged biomolecules such 
as heparin.

p

Figure 2: Dose-response curve of the AT-III-sensor for the 
heparin-based pentasaccharide drug fondaparinux (●) and 6-
O desulfated fondaparinux (○), which is known to exhibit low 
binding affinity for AT-III. Data points for fondaparinux fit with a 
Langmuir isotherm (solid line), and those for and 6-O desulfated 
fondaparinux are connected with a dashed line.  Note that 0.2 
U/mL ~ 1mg/ml ~ 50 nM.

p
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Weighing of Biomolecules, Single Cells and Single Nanoparticles in Fluid
T.P. Burg, M.Godin, W. Shen, G. Carlson, J.S. Foster, K. Babcock, S.R. Manalis 
Sponsorship: NIH Cell Decision Process Center Grant, Institute for Collaborative Biotechnologies from the US Army Research Office, 
AFOSR

Nanomechanical resonators enable the measurement of  mass with 
extraordinary sensitivity. Previously, samples as light as 7 zepto-
grams (1 zg = 10-21 g) have been weighed in vacuum, and proton-
level resolution seems to be within reach. Resolving small mass 
changes requires the resonator to be light and to ring at a very 
pure tone—that is, with a high quality factor. In solution, viscosity 
severely degrades both of  these characteristics, thus preventing 
many applications in nanotechnology and the life sciences where 
fluid is required. Although the resonant structure can be designed 
to minimize viscous loss, resolution is still substantially degraded 
when compared to measurements made in air or vacuum. An 
entirely different approach eliminates viscous damping by placing 
the solution inside a hollow resonator that is surrounded by vac-

uum (Figure 1). We have recently demonstrated that suspended 
microchannel resonators can weigh single nanoparticles (Figures 
2), single bacterial cells. and sub-monolayers of  adsorbed proteins 
in water with sub-femtogram resolution (1 Hz bandwidth). Cen-
tral to these results is our observation that viscous loss due to the 
fluid is negligible compared to the intrinsic damping of  our sili-
con crystal resonator. The combination of  the low resonator mass 
(100 ng) and high quality factor (15,000) enables an improvement 
in mass resolution of  six orders of  magnitude over a high-end 
commercial quartz crystal microbalance [1]. This gives access to 
intriguing applications, such as mass-based flow cytometry, the 
direct detection of  pathogens, or the non-optical sizing and mass 
density measurement of  colloidal particles. 

Figure 1: A suspended microchannel translates mass changes 
into changes in resonance frequency. Fluid continuously flows 
through the channel and delivers biomolecules, cells. or synthetic 
particles. Sub-femtogram mass resolution is attained by shrinking 
the wall and fluid layer thickness to the micrometer scale and by 
packaging the cantilever under high vacuum.  In one measurement 
mode, particles flow through the cantilever without binding to 
the surface, and the observed signal depends on the position of 
particles along the channel (inset 1 – 3). The exact mass excess 
of a particle can be quantified by the peak frequency shift induced 
at the apex.

p Figure 2: Synthetic particles of known size and density 
were measured to calibrate the mass sensitivity of the device. 
Gold nanoparticles (100 ± 8 nm) weighing 10 fg more than 
the water they displace produced a mean frequency shift of 
36 mHz with a standard deviation of 6 mHz. On a different 
device, we measured a frequency shift of 310 ± 30 mHz for 
polystyrene microspheres (1.51 ± 0.01 um) with 90.1 fg mass 
excess.

p
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Integrated System for Cancer Biomarker Detection
P. Dextras, K. Payer, T. Burg, R. Chunara, Y.C. Wang, J. Han, S.R. Manalis 
Sponsorship: NCI

There is evidence to suggest that the next generation of  cancer-
screening tests may employ not just one, but a small panel of  less 
than ten biomarkers that together add statistical power to the de-
tection of  specific cancers.  While immunoassays such as ELISA 
are well established for detection of  antigen-based biomarkers, 
the fidelity of  the assay is governed by the disassociation constant, 
Kd, of  the antibody-antigen complex.  If  the antigen concentra-
tion is significantly below Kd, then the binding kinetics are slow 
and readout precision of  the antigen-antibody complex can be 
degraded by noise.

We propose a general approach for improving the performance 
of  ligand-receptor assays.   The approach is based on a nano-
fluidic device that controllably concentrates a dilute sample and 
an ultra-sensitive suspended microchannel resonant mass sensor 
that detects specific biomarkers within the concentrate.  Since 
the amplification (or gain) of  the concentrator is adjustable, the 
dynamic range and detection limit of  the immunoassay can be 
governed by the properties of  the concentrator and not Kd.  Since 
the integrated concentration/detection system is batch-fabricated 
by conventional foundry-level processing techniques, the cost per 
device could potentially be less than ten dollars.

Over the past year, we have fabricated the first generation of  in-
tegrated systems (Figure 1).  The devices appear to be functional 
based on initial visual inspections.  We are currently validating the 
performance of  the system by using quantum dots for a calibration 
assay.  We are also in the process of  validating the performance 
of  the concentrator and mass sensor (as individual components) 
with prostate-specific antigen so that we can make comparisons to 
existing methods in terms of  sensitivity and selectivity. 

Figure 1: Integrated system for concentration and detecting 
biomolecules.
p
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Passive Microwave Transponders for Passive, Real-time, and 
High-sample-rate Localization
J. LaPenta, J. Paradiso 
Sponsorship: Media Laboratory, NanoStructures Laboratory

Passive surface acoustic wave (SAW) transponders have been used 
for RFID applications because of  their zero-power and long-
range (100m) capabilities. This work presents current research 
into utilizing SAW transponders for localizing objects. The SAW 
transponders have many advantages over existing localization 
solutions, including small size (mm x mm), zero-power, high-ac-
curacy, longer range (100m), and kilohertz update rates. Unhin-
dered localization of  objects is desirable for many applications, 
from human computer interaction to product tracking to security. 
The SAW transponders offer improvements to existing solutions 
for asset tracking, location of  lost articles, ubiquitous computing, 
tracking of  people with special needs or prisoners, workers in 
hazardous situations, human machine interfaces, virtual training 
environments, security, location of  short-range mobile sensors, 
and biomedical research. The goal of  this project is to prototype 
this tracking system and evaluate the feasibility of  a commercial 
system.

Multiple RADAR measurement stations use phase-encoded 
chirps to selectively track individual SAW transponders by tri-
angulation of  range and/or angle measurements. Update rates 
on the order of  10kHz with accuracies better than 10cm3 are 
conceivable. A 300-nm deep-uv contact-mask lithography nano-
fabrication process to create these SAW devices is under develop-
ment. Figure 1 shows the block diagram of  the electronic test 
setup that is being used to characterize devices. Figure 2 shows 
a micrograph of  a few of  our fabricated devices. Recent results 
from this investigation will be presented, including the character-
ization of  our first devices.

Figure 1: Test electronics block diagram.  p Figure 2: The 3µm SAW devices.p
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Macroscopic Interfaces to Parallel Integrated Bioreactor Arrays
H. Lee, R.J. Ram, P. Boccazzi, A. Sinskey 
Sponsorship: Lincoln Laboratory

Macroscopic fluidic interfaces are important for improving the 
usability of  microfluidic devices.  For example, in our previously 
developed parallel integrated bioreactor arrays [1], two needle 
punctures were required to fill each fluidic reservoir, one for fluid 
injection using a syringe and another needle to vent the air dis-
placed by the injected fluid.  While suitable for internal labora-
tory use, such an inconvenient fluid injection procedure impedes 
the adoption of  this new bioreactor technology.  

We have developed a fluid injection port that automatically vents 
the displaced air and is compatible with standard laboratory pi-
pette tips.  The principle of  operation is shown in Figure 1.  On 
opposite sides of  each fluid reservoir (Figure 1a), there is a fluid 
injection channel and a vent channel.  Both of  these channels ter-
minate in vias that connect the channels to the seat of  the pipette 
interface nipple.  The pipette-interface-nipple (Figure 1e) is an 

elastomer structure, which, when compressed by its housing (Fig-
ure 1c), seals closed both vias such that fluid can neither escape 
nor enter the fluid reservoir.  When a pipette tip is inserted into 
the interface-nipple, it is deformed and allows air to escape from 
the vent port (Figure 1f).  Meanwhile, the inserted pipette tip seals 
to the via connected to the fluid injection channel and fluid can 
be injected into the reservoir.  The particular bow-tie shape of  the 
pipette-interface-nipple was chosen such that when it is inserted 
into a rectangular housing, sufficient compressive force would seal 
the central slit closed while also allowing space for the nipple to 
expand upon insertion of  the pipette tip.  

Fabricated devices exhibited good operating characteristics and 
provided a seal against a greater-than-10psi back pressure.

Figure 1: Auto-venting and pipette compatible fluid injection port. a) Schematic view of an underlying microfluidic device with 
channels and a fluid reservoir.  b) Cross-section showing device layers along with interface nipple and compression housing. c) 
Cross-section with inserted pipette tip. d) Interface-nipple inside compression housing; slit is sealed. e) Uncompressed, as-fabricated, 
interface nipple.  Dotted line indicates compression housing dimensions. f) Compressed interface nipple showing inserted pipette tip 
and consequent deformation of the nipple. 

p
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MIT-OSU-HP Focus Center on Non-lithographic Technologies for  
MEMS and NEMS
M.A. Schmidt (in coll. with S.G. Kim, C.G. Sodini, V. Bulović, MIT; D. Keszler, J. Wager, M. Subramanian, OSU; P. Benning,  
M. Chaparala, J. Stasiak, J. Thompson, Hewlett-Packard) 
Sponsorship: AFOSR

This newly formed center is part of  an overall set of  centers on 
MEMS/NEMS fundamentals supported by DARPA. The MIT-
OSU-HP Focus Center aims to develop new methods for fabrica-
tion of  MEMS and NEMS that do not use conventional litho-
graphic methods. The Center leverages the leading expertise of  
MIT and OSU in MEMS and printed devices, with the printing 
expertise of  HP. The focus center is organized into four primary 
areas: tools, materials and devices, circuits, and demonstration 
systems.

In the area of  tools, we are leveraging the existing thermal inkjet 
(TIJ) technology of  HP and augmenting it with specific additional 
features, which expand the palette of  available materials for print-
ing. We are developing materials and devices over a broad spec-
trum from active materials, photonic and electronic materials, to 
mechanical materials. In the circuits area, we are studying the 
behavior of  the devices that can be realized in this technology 
with the goal of  developing novel circuit architectures. Lastly, we 
intend to build several “demonstration” systems that effectively 
communicate the power of  the new technologies that will emerge 
from this center.

Figure 1: An HP TIPS system for direct printing of a wide 
range of MEMS and electronic/photonic materials.
p

Figure 2: Examples of printed optical and electronic 
devices. 
p
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A Micromachined Printhead for the Evaporative Printing of Organic 
Materials at Ambient Pressure 
V. Leblanc, J. Chen, P. Mardilovich, V. Bulović, M.A. Schmidt 
Sponsorship: Hewlett-Packard, DARPA 

Organic optoelectronic devices are promising for many commer-
cial applications if  methods for fabricating them on large-area, 
low-cost substrates become available. Our project investigates the 
use of  MEMS in the direct patterning of  materials needed for 
such devices. By depositing the materials directly from the gas 
phase, without the liquid phase coming in contact with the sub-
strate, we aim at avoiding the limitations due to inkjet printing of  
such materials.

We developed a MEMS-enabled technique for evaporative print-
ing of  organic materials. This technique does not require a vac-
uum ambient, has a fast printing rate (1 kHz), and can be scaled 
up to an array of  individually addressable nozzles. The MEMS 
printhead comports a microporous layer with integrated heaters 
for local evaporation of  the materials. Figure 1 shows the micro-
fabricated device: an array of  2 micron pores and an integrated 

thin film platinum heater sit in the center of  a silicon membrane. 
The material to be printed is delivered to the porous region in 
liquid or gas phase and deposits inside the pores (see Figure 1, top 
left). The integrated heater then heats up the porous area (see Fig-
ure 2, top) and the material is re-evaporated from the pores onto 
the substrate.  The main limitation of  this printhead is the failure 
of  the thin-film platinum heater at temperatures above 800°C 
(see Figure 2 bottom).

This printhead was used, together with inkjet technology for the 
delivery of  material to the pores, to print molecular organic semi-
conductors (see other abstract in this volume). Our technique 
enables printing of  organic optoelectronics over large areas and 
can be used to print on a variety of  substrates, does not require 
a vacuum ambient, and thus could enable low-cost printing of  
optoelectronics. 

Figure 1:  Left: Pictures of the pores. Top: Fluorescent image 
after Alq3 material was loaded in the pores. Bottom: Optical image 
after re-evaporation of the material. Right: Top view and schematic 
of device.

p Figure 2: Top: Infrared microscope measurements of the 
temperature of a printhead chip. Bottom: An SEM image of a 
Focused Ion Beam cross-section of a failed heater.

p
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Surface Micromachining Processes using Non-lithographic Technologies
E.W. Lam, V. Leblanc, J. Chen, V. Bulović, M.A. Schmidt 
Sponsorship: DARPA, Hewlett-Packard

Conventional MEMS fabrication relies heavily on planar lithog-
raphy and IC technology.  While these techniques are well-suited 
for relatively flat devices such as the semiconductors, they are 
drastically limited in the design and fabrication of  three-dimen-
sional devices such as MEMS.  From a commercial viewpoint, the 
semiconductor paradigm is also a poor fit for MEMS because the 
lower volume and demands make it more difficult to offset the 
high production costs.  Ridding MEMS fabrication of  its reliance 
on such techniques may introduce several advantages, namely a 
wider base of  substrate materials and decreased costs.

Our project investigates severing MEMS fabrication from the 
semiconductor paradigm via non-lithographic technologies.  We 
have previously shown how MEMS can be used for the direct 
patterning of  small molecular organics [1].  Using similar con-
cepts, we intend to show that surface micromachining can also 
be achieved.

The first stage of  the project is to directly pattern a structural 
layer over a spacer and successfully release a cantilever.  We have 
successfully patterned metal silver over various spacer materials, 
including polyethylene glycol (PEG), polyvinyl acetate (PVA), and 
UNITY™ sacrificial polymer, and we are currently working on 
the release process.  This technique will ultimately be used to con-
struct simple structures, such as cantilevers and bridges, to test the 
structural material’s mechanical properties.  The next stage  of  
this project will consist of  using this process to fabricate cantile-
vers and integrate them with other non-lithographic techniques 
to fabricate an accelerometer.  Subsequent stages will consist of  
creating a library of  non-lithographic processes so that entire 
MEMS devices can be fabricated without the use lithography.

Figure 1: Basic approach of direct surface micromachining. 
(a) Spacer layer (green) is deposited. (b) Metal silver ink (blue) 
is deposited and sintered. (c) Spacer material is removed to 
release structure.

p Figure 2: Experimental results of directly processing spacer 
or structural materials. (a) Spacer material patterned as a reservoir 
with raised features. (b) Metal silver deposited in shape of reservoir 
(no spacer underneath). (c) Silver deposited over patterned 
photoresist (PR) lines. (d) Magnified view of silver over PR line.

p
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Micromechanical Actuators for Insect Flight Mechanics
H. Zhou, M.A. Schmidt (in coll. with T.L. Daniel, University of Washington) 
Sponsorship: AFOSR

This project aims to develop MEMS actuators to aid in the study 
of  insect flight mechanics. Specifically, we are developing actua-
tors that can stimulate the antennae of  the crepuscular hawk 
moth Manduca Sexta. The possible mechanosensory function of  
antennae as airflow sensors has been suggested [1], and recent 
discoveries of  our collaborators reveal that mechanosensory in-
put from the antennae of  flying moths serves a similar role to that 
of  the hind wings of  two-winged insects, detecting Coriolis forces 
and thereby mediating flight stability during maneuvers [2]. Early 
evidence suggests that mechanical stimulus of  the antennae may 
enable flight control. In addition, the crepuscular hawk moth 
Manduca Sexta has a wide wingspan (~110 mm) and is capable of  
carrying at least one quarter of  its own weight. Thus, studying the 
flight of  M. Sexta by attachment of  microsystems seems plausible. 
The goal of  our project is to design and fabricate micromechani-
cal actuators, which will be mounted onto the moth antennae 
(Figure 1). Our collaborators will study the flight control mecha-
nism by mechanical stimulation. 

Our first step is to fabricate “dummy” silicon rings for our biolo-
gist collaborators for implant experiments. The diameters along 
the antenna vary from tip to base, being thickest in the middle. 
As a result, in order to prevent the ring’s being thrown off, the 
mounting of  the silicon ring onto the base cannot be as simple as 
pushing it from the tip with a large inner hole. On the other hand, 
the sizes of  the antennae vary from moth to moth. Two-piece 
construction was designed and fabricated to be like a “zip strip” 
to meet the mounting requirements (Figure 2). Future work will 
focus on refining the design and fabrication of  the mounting kit 
and integrating actuators into it. To generate adequate displace-
ment, strain amplification will be needed, such as reported by 
Conway, et al. [3].

Figure 1: Schematic view of mechanical actuators for hybrid 
insects MEMS.
p Figure 2: “Zip-strip-” like mounting kit for M. Sexta moth 

antennae.
p
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MEMS Micro-vacuum Pump for Portable Gas Analyzers 
V. Sharma, M.A. Schmidt  
Sponsorship: DARPA

There are many advantages to miniaturizing systems for chemi-
cal 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 en-
abling the entire process is a MEMS vacuum pump, responsible 
for routing the gas through the MGA and increasing the mean 
free path of  the ionized 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 cur-
rently 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 have 
constructed an accurate compressible mass flow model for the air 
flow [4] as well as a nonlinear plate deformation model for the 
stresses experienced by the pump parts [5]. Using these models, 

we have defined a process flow and fabricated three generations 
of  the MEMS vacuum pump over the past year and are currently 
working on the fourth. 

A schematic of  the pump is shown in Figure 1. For ease in testing 
we have initially fabricated only Layers 1-3 and have constructed 
a testing platform that, under full computer control, drives the 
pistons and monitors the mass flows and pressures at the ports of  
the device.  The lessons learned from the first three generations of  
the pump have led to numerous improvements.  Every step from 
the modeling to the etching and bonding to the testing has been 
modified and improved along the way.  The most recent third 
generation pump test data is shown in Figure 2.  Figure 2a shows 
the pressure versus flow rate characteristics of  the pump; note 
that the data compares very well with models.  Figure 2b shows 
the output flow rate versus actuation characteristics of  the pump.  
Notice that the flow goes to zero each time the piston is actuated 
upwards (red bar).  All three pistons demonstrated similar perfor-
mance illustrating a pump with fully functioning pistons and teth-
ers.  Next, we hope to characterize the pumping characteristics of  
this and the upcoming fourth-generation pumps.

Figure 1:  Schematic of the MEMS Vacuum 
Pump.  Layers 1 and 4 are glass, Layer 2 forming the 
chambers and channels is DSP silicon, Layer 3 forming 
the pistons and tethers is SOI silicon, and Layer 5 is 
SSP silicon. 

p Figure 2: a) Pressure versus flow rate characteristics of the pump 
compares very well with models (∆P = input pressure – output pressure).  b) 
Output flow rate versus actuation characteristics of the pump.  Notice that 
the flow goes to zero each time the piston is actuated upwards (actuation 
indicated by transparent red bar).

p
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Microfabricated Electrodes for Solid Oxide Fuel Cells
G.J. la O’, Y. Shao-Horn 
Sponsorship: Ford-MIT Alliance, NSF, CMSE

The solid oxide fuel cell (SOFC) is an energy-conversion device 
that produces electricity directly through the electrochemical re-
action of  hydrogen (H2) and oxygen (O2).  The SOFC also allows 
utilization of  hydrocarbons, such as methane (CH4), via internal 
reforming or direct electrochemical oxidation, giving these sys-
tems the flexibility of  using a variety of  commercially available 
fuels.  The high energy-density of  hydrocarbon fuels makes the 
SOFC attractive for large-scale stationary systems and as a re-
placement to batteries for powering portable electronic devices. 
Standard SOFCs operate in the temperature range of  800°C-
1000°C and have an open circuit voltage of  approximately 1-volt. 
The most common SOFC materials are yttria-stabilized zirconia 
(YSZ) for the electrolyte, strontium-doped lanthanum manganite 
(LSM) for the cathode and nickel (Ni)-YSZ for the anode.  Al-
though elevated temperature operation allows the use of  non-
noble metal catalysts and excellent high-grade heat exhaust to 
be used for additional power generating cycles, there are numer-
ous advantages to lowering the SOFC operating temperature to 
around 600°C.  Benefits such as lower thermal stress, reduced 
cell degradation, utilization of  metallic components, and shorter 
startup times are a few.  However, at these lower temperatures the 
poor electrochemical activity of  the electrodes, in particular the 
LSM cathode, leads to unacceptable voltage losses that lower the 
efficiency and performance of  the SOFC.  

Oxygen reduction mechanisms on the perovskite material LaxSr1-

xMnO3-d (LSM) has been widely studied; however, no final con-
clusion on the molecular level mechanisms for oxygen reduction 
has been made.  To probe the oxygen reduction reaction, we 
fabricate electrodes with precise geometries (50-200 µm) using 
thin-film deposition techniques (sputtering and laser ablation) 
and subsequent photolithography to investigate the fundamen-
tal electrode mechanisms and rate-determining reactions.  The 
electrochemical impedance spectroscopy (EIS) response of  a La1-

xSrxMnO3-d (LSM) microelectrode on 8YSZ is then analyzed as a 
function of  geometry and temperature using a microprobe sta-
tion equipped with a high temperature stage, as  Figure 1 shows. 
Our preliminary EIS results1 shown in Figure 2a show at least 
four distinct reaction processes for oxygen reduction on LSM/
8YSZ: (i) ion transport in 8YSZ with average activation energy 
(Ea) of  1.16±0.02eV, (ii) surface diffusion on LSM with Ea rang-
ing from 1.34±0.05eV to 1.65±0.03eV, (iii) at least one surface 
chemical process on LSM with Ea ranging from 1.71±0.02eV to 
1.88±0.02eV and an average capacitance 3.4x10-4 F/cm2, and 
(iv) a mixed bulk/TPB charge transfer process with Ea ranging 
from 2.42±0.02eV to 3.05±0.03eV and an average capacitance 
of  3.2x10-3 F/cm2.  The overall oxygen reduction process is il-
lustrated in Figure 2b, with the rate-limiting reaction for ORR 
found to be from mixed bulk/TPB charge transfer processes be-
low 700°C and shifts to surface chemical reactions above 700°C.

Figure 1: Electrochemical impedance spectroscopy 
configuration for microfabricated SOFC cathodes (LSM) tested 
using a microprobe station with high temperature stage.

p

Figure 2: Nyquist plot of typical impedance response from 
LSM microelectrodes on 8YSZ at 570°C in air showing ALO-HF, 
ALO-W, LF1 and LF2 features that are correlated to 8YSZ ion 
transport, LSM surface diffusion, surface reaction, and tpb/bulk 
process, respectively.

p
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A MEMS-relay for Power Applications
A.C. Weber, J.H. Lang, A.H. Slocum  
Sponsorship: NSF Collaborative Research: Atomic Plane Electrical Contacts

Contact travel and heat dissipation are important requirements 
of  electrical power switching devices such as MEMS-relays and 
MEMS-switches. Whereas low-power MEMS-based RF switches 
have been vigorously studied, few studies have been reported on 
high-power MEMS-relays. This paper presents a MEMS-relay 
for power applications. The device is capable of  make-break 
switching; has large contact travel, on the order of  10’s of  µm; 
and has low contact resistance, on the order of  120 mΩ. Testing 
has demonstrated current carrying capacity on the order of  sev-
eral amperes and hot-switching of  inductive loads, on the order 
of  10mH, without performance degradation.

The MEMS-relay, shown in Figure 1a, is bulk micromachined in 
(100) silicon and bonded to a glass substrate. Anisotropic etching 

is used to fabricate the oblique and parallel (111) contact surfaces, 
having nanometer-scale surface roughness [1]. Figure 1b shows a 
cross section of  the open fabricated contacts. An offset between 
the wafer-top and the wafer-bottom KOH masks produces the 
contact geometry shown. The silicon contact metal surfaces are 
created by evaporation and electroplating with a conductive film, 
shown in Figure 1c. A thermal oxide layer provides insulation 
between the actuators and the contacts. Deep reactive ion-etch-
ing (DRIE) is used to pattern a parallelogram-flexure compliant 
mechanism and a pair of  rolling-point “zipper” electrostatic ac-
tuators [2]. Nested masks are used to pattern both wafer-through 
etches. Figure 2 illustrates the process used to fabricate the de-
vice.

Figure 1: Device after fabrication. Die top view (a), contact 
cross section A-A of oblique contacts as shown in Figure 1a (b), 
contact electroplating (c).

p Figure 2: Fabrication Process. Nitride mask for KOH-etch 
(a), sacrificial oxide (b), DRIE (c), nitride passivation; patterning 
with shadow wafer (d), top KOH-etch (e), nitride passivation (f), 
bottom KOH-etch (g), dielectric oxide growth (h), metallization 
(i), bonding (j).

p
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A Silicon-etched, Electrical-contact Tester
A.C. Weber, A.H. Slocum, J.H. Lang  
Sponsorship: NSF Collaborative Research, Atomic Plane Electrical Contacts 

We are developing a bulk micromachined contact tester to inves-
tigate the electro-tribological performance of  micro- and nano- 
structured planar electrical contacts [1]. The test device features 
parallel, planar, nanometer-scale surface roughness contacts 
etched in silicon coated with thin conductive films. Contacts used 
in microsystems, probes and interconnects are subject to heat dis-
sipation and to electro-mechanical tribological effects. With an 
understanding of  how nanoscale surface and subsurface material 
structure affect electrical contact resistance and mechanical con-
tact wear, a deterministic manufacturing process could be devel-
oped to design electrical contacts from crystalline plane surfaces 
as potential high performance contacts for MEMS devices and 
related applications. 

The microfabricated contact tester, shown in Figure 1 and in 
Figure 2, consists of  a pair of  parallel planar contact surfaces 
with nanometer roughness patterned onto two (100) Si substrates. 
Anisotropic etching is used on one of  the substrates to create a 
membrane that serves as a compliant mechanism for the con-
tact tester. A thin conductive film, i.e., Au, is patterned onto the 

contacts in a Kelvin configuration. The two-piece tester archi-
tecture allows for inspection of  the contacts before, during, or 
after testing without destruction of  the test device. In one em-
bodiment of  the tester, a quasi-kinematic coupling enables the 
alignment between the substrates while providing the initial gap 
between the contacts. Similar quasi-kinematic designs fabricated 
in silicon substrates have reported repeatability on the order of  1 
micrometer [2]. In a second embodiment of  the MEMS-tester a 
patterned oxide film is used to provide the initial space between 
the contacts. The tester will be loaded using a commercial na-
noindenter to bring the surfaces into contact as contact resistance 
is measured as a function of  the force. 

Figure 1: Schematic view of the contact tester.p Figure 2: Exploded view of the contact tester. The back 
side of the top coupon indicates the patterned metal used for 
the Kelvin contact configuration.

p
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Microfluidic Studies of Biological Cell Deformability and Rheology
D. Quinn, S. Navlakha, N. Walter, A. Micoulet, S. Suresh 
Sponsorship: Singapore-MIT Alliance, NSF

It is well known that many hereditary or infectious diseases, as 
well as certain types of  cancer, produce alterations in mechanical 
properties of  human cells.  In certain diseases, such as malaria, 
infected cells exhibit reduced deformability and increased cy-
toadherance.  Such changes alter the circulatory response of  red 
blood cells (RBCs) and limit physiological responses to such dis-
eases, such as splenic clearance of  parasitized RBCs, and restrict 
circulation of  RBCs in the microvasculature.  In other diseases, 
such as pancreatic cancer under certain conditions, cancerous 
cells may exhibit enhanced deformability, which may contribute 
to an increased probability of  metastasis.

Several projects in the Suresh research group aim to utilize micro-
fabricated structures to experimentally evaluate the circulatory re-
sponse of  diseased human cells.  In these studies, microfabricated 
channels of  polydimethylsiloxane (PDMS) are used in conjunc-
tion with a fluidic system and a high-speed camera to quantify the 
biorheological behavior of  cells under different conditions.  In the 
case of  diseases involving RBCs, cells are made to pass through a 

narrow (~3 micrometer square) channel under a known pressure 
differential.  During this process, shown in Figure 1, the average 
velocity and characteristic entrance and exit and shape recovery 
times are indicative of  the overall biorheological response of  the 
cell during microcirculation.  Current results indicate large dif-
ferences in rheological behavior of  cells of  different ages and in-
cubation times.  In addition, initial results from Plasmodium fal-
ciparum parasitized RBCs indicate a possible effect of  exported 
proteins from the malaria-inducing parasite to the surface of  the 
RBC membrane on the rheological behavior of  RBCs.  Similar 
experiments are also being conducted on pancreatic cancer cells 
(Panc-1), as seen in Figure 2.  In these cells, the biorheology of  
cells is assessed in environments similar to those experienced dur-
ing metastasis.  Future work with these systems will aim to further 
identify particular proteins or biochemical interactions that affect 
the biorheolgical and circulatory behavior of  diseased cells with 
the aim of  developing enhanced understanding of  the mecha-
nisms of  disease progression and possible avenues for treatment.

Figure 1: An experimental in vitro demonstration of the 
“fluidization” of a healthy human RBC through a microfluidic channel 
at room temperature.  The series of images show the shape of 
an RBC as it is squeezed through a 4 µm x 4 µm channel, made 
of polydimethylsiloxane (PDMS), under a pressure differential of 
1-2 mm of water at approximately 0.4 seconds/frame.  Note the 
recovery of shape upon egress from the channel.

p Figure 2: Pancreatic cancer cells (Panc-1) passing through 
narrow constrictions.  The cells pass through 8µm x 18µm 
PDMS channels under an applied flow rate of ~0.5 ul/min and 
an approximate pressure differential of 4kPa.  

p
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Phase Change Materials for Actuation in MEMS
J.A. Kalb, Q. Guo (Singapore-MIT Alliance), X.Q. Zhang (National University of Singapore), C.H. Sow (National University of Singapore), 
Y. Li (National University of Singapore), C.V. Thompson 
Sponsorship: Alexander von Humboldt Foundation, Singapore-MIT Alliance

Phase change materials (Sb and Te alloys) are used for optical data 
storage in commercial phase change memories, such as rewrit-
able compact discs (CD±RW) and rewritable digital video disks 
(DVD±RW, DVD-RAM) [1]. Recently, they have also shown 
high potential for the development of  phase change random ac-
cess memories (PC-RAMs or PRAMs), which might replace flash 
memories in the future [2]. In this project, thin films of  phase 
change materials are systematically analyzed with regard to their 
transformation behavior under laser-induced amorphization and 
crystallization. The goal of  this project is to gain a better under-
standing of  the relationship among the laser parameters, the ma-
terial-specific transformation kinetics, and the involved volume 
changes (and associated mechanical stresses) over a wide range of  
alloy compositions.

The approach to pursuing this goal is to use microfabricated SiN 
cantilevers as substrates for thin film deposition: The SiN cantile-
vers are manufactured by chemical vapor deposition of  low-stress 
SiN on Si wafers, patterning the SiN film using optical lithogra-
phy and revealing the cantilevers using dry etching and wet etch-

ing. Thin films of  phase change materials are subsequently sput-
ter-deposited on these SiN cantilevers and are locally switched by 
laser heating from the amorphous to the crystalline phase (and 
vice versa). The associated stresses induce a cantilever bending, 
which is measured by optical microscopy and non-contact in-
terferometry as a function of  laser annealing parameters, laser 
quench rate and alloy composition (Figures 1 and 2). Additionally, 
amorphous films are hot-stage crystallized, which allows the study 
of  the kinetics associated with the crystallization process as well as 
the force associated with the cantilever bending.

The results of  this project will help to increase the number of  
write-erase cycles and the data transfer rate in phase change 
memories and may lead to other applications of  phase change 
materials in MEMS actuation.

 

Figure 1: Optical micrograph of SiN cantilevers fabricated by 
optical lithography and dry/wet etching. An amorphous Ge2Sb2Te5 
film has been deposited on top.

p Figure 2: The Ge2Sb2Te5 film has been crystallized with a 
scanning HeNe laser near the support of the cantilevers. As a 
consequence, the reflectivity increases and the cantilever end 
moves up by about 7.5 µm, which reveals the laser-induced 
strain and stress in the film.

p
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Microfabricated Thin-film Electrolytes and Electrodes for Solid Oxide Fuel 
Cells
J.L. Hertz, S.J. Litzelman, W.C. Jung, W.S. Kim, A. Rothschild, H.L. Tuller (in coll. with K.F. Jensen, B.L. Wardle, M.A. Schmidt, E. Ivers-
Tiffee, D. Gerthsen, U. Karlsruhe; M. Martin, R. DeSousa, U. Aachen) 
Sponsorship: DOD MURI, NSF, DOE

There is growing interest in the microfabrication of  electrodes for 
solid oxide fuel cells (SOFCs) in microionic devices [1].  Recently, 
we reported the fabrication of  Pt/(Zr,Y)O2 (YSZ) nanocomposite 
electrodes by reactive magnetron co-sputtering [2].  Use of  X-ray 
diffraction and X-ray photoelectron spectroscopy (XPS) charac-
terization show these composites to be a two-phase system with 
no change of  oxidation state from the constituent compounds.  
Electrical characterization via impedance spectroscopy demon-
strated promising electrochemical properties at low temperatures; 
an area-specific resistance of  500 Ω cm2 was achieved at 400ºC. 
To test whether microfabricated thin-film electrolytes may suffer 
from degradation due to grain boundaries acting as short-circuit-

ing diffusion pathways, sputtered NiO diffusion source films were 
in-diffused along grain boundaries into nanocrystalline CeO2 
thin films grown by pulsed laser deposition (PLD),  at tempera-
tures from 700-800oC.  The diffusion profiles were measured by 
Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) at 
the Institute for Physical Chemistry at RWTH Aachen Univer-
sity, Germany.  These SIMS spectra, shown in Figure 2, point 
to a single diffusion mechanism, believed to be grain boundary 
diffusion, at these relatively low temperatures. Further work to 
systematically determine the unique opportunities and challenges 
associated with microstructured SOFCs is currently underway.

Figure 1: Photograph of a Pt/YSZ composite microelectrode 
device fabricated by reactive magnetron sputtering.  Five 
microelectrodes lie on the surface and the counter electrode is 
visible through the transparent YSZ substrate2.

p Figure 2: The ToF-SIMS spectra of Ni diffusion in CeO2.  
The as-deposited profile is shown, as are profiles resulting from 
anneals at 700 and 800ºC for 5 hours.  In the 800ºC sample, 
Ni has diffused through the entire film.

p
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Nanowire- and Microsphere-templated Gas Sensors
A. Rothschild, K. Sahner, G. Whitfield, H.L. Tuller (in coll. with I.D. Kim) 
Sponsorship: NSF

Novel materials synthesis techniques were used to fabricate nano-
structured and macroporous semiconducting metal oxide (SMO) 
films exhibiting exceptionally high sensitivity to reducing and oxi-
dizing gases, as compared to conventionally prepared specimens.  
Increased sensitivity resulted from an elevated surface area and 
reduced specimen cross section. Several processing routes were 
pursued including  electronspinning of  semiconducting metal ox-
ide (SMO) nanowires into a highly porous mat structure and  mi-
crosphere templating followed by pulsed laser deposition (PLD) 
of  macroporous SMO material onto the microsphere templates.

The TiO2/poly(vinyl acetate) composite nanofiber mats were 
electrospun onto interdigitated Pt electrode arrays, producing a 
mesh of  200-500 nm sheaths filled with ~10 nm thick single-crys-
tal anatase fibrils.  Testing in the presence of  NO2 gas at 300°C 
demonstrated a minimum detection limit (MDL) of  below 1 

ppb1.  Chemical and physical synthesis routes were combined to 
prepare macroporous CaCu3Ti4O12 and TiO2 thin films by PLD 
onto PMMA microsphere-templated substrates. Stable quasi-or-
dered hollow hemispheres with diameter and wall thicknesses of  
800 nm and 100 nm, respectively, were obtained (Figure 1). Cur-
rent-voltage and impedance spectroscopy measurements point to 
the crucial role played by grain boundary barriers in controlling 
the electrical properties of  these films. The macroporous CaCu-
3Ti4O12 films exhibited a much superior H2 gas sensitivity (55ppm 
MDL) to non-templated films2 (Figure 2), while macroporous 
TiO2 films exhibit excellent NOx sensitivity. Studies are continu-
ing to more carefully correlate sensor response with SMO micro-
structure, morphology, and chemistry.
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Figure 1: Two SEM micrographs of the macroporous 
CCTO films. The inset in emphasizes the grain structure of the 
hemispheres.

p Figure 2: The resistance response of CCTO films deposited 
on templated (blue curve) and plain substrates (red curve) 
during exposure to increasing concentrations (between 100 
and 1000 ppm) of H2 in air.

p
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BioMEMS for Control of the Stem Cell Microenvironment
L. Kim, A. Rosenthal, S. Sampattavanich, A. Skelley, J. Voldman  
Sponsorship: NIH

The stem cell microenvironment is influenced by several factors 
including cell-media, cell-cell, and cell-matrix interactions. Al-
though conventional cell-culture techniques have been success-
ful, they offer poor control of  the cellular microenvironment. To 
enhance traditional techniques, we have designed a microscale 
system to perform parallel cell culture on a chip while controlling 
the microenvironment in novel ways. 

To control cell-matrix and cell-cell interactions, we use cell pat-
terning. We have developed a simple cell-patterning technique 
(Figure 1 upper) that can pattern single cells onto arbitrary sub-
strates [1]. Using this technique, we patterned clusters of  mouse 
embryonic stem cells (mESCs) with different numbers of  cells in 
each cluster (Figure 1 lower).  We have also developed methods 
for single-cell patterning using dielectrophoresis (DEP), which 
uses non-uniform AC electric fields to position cells on or be-
tween electrodes [2].

To control cell-media interactions, we have developed a microflu-
idic device for culturing adherent cells over a logarithmic range 

of  flow rates [3]. The device (Figure 2, left) 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 cultured mESCs in standard serum-containing media across 
a 2000× range of  flow rates. On day 1, colony areas were roughly 
constant along the axis of  perfusion, implying negligible nutrient 
depletion. However, by day 3, we observed a significant decrease 
in colony size along the axis of  perfusion at mid-range flow rates 
(Figure 2, right). At higher flow rates, colonies were uniformly 
large along the axis of  perfusion, implying that nutrient depletion 
was not significant above certain flow rates.  

This microfabricated system will serve as an enabling technology 
that can be used to control the cellular microenvironment in pre-
cise and unique ways, allowing us to perform novel cell biology 
experiments at the microscale.

Figure 1: The mESCs patterned onto tissue culture 
polystyrene and tracked over multiple days.  The cells attach, 
proliferate, and move.

p Figure 2: Microfluidic 1×8 array of cell culture chambers 
for creating a logarithmic range of flow rates (left).  The three 
photographs at the right show day 3 mESC colonies at upstream, 
middle, and downstream locations in a single culture channel. Colony 
size decreased along the axis of perfusion.  Arrow indicates direction 
of flow (right).

p
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Microfabricated Devices for Sorting Cells Using Complex Phenotypes
S. Desai, J. Kovac, N. Mittal, B. Taff, J. Voldman 
Sponsorship: NIH, DOD, Singapore-MIT Alliance

This research involves the development of  numerous microfab-
ricated sorting cytometer architectures for genetic screening of  
complex phenotypes in biological cells. Our various approaches 
combine the ability to observe and isolate individual mutant cells 
within surveyed populations.  In this work we merge benefits of  
both microscopy and flow-assisted cell sorting (FACS) to offer 
unique capabilities in a single platform. Biologists will leverage 
these new affordances to isolate cells on the basis of  observed 
dynamic and/or intracellular responses, enabling novel avenues 
for population screening.  

Our most recent approach to image-based sorting, which comple-
ments our earlier work, utilizes a microfabricated array of  PDMS 
microwell structures positioned in the floor of  a microfluidic flow 
chamber (Figure 1) [1-2].  These microwells capture and hold cells 
in place for microscopy-based imaging, and can be optimized to 
trap single cells.  After inspecting the array using microscopy to 
determine cells of  interest, we apply radiation pressure from an 

infrared (IR) laser diode to levitate target cells out of  the wells and 
into a flow stream.  Released cells can be collected downstream 
for further analysis.  The interconnect-free architecture scales eas-
ily; we have presently implemented trap arrays containing more 
than 10,000 sites.

Manipulating live cells, irrespective of  the technique, will certain-
ly have some effect on cellular behavior and physiology. It is im-
perative that we understand the effects of  our sorting techniques 
(both optical and electrical) on cellular physiology over a range 
of  operating conditions for two main reasons:  (1) to determine 
whether there are any gross effects (such as viability and changes 
in proliferation), and (2) to determine whether there are more 
subtle effects that alter complex phenotypes of  interest. To this 
end we are designing a microfabricated device to perform electri-
cal and optical “dose responses” to determine optimal regions of  
operation and using fluorescence-based stress reporter cell lines 
as sensors of  physiological state (Figure 2).

Figure 1: Microwell-based optical sorting. (A)  Schematic 
sort based on fluorescence localization (nucleus vs. cytoplasm).  
Laser levitates target cells into the flow stream for downstream 
collection.  (B)  Section of well array.  We remove a membrane-
stained cell from a population of purely nuclear-stained cells.  We 
used an argon laser here; we now use IR-beams to mitigate cell-
damage concerns.

p Figure 2: Sensing physiological state. (A) Green fluorescent 
protein (GFP) based stress reporter cell line which shows 
significant increase in fluorescence intensity, compared to 
control (B) after a 30-minute heat shock at 44ºC and a 14-
hour recovery at 37ºC. Such a live cell sensor will allow us to 
perform fluorescence-based cell health assays on thousands of 
cells. Scale bars 20 µm.

p
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Combined Microfluidic/Dielectrophoretic Microorganism Concentrators
H.-Y. Lee, K. Puchala, J. Voldman  
Sponsorship: NASA, Draper Labs

This project focuses on the development of  microfabricated mi-
crofluidic/dielectrophoretic devices capable of  concentrating 
micron-size particles from complex liquids.  The concentrated 
particles of  interest, such as pathogenic bacteria and spores, can 
then be delivered in small aliquots to the appropriate sensor for 
identification.  Our micro-concentrator exploits the phenomenon 
of  dielectrophoresis (DEP)–the force on polarizable particles in 
spatially non-uniform electric field [1]–to trap particles from the 
flow stream in order to subsequently concentrate them by release 
into a smaller volume of  liquid. We create the non-uniform elec-
tric field using interdigitated electrodes (IDE) at the bottom of  the 
flow channel (Figure 1). 

To maximize the exposure of  particles to the DEP field, we em-
ploy a passive microfluidic mixer to circulate the liquid (Figure 1). 
One question that arises is how to determine the optimal mixer 
geometry for circulating the liquid, which may differ from the ide-
al geometry for mixing two liquids.  To answer this question we 

developed modeling tools and an experimental methodology to 
quantitatively predict the trapping behavior of  particles in these 
systems.  As Figure 2 shows, our modeling is able to predict the 
efficiency of  different mixer configurations, without any fitting 
parameters.  Among the four mixers tested (herringbone mixer 
(HM) slanted groove mixer (SGM), staggered herringbone mixer 
(SHM), and smooth channel (SMOOTH)), the HM and SHM 
perform similarly.  This result is unexpected, as the HM is known 
to be a poor mixer of  two liquids, while here we show that it is fine 
for circulating one liquid [2].
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Figure 1: Device overview.  Illustration of the assembled 
devices, showing the PDMS channel and gold interdigitated 
electrodes (IDEs) on the Pyrex substrate.

p Figure 2: Comparison of simulated and experimental trapping 
efficiency.  The fabricated devices have 16-µm wide electrodes with 
24-µm spacing and a groove-to-channel aspect ratio of 0.22 (SGM), 
0.23 (HM), and 0.25 (SHM).
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DEP Cell-patterning for Controlling Cellular Organization
N. Mittal, J. Voldman 
Sponsorship: Singapore-MIT Alliance

The ability to place cells at specific locations on a substrate is a 
useful tool to study and engineer interactions between cells [1], 
perform image-based cell selection [2], and create cell-based bio-
sensors [3].  The ability to pattern with single-cell resolution is 
necessary in order to perform studies of  single-cell physiology in 
which these cells are interacting with other cells. We have pre-
viously created nDEP-based traps that were used to hold single 
micron-size beads at chosen locations on a substrate [4]. We have 
recently extended this work by modifying the design to allow 
us to manipulate and pattern single cells. We accomplished this 
modification by adding interdigitated electrodes to minimize 
non-specific cell adhesion and determining operating parameters 

that minimized heating and electric field exposure.  The resulting 
structures are termed nDEP microwells to reflect that fact that 
they present an electrical microwell to incoming cells, allowing 
only cell-substrate attachment inside the DEP trap. With these 
nDEP microwells we have been able to place non-adherent cells 
and pattern adherent cells (Figure 1). Additionally, we have dem-
onstrated that our cell-patterning technique does not affect gross 
cell phenotype as measured by morphology and proliferation.  Fi-
nally, we have developed a method that combines pressure-driven 
and convective flows to manipulate cells in two dimensions (Fig-
ure 2).

Figure 1: Phase and fluorescent images of GFP-
expressing HeLa cells trapped in an nDEP microwell 
array, showing that they exhibit normal morphology and 
proliferation over 4 days after being trapped at 1 Vpp and 
10 MHz. Arrows in the Day 1 figure (top, right) show the 
displacement of cells that moved out of the trap. The scale 
bar represents 100 µm.

p Figure 2: Top: Schematic of operating procedure. In the  
”Fill” step, orange lines show the motion of the fluid while red lines 
show the motion of (two) untrapped cells. The flow must be kept slow 
enough (< 5 µm/s) so that cells do not get lifted with the flow. Bottom: 
Use of convective flow to pattern cells.  (a) → (b): Convective flow 
pushes untrapped cells towards the center of the electrode array (not 
shown at this scale) when electrodes are driven at 2.5 Vpp. Blue arrows 
show the movement of cells between frames. This flow is used to align 
cells with the trap. (b) → (c): Transition is made to pressure-driven flow 
using a syringe pump. All untrapped cells move in the same direction, 
along the array. The pressure-driven flow is used to push aligned cells 
into the traps. The scale bar represents 25 µm.

p

R E F E R E N C E S
[1] S.N. Bhatia, M.L. Yarmush, and M. Toner, “Controlling cell interactions by micropatterning in co-cultures: Hepatocytes and 3T3 fibroblasts,” Jour-

nal of Biomedical Materials Research, vol. 34, no. 2, pp. 189-199, Feb. 1997.
[2] B.M. Taff and J. Voldman, “A scalable, addressable positive-dielectrophoretic cell-sorting array,” Analytical Chemistry, vol. 77, no. 24, pp. 7976-

7983, Dec. 2005.
[3] D.A. Stenger et al., “Detection of physiologically active compounds using cell-based biosensor,” Trends in Biotechnology, vol. 19, no. 8, pp. 304-

309, Aug. 2001.
[4] A. Rosenthal and J. Voldman, “Dielectrophoretic traps for single-particle patterning,” Biophysical Journal, vol. 88, no. 3, pp. 2193-2205, Mar. 

2005.



MEMS & BIoMEMS MTL ANNUAL RESEARCH REPORT 20074-62
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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 intrinsic dielectric properties [2-3].  Because IDS is an 
equilibrium method, sorting cells according to their unique equi-
librium positions in an energy landscape, it offers enhanced speci-
ficity over other label-free separation methods [4].  This technol-
ogy would enable high throughput screening of  cells based upon 
electrically distinguishable phenotypes. 

Iso-dielectric separation uses dielectrophoresis (DEP) and media 
with spatially varying conductivity to create the energy landscape 
in which cells are separated according to their effective conduc-

tivity (Figure 1).  It is similar to iso-electric focusing, except that 
it uses DEP instead of  electrophoresis, and is thus applicable to 
uncharged particles, such as cells [5]. The IDS leverages many 
of  the advantages of  microfluidics and equilibrium gradient 
separation methods to create a device that is continuous-flow, 
capable of  parallel separations of  multiple (>2) subpopulations 
from a heterogeneous background, and label-free.  We demon-
strate the simultaneous separation of  three types of  polystyrene 
beads based upon surface conductance as well as sorting non-vi-
able from viable cells of  the budding yeast Saccharomyces cerevisiae 
(Figure 2).  Current efforts are focused on the separation of  Esch-
erichia coli based upon the amount of  the intracellular polymer 
poly(hydroxybutyrate) each cell contains.

  

Figure 1: (Left) Illustration of iso-dielectric separation, 
depicting cells with different electric properties following different 
trajectories in a conductivity gradient. (Right) Fluorescence 
micrograph showing the trajectory of a single type of polystyrene 
beads flowing through the device.

p Figure 2: Separation of viable and non-viable yeast cells 
using IDS, showing in particular the frequency-dependent 
behavior of live and dead cells in the device (⌠h = 0.047 S/m, 
⌠l = 0.0093 S/m, Q = 3µl/min, V = 20 Vpp).  Optimal separation 
is observed at ~600 kHz.

p
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The recent development of  “low power” (10’s-100’s of  µW) sens-
ing and data transmission devices, as well as protocols with which 
to connect them efficiently into large, dispersed networks of  indi-
vidual 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, par-
ticularly 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 electromechanical 
models for uniform beam structures have been developed to pre-
dict the electrical and mechanical performance obtainable from 
ambient vibration sources. The optimized models have been vali-
dated by comparison to prior published results [2] and verified 
by comparison to tests on a macro-scale device [3]. A non-opti-
mized, uni-morph beam prototype (Figure 1) has been designed 
and modeled [4-5]. 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 optimi-
zation 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.

Figure 1: Illustration of MPVEH uni-morph configuration (left) 
and SEM of a prototype device.
p Figure 2: Power vs. normalized frequency with varying varyingvarying 

electrical load resistance [4].
p

R E F E R E N C E S
[1] S. Roundy, P.K. Wright, and J.M. Rabaey, Energy Scavenging for Wireless Sensor Networks with Special Focus on Vibrations, Norwell, MA: Kluwer 

Academic Publishers, 2004.
[2] H.A. Sodano, G. Park, and D.J. Inman, ”Estimation of electric charge output for piezoelectric energy harvesting,” Strain, vol. 40, no. 2, pp. 49-58, 

May 2004.
[3] N.E. duToit and B.L. Wardle, “Experimental verification of models for microfabricated piezoelectric vibration energy harvesters,” presented at the  

47th AIAA Structures, Dynamics, and Materials Conference, Newport, RI, May 2006.
[4] N.E. 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.
[5] N.E. duToit and B.L. Wardle, “Performance of microfabricated piezoelectric vibration energy-harvesters,” Integrated Ferroelectrics, vol. 83, pp.13-

23, 2007.



MEMS & BIoMEMS MTL ANNUAL RESEARCH REPORT 20074-64

Design, Fabrication, and Testing of Multilayered Microfabricated Solid 
Oxide Fuel Cells (SOFCs)
N. Yamamoto, D. Quinn, P. Capozzoli, N. Wicks, B.L. Wardle, S.M. Spearing (in coll. with B.A. Wilhite, J. Hertz, J. Cui, K.F. Jensen, 
H.L. Tuller, M.A. Schmidt) 
Sponsorship: ARO

Microfabricated solid oxide fuel cells were investigated for por-
table power applications requiring high energy densities [1].  The 
thickness of  the electrolyte, the travel length of  oxygen ions, was 
reduced down to ~150nm.  The tri-layers (yttria-stabilized zir-
conia (YSZ) as an electrolyte and platinum-YSZ cermet as cath-
ode/anode) were sputter-deposited on a silicon wafer, and then 
they were released as square plates by KOH etching the silicon 
through patterned silicon nitride masks on the back side. High 
intrinsic and extrinsic (thermal) stresses due to fabrication and 
operation (25-600°C) [2], respectively, require careful thermome-
chanically stable design of  µSOFCs.

First, material properties of  the ultra-thin YSZ were character-
ized experimentally and found to be significantly different than 
those of  bulk YSZ [3].   Second, based on the obtained proper-
ties, maximum stresses in the plates at 625ºC were analyzed us-
ing non-linear von Karman plate theory [4]. The stresses showed 
three regions with sidelength variation: an un-buckled regime, a 
buckled regime with high stresses, and post-buckling regime with 
lower stresses (see Figure 1).   The µSOFCs were fabricated in 
the post-buckling regimes with ~80-~180µm sidelength and total 
~450nm thickness. With the plates buckled as shown in Figure 
2, the µSOFCs produced power output of  0.008mW/cm, lower 
than the expected power from their electrochemical test. Given 
the high-performance predicted for the underlying nano-struc-
tured ultra-thin electrolyte, anode, and cathode layers, additional 
studies are needed to improve specimens and test setup and to 
assess µSOFCs’ long-term operational stability.

Figure 1: Maximum stress evolution with sidelength of YSZ 
square membranes with ~450nm thickness cycled to 600oC.
p

 

Figure 2: Top-view of highly buckled, but unfailed, square 
membrane.
p
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Optical Models of Organic Light Emitting Devices
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We calculate the dipole energy propagation in a multilayer stack 
by analytically extending the theoretical model of  Chance, Prock 
and Silbey [1], which calculates the field pattern and lifetime 
of  a dipole in this geometry. This analytical extension [2] facili-
tates numerical calculations to predict the outcoupling and opti-
cal dissipation mechanisms of  an organic light emitting device 
(OLED), where the excitons can be modeled as dipoles. We have 
applied this approach to a previous experimental measurement 
of  an OLED outcoupling by Segal et al. [3] The model predic-

tions agree with the experiment, yielding a similar outcoupling 
efficiency, and in addition shows the mode-resolved spatial dipole 
energy dissipation of  the same device (Figure 1). Thus we con-
clude that the surface-parallel oriented dipoles generate most of  
the emitted light, and the main optical loss mechanisms are the 
waveguiding in the glass and organic layers, along with a smaller 
loss to the plasmon modes of  the cathode.  Our method can be 
used for designing low-loss OLED structures and efficient cavity 
designs.
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Figure 1: (a) Absorption of the parallel dipole energy as a function of the position and normalized surface-parallel wave vector. 
The dipole is located at the middle of the Alq3 layer and the emission wavelength is λ = 535 nm. Bright features correspond to a 
higher absorption. The green curve shows the outcoupled energy flux. (b) Same absorption as in part (a) but for perpendicular dipole. 
Perpendicular dashed lines divide this flux into air-outcoupled, glass-waveguided, organics-waveguided and surface plasmon polariton 
(SPP) portions. At λ = 535 nm, the dielectric constants for Mg, BCP, Alq3, TPD, PEDOT and ITO are the following: ε = 1.908 + 0.265i, 
ε = 2.985 + (4.11 × 10-5)i, ε = 2.962, ε = 2.985 + (4.11 × 10-5)i, ε = 2.304 + (3.33 × 10-2)i and ε = 3.295 + (3.63 × 10-2)i, 
respectively. Note that the dielectric constant of TPD was assumed to be equal that of BCP. (Figure is taken from [2]).
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Understanding the electric-field dependence of  charge carrier 
mobility is central to the rational design of  organic semiconduc-
tor devices [1]. Studies of  charge transport in organic semicon-
ductors have observed a log μ ~ √F , or Poole-Frenkel, depen-
dence of  charge carrier mobility, μ, on electric field, F. Numerical 
simulations have established that the Poole-Frenkel dependence is 
due to disorder, and analytic theories have continued to employ 
simulation-based empirical models in efforts to jointly summarize 
the electric-field, temperature-, and charge-density-dependencies 
[1]. 

In this research we present a complete analytic description of  
mobility by considering non-equilibrium carrier distributions 
within a percolation framework. Only three free parameters are 
required: the width of  the density of  states, the decay length of  
the charge carrier wavefunction, and the maximum conductivity, 
which depends in turn on the strength of  the intermolecular in-

teraction. The electric field dependence of  charge carrier mobil-
ity is found to be well-modeled by an effective temperature, sug-
gesting that the dominant effect of  the electric field is to generate 
a nonequilibrium charge carrier distribution.

The theory is compared to measurements by Brütting, et al [1] 
of  the current-voltage and mobility of  the archetype small mol-
ecule tris (8-hydroxyquinoline) aluminum. The theory accurately 
reproduces the temperature, carrier density, and electric field 
dependencies of  the experimental data over a wide range of  
temperatures, carrier densities, and electric fields. Most signifi-
cantly, the mobility theory enables predictive models of  organic 
semiconductor devices based on material parameters that may 
be determined by ab initio quantum chemical simulations. Conse-
quently, we expect that the theory will allow the rational design of  
organic devices in important applications such as video displays 
and solar cells.

Figure 1: Temperature-dependence of the J-V characteristics 
of an Al/Alq3/Ca device with an Alq3 thickness of 300 nm1. Solid 
lines show theoretical fits. Current-voltage curves were offset by 
a voltage Voff = 2V to compensate for uncertainty in Vbi and the 
contact resistances.

p Figure 2: Temperature and electric field dependence of 
charge carrier mobility obtained from transient electrolumines-
cence measurements [1]. Theoretical fits are shown in solid 
lines.

p
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The realization of  stable blue phosphorescent organic light emit-
ting devices (OLEDs) has proved challenging. An important limi-
tation is the broad photoluminescent (PL) spectrum characteristic 
of  organic dyes. For example, greenish-blue or “sky-blue” phos-
phors have strong emission in the blue [1]. But optical transitions 
to higher vibrational modes of  the electronic ground state extend 
their emission spectrum deep into the green. Because the eye re-
sponds strongly at green wavelengths, this broad emission spec-
trum yields an unsaturated color that is ill suited for most display 
applications. 

In this work a strong microcavity is employed to optimize the 
color of  a phosphorescent organic light emitting device (OLED) 
based on the sky blue phosphor FIrpic. The usual disadvantages 

of  a strong microcavity, namely the introduction of  an angular 
dependence to the OLED’s color and a non-Lambertian angu-
lar emission profile [2], are overcome by scattering the emitted 
radiation. As scattering sources, frosted glass, opal glass, and ho-
lographic diffusers are studied.

With a holographic diffuser as the scattering medium, the mi-
crocavity OLED achieves an external quantum efficiency of  
(5.5±0.6)%, as compared to (3.8±0.4)% for a conventional struc-
ture. The color coordinates of  the microcavity OLED with ho-
lographic diffuser are (x,y) = (0.116±0.004, 0.136±0.010), with 
minimal angular color shift and a nearly ideal Lambertian angu-
lar emission profile. 

Figure 1: In the strong microcavity, the 
anode is a thin, semitransparent layer of Ag. 
The cathode is Al/LiF. Devices were grown 
directly on the smooth back surface of 
frosted glass and opal glass diffusers. The 
holographic diffuser was employed external 
to devices grown on regular glass.

p Figure 2: (a) Electroluminescent spectra of the strong microcavity FIrpic OLED 
as a function of angle from the surface normal with the holographic diffuser. A color 
shift with increasing angle is barely perceptible. For comparison we plot the intrinsic 
photoluminescent spectrum of FIrpic  (dotted line). (b) The color coordinates of the 
strong microcavity devices with and without holographic diffusers. Inset: the full CIE 
diagram identifying the expanded blue region.

p
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Organic light emitting devices (OLEDs) are a promising technol-
ogy for flat panel displays and solid-state lighting due to their low 
cost, low power consumption, and mechanical flexibility. These 
OLEDs can produce two kinds of  light: fluorescence, the result 
of  an allowed transition, and phosphorescence, the result of  a 
partly forbidden transition.1 Fluorescent OLEDs represent the 
vast majority of  all OLEDs and have better stability in certain 
colors but have efficiencies that are usually limited by spin conser-
vation to one fourth of  phosphorescent efficiencies [1]. We have 
demonstrated a technology for raising the efficiency of  fluores-
cent OLEDs to approach that of  phosphorescent OLEDs [2]. 
This should prove to be a major step forward in producing stable 
and high-efficiency OLEDs across all colors.

The efficiency of  fluorescent OLEDs is limited by the process 
in which a neutral molecular excited state, or exciton, is created 
from oppositely-charged neighboring molecules. Excitons can 

have triplet or singlet spin symmetry. Typically only singlet exci-
tons are luminescent, and they represent only 25% of  all excitons 
formed. We demonstrate that this percentage can be increased to 
nearly 100% by mixing the spins of  exciton precursor states. We 
have calculated that the singlet exciton precursor state is lower 
in energy than the triplet precursor state, which will favor sin-
glet precursors and excitons if  mixing of  the precursor states is 
introduced (Figure 1). If  at the same time excessive mixing of  
the exciton state to dark triplets is avoided, an overall efficiency 
enhancement can result. We demonstrate such an efficiency en-
hancement using the mixing molecule FIrpic and the fluorescent 
material DCM2 (Figure 2).
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Figure 1: Rate diagram for exciton formation. 
Triplet (3CT) and singlet (1CT) exciton precursor 
states form triplet (T) and singlet (S) excitons at 
rates kS and kT. Extrafluorescence occurs when the 
CT state mixing rate C T

T S
k is made large with respect 

to kT, and the exciton mixing rate kISC is low. While 
∆EEX > 0, we have calculated and measured ∆ECT < 
0, so that C T C T

T S S T
k k> , favoring singlet production.

p Figure 2: Demonstration of an extrafluorescent OLED, or X-OLED (“X-
DCM2”). The mixing molecule iridium(III) bis [(4,6-difluorophenyl) pyridinato-
N,C2'] picolinate (FIrpic) is used as an electron transport layer, so that exciton 
precursor states are preferentially mixed. The laser dye 4-(dicyanomethylene)–
2–methyl–6-[(4-dimethylaninostyryl)-4-H-pyran] (DCM2) is used as an emissive 
material in a host of 4,4’-N,N’-dicarbazolyl-biphenyl (CBP). A control device 
(“DCM2”) where FIrpic is replaced with 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline (BCP), which has low mixing rates, shows a 2.7× lower 
efficiency. A second control device (“DCM2 w/ spacer”), wherein the FIrpic 
layer is moved away from the emissive zone by 100 Å of BCP, shows no 
efficiency enhancement.

p
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Achieving Photon-number-resolution Using Multi-element Superconducting 
Photodetectors
E. Dauler, A.J. Kerman, B. Robinson, V. Anant, K. Rosfjord, J. Yang, K.K. Berggren 
Sponsorship: USAF

We demonstrate an approach for combining multiple, indepen-
dent, superconducting nanowire, single-photon detectors to cre-
ate a high-speed, high-efficiency detector that can resolve photon 
number [1].  Optical loss in distributing the light between the 
elements is eliminated by fabricating a detector array with an 
active area identical to a single device.  The scanning-electron-
microscope image shown in Figure 1 illustrates one approach for 
subdividing a ~10 µm × 10 µm active area into four independent 
elements.  This interleaved arrangement ensures that the light will 
uniformly illuminate all four elements.  The fabrication [2] con-
sists of  an optical lithography and liftoff  process to fabricate metal 
contact pads and an electron-beam lithography and reactive-ion-
etching process to pattern the superconducting nanowires.  The 
additional grating features that are not electrically connected to 
the detector elements are used to eliminate proximity effects in 
the electron-beam exposure.

To achieve high-speed photon-number-resolution, the outputs 
from the independent elements would typically be combined 
digitally, but to better illustrate the detector’s photon-number 
resolving capabilities, we have chosen to add the analog output 

signals.  A two-element SNSPD was illuminated with attenuated, 
picosecond laser-pulses and the peak voltage of  the summed out-
put was measured.  A representative histogram of  the measured 
peak voltages is shown in the inset of  Figure 2.  It is clear that, 
even with the two output pulses summed, thresholds between 
zero, one, and two detection events can be easily selected.  The 
probability of  each of  these cases can then be measured as a 
function of  the light intensity; Figure 2 shows these probabilities, 
along with calculated probabilities for the 2-element detector and 
an ideal photon-number-resolving detector.  This approach al-
lows the number of  photons to be measured over a wide range 
of  attenuation with a factor of  ≤ 2 error due to using only two 
elements.

This work is sponsored in part by the United States Air Force 
under Air Force Contract #FA8721-05-C-0002.  Opinions, in-
terpretations, recommendations and conclusions are those of  the 
authors and are not necessarily endorsed by the United States 
Government.

Figure 1: Scanning-electron-microscope micrograph of a 4-
element device with an overlaid red curve highlighting one of the 
four independently biased and read-out detector elements.

p Figure 2: Measured and calculated probabilities of zero, 
one, and two counts with an inset showing the histogram of 
peak voltages, colored to indicate the regions contributing to 
the measured probabilities.

p
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Guided-wave Devices for Holographic Video Display
D. Smalley, V.M. Bove, Jr., Q. Smithwick,  
Sponsorship: CELab, Digital Life, Things That Think Research Consortia, Media Laboratory

 We are developing a guided-wave optical modulator [1-2] with 1 
GHz composite bandwidth Surface Acoustic Wave (SAW) trans-
ducer arrays for use in video displays. 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 modu-
lator, we first mask a wafer of  Z-cut lithium niobate with SiO2 
through a PECVD process and then we immerse it in heated 
benzoic acid and lithium benzoate to create single polarization 
waveguides. The waveguide is subsequently annealed to restore 

its acoustic properties. Finally, we pattern aluminum transducers 
onto the waveguides by conformal 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 holo-
graphic video [4-5]) without the need for the horizontal scanning 
mirrors that typically limit the scalability of  this technology.

Figure 1: A device undergoing testing.p Figure 2: Architecture of our display system.p
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All Inorganic Colloidal Quantum-dot LEDs 
V. Wood, J.M. Caruge, J.E. Halpert, M.G. Bawendi, V. Bulović 
Sponsorship: NSF MRSEC, NSF NIRT, PECASE, ISN

LEDs with a quantum-dot (QD) emissive layer are an attractive 
technology for display and large-area lighting applications. QDs 
are nanoparticles that can be synthesized to emit anywhere from 
the ultraviolet to the infrared regions of  the spectrum by chang-
ing their size and chemical composition. For example, varying the 
size of  CdSe QDs from 17 to 120 Å tunes them to emit light at a 
wavelength between 470 nm to 630 nm [1]. Furthermore, QDs 
possess excellent color saturation and high photoluminescence ef-
ficiencies.

QDs have been successfully integrated into LEDs with organic 
charge transport layers.  Such devices boast external quantum ef-
ficiencies (EQEs) ranging from of  0.4% for blue emission to 2.4% 
for red emission [2]. However, despite the high EQE and the ease 
of  fabrication offered by organic semiconductor films, organic 
materials are susceptible to deterioration from atmospheric oxy-
gen and water vapor. Device lifetimes can be improved with pack-
aging, but this increases cost, making it difficult for QD-LEDs to 

compete with the already established technology of  liquid crystal 
displays (LCDs).  Furthermore, organic materials cannot sustain 
the high current density needed to realize an electrically pumped 
colloidal QD laser.  In contrast, metal oxides are chemically and 
morphologically stable in air and can operate at high current 
densities. 

We report the first all-inorganic QD-LEDs consisting of  radio-
frequency sputtered metal-oxide charge transport layers and a 
colloidal QD electroluminescent region. These devices manifest 
a 100-fold increase in EQE over the one previously reported in-
organic QD structure [3].  Our device consists of  ZnCdSe QDs 
sandwiched between resistive, p-type NiO and co-deposited ZnO 
and SnO2 (see Figure 1). We measured a peak EQE of  0.09% at 
a current density of  3.2 A/cm2 and a peak brightness of  1950 
Cd/m2 at a current density of  3.7 A/cm2. As shown in Figure 2, 
light emission from the QDs is uniform across the device. 

Figure 1: Schematic of the all-inorganic QD-LED structure.  
Indium tin oxide (ITO) and Ag electrodes are used.
p Figure 2: All inorganic QD-LED operating under 6 V of 

applied bias and showing a brightness of 106 Cd/m2.
p
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Physics and Fabrication of J-aggregate Thin Films in Optical Microcavities 
for Nonlinear Optics Applications
M.S. Bradley, J.R. Tischler, Y. Shirasaki, V. Bulović 
Sponsorship: DARPA, NDSEG, NSF MRSEC

Thin films of  J-aggregates of  cyanine dyes, which found wide 
use in the 20th century in the photographic film industry, exhibit 
narrow linewidth and large oscillator strength, enabling their use 
in the first room-temperature solid-state devices that exhibit the 
strong-coupling regime of  Cavity Quantum Electrodynamics 
(Cavity QED) [1].  As we demonstrated in a recent study, layer-
by-layer (LBL)-assembled J-aggregate thin films can be precisely 
deposited in a specific location in a microcavity and contain a 
high density of  aggregates, contributing to the observation of  a 
peak thin-film absorption coefficient of  1.05 ± 0.1 x 106 cm-1, 
among the highest ever measured for a neat thin film [2].  As 
LBL J-aggregate thin films are incorporated into more complex 
optoelectronic device structures, a more thorough understanding 
of  the properties of  exciton-polaritons in J-aggregate thin films is 
required to evaluate how the properties of  the thin films change 
as deposition parameters are varied.

We investigate the optical and morphological properties of  5,6-
dichloro-2-[3-[5,6-dichloro-1-ethyl-3-(3-sulfopropyl)-2(3H)-benz-
imidazolidene]-1-propenyl]-1-ethyl-3-(3-sulfopropyl) benzimid-

azolium hydroxide, inner salt, sodium salt (TDBC, anionic dye) 
J-aggregates, alternately adsorbed with poly-(diallyldimethylam-
monium chloride) (PDAC, cationic polyelectrolyte) on glass sub-
strates.  Figure 1 shows the reflectance spectra for substrates that 
underwent 8.5, 12.5, and 16.5 sequential immersions in cationic 
and anionic solution (SICAS) of  PDAC/TDBC, where 0.5 SI-
CAS refers to ending the growth on the PDAC immersion step.  
Figure 2 shows the reflectance spectra generated from T-matrix 
simulations using the dielectric function derived via quasi-Kram-
ers-Kronig regression and multiples of  the 8.5 SICAS film thick-
ness.  As the thickness of  the film is increased, a photonic band 
gap develops similar to the “super-radiance” observed in multiple 
quantum-well structures and thin film organic crystals.  The ob-
servation that the spectral broadening is due to a photonic band 
gap effect suggests that thicker LBL films may be used in cavity 
devices to boost Rabi splitting without sacrificing the linewidth of  
the cavity exciton-polariton.
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Figure 1: Measured reflectance for samples with 8.5, 12.5, 
and 16.5 SICAS of PDAC/TDBC, where profilometry indicates film 
thicknesses of 16.3 ± 3.8 nm, 32.1 ± 6.6 nm, and 42.6 ± 5.3 
nm, respectively.

p Figure 2: Simulated reflectance using a dielectric function 
derived using a quasi-Kramers-Kronig regression with thickness 
multiples of 16.3 nm showing similar spectral broadening to 
that in Figure 1.

p
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Organic Lateral Heterojunction Photoconductors
J. Ho, V. Bulović 
Sponsorship: ISN

The purpose of  this project is to develop solid-state, organic 
device structures capable of  amplifying detection of  chemi-
cal analytes and of  efficiently transducting the chemosensitive 
response into an attenuated electrical signal.  The main advan-
tage to using organic materials in these structures is that they are 
synthetically flexible and can be tailored to respond to specific 
analytes.  We demonstrated lateral heterostructures with in-plane 
electrodes consisting of  an optically active, chemosensing layer 
and a charge-transport layer arranged as shown in Figure 1.  In 
these structures, luminescence and corresponding exciton density 
in the chemosensitive layer are directly proportional to the den-
sity of  the adsorbed analytes.  It is advantageous to physically 
separate the sensing and transport functions in these chemical 
sensors as the separation allows us to optimize the transduction of  
chemosensitivity  to the device current and  to develop a reusable 
device platform for a variety of  chemosensing applications.  

In addition to developing a novel device platform for chemical 
sensing, we are also using this novel structure to study charge 
transport and exciton dynamics in organic thin films (Figure 1).  
Our devices consist of  a series of  gold interdigitated finger elec-
trodes (W x L = 1500 μm x 4 μm) spaced 10 μm apart.  The gold 
electrodes are photolithographically defined on glass before the 
organic layers are thermally evaporated.  Lock-in measurements 
of  the photocurrent spectra suggest external quantum efficiencies 
in the range of  10%.  Initial experiments indicate an enhance-
ment in photoresponse of  the heterostructure devices over de-
vices made from bulk films of  both materials (Figure 2).

Figure 1: The interdigitated gold fingers create 100 channels, 
each 1500 µm long by 10 µm wide, yielding an effective device 
area of approximately 1.5 mm2. A digital image (a) of a set of device 
electrodes under magnification (50X).  Energy band diagram (b) of a 
lateral bi-layer heterojunction photoconductor consisting of an exciton 
generation layer (EGL) and a charge transport layer (CTL). A cross-
sectional view (c) of the same bi-layer device is also shown.  Both 
illustrations depict the physical processes involved in steady-state 
device operation:  (1) absorption, (2) exciton diffusion, (3) exciton 
dissociation and charge transfer, and (4) charge transport.

p Figure 2: Semi-logarithmic plot of external quantum 
efficiency (EQE) versus wavelength.  Inset illustrations 
depict device structures and film thicknesses next to their 
corresponding curves, along with the electric fields applied. 
The Au/TPD device yields no measurable photoresponse 
and is not shown.  Both heterojunction devices (red and 
green lines) yield orders of magnitude improvement in the 
(EQE) over the Au/PTCBI device (blue line) despite using 
lower bias voltages.  At λ = 552 nm, the Au/PTCBI/TPD 
device (green) and Au/TPD/PTCBI device (red) yield EQEs of 
approximately 8% and 16%, respectively, which correspond 
to an internal quantum efficiency (IQE) of approximately 
140%.  This demonstrates that lateral bi-layer heterojunctions 
are capable of gain.

p
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Colloidal Quantum-dot Memories
H. Abdu, J. Leu, K.K. Berggren, P. Anikeeva, O. Nayfeh, D.A. Antoniadis, M. Bawendi, V. Bulović  
Sponsorship: SRC/FCRP MSD

Conventional non-volatile memories face obstacles to continued 
scaling, such as the inability to use thinner tunneling oxides and 
poor charge retention due to defects in the tunneling oxide.  A 
possible solution is to replace the continuous floating gate, where 
charge is stored, with quantum dots (QDs).  In the proposed struc-
ture, if  a defect in the tunneling oxide exists in the oxide below a 
particular quantum dot, the rest of  the quantum dots retain their 
charge due to poor lateral conduction between QDs.  Because 
of  this, quantum dot memories can achieve higher density, de-higher density, de-, de-
creased power consumption, and improved performance.d power consumption, and improved performance. power consumption, and improved performance. consumption, and improved performance., and improved performance.

We construct a QD capacitor, shown in Figure 1, by using 7nm 
CdZnS quantum dots as the floating gate.   This monolayer of  
quantum dots was deposited using spin casting.  Parylene was used 

as the gate dielectric because it can achieve good performance at 
low processing temperatures.  This capacitor structure is a first 
step in achieving a QD memory cell, as it proves significant in 
understanding the quantum dot’s ability to be written (charged), 
erased (discharged), and read (retain charge).  

As shown in Figure 2, we demonstrate the functionality of  the 
QD capacitor.  The capacitance voltage (C-V) plot illustrates hys-
teresis, which indicates the flatband voltage shift that exists due to 
charge storage.  Interestingly, in this device  electrons and holes 
are stored at -5V and at +5V, respectively.  Though having both 
types of  charge being charged and discharged is acceptable, it 
provides insight to the dynamics of  charge retention for each 
type.
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Figure 1:  Schematic diagram of a QD capacitor structure 
in which the CdZnS quantum dots have been used as the floating 
gate.

p Figure 2: A C-V plot of QD capacitor with characteristic 
hysteresis.  Electron charging at -5V and hole charging at +5V.  
p
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Recess Integration of Low-threshold VCSELs on Si CMOS ICs
J. Perkins, C.G. Fonstad 
Sponsorship: SRC/FCRP IFC, NSF

Vertical Cavity Surface Emitting Lasers (VCSELs) integrated on 
silicon ICs have long been sought for optical interconnect appli-
cations to improve transfer rates in high-performance circuit ap-
plications.  We have developed a new technique for micro-scale 
hybrid heterogeneous integration of  optoelectronic devices on 
silicon integrated circuit wafers and have demonstrated it for op-
tical interconnect applications using VCSELs.  This technique 
allows for intimately connected devices to be integrated directly 
within the metal/dielectric stack covering a Si IC, allowing wafer 
scale monolithic processing of  a multi-material, multi-technology 
integrated system.  

Individual oxide-apertured 850-nm AlGaAs VCSEL device pills 
8 µm tall and 90 µm in diameter have been bonded on contact 
pads at the bottom of  recesses etched in the metal/dielectric stack 
covering a custom-designed, commercially processed silicon inte-
grated circuit chip [1].  These devices are placed using a vacuum 
pick-up tool and solder-bonded in place.  The VCSELs show 
threshold currents in the 1 to 10 mA range when driven by an on-
chip Si transistor, and they display thermal characteristics supe-
rior to those of  native substrate devices.  These same devices can 
be used in more parallel assembly techniques, such as fluidic self-
assembly [2] and magnetically assisted statistical assembly [3].

The superior heat-sinking of  VCSELs integrated on Si in this 
manner is clear from the data shown in Figure 2 below:  The 
thermal impedance of  pills on their native (GaAs) substrate is 2.1 
˚C/mW.  It increases to 4 ˚C/mW if  the pill is etched loose of  its 
substrate, but it falls to 2.6 ˚C/mW if  bonded on a pad formed in 
metal layer 2 of  a CMOS process.  If  it is bonded directly to the 
silicon substrate, the thermal impedance falls to under 2 ˚C/mW, 
the lowest value of  all.     

To summarize, low threshold VCSELs have been intimately in-
tegrated into the dielectric stack of  a commercially produced Si 
IC.  These devices showed continuous wave-lasing operation and 
no performance degradation over native substrate devices.  The 
pseudo-monolithic integration technique demonstrated maintains 
the planarity of  the IC surface and is performed entirely after 
the Si processing is completed.  Devices made of  many different 
materials can be integrated on full Si wafers using this technique, 
enabling unique hybrid optoelectronic integrated circuits. 

Figure 1: A photomicrograph of four 90-µm-diameter VCSEL pills 
integrated in recesses on a CMOS IC chip.  The next steps in the 
processing are to replanarize the surface, open contact vias, and 
deposit and pattern interconnect metal lines.

p Figure 2: The temperature-tuning of variously mounted 
VCSEL pills observed as the power dissipated in the pill 
increases.  The loose pills (red) are the most poorly heat-
sunk, and the pills bonded on Si (blue) are heat-sunk the 
best.

p
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Micro-cleaved Laser Diode Platelets for Integration with Dielectric 
Waveguides on Silicon IC Wafers
J. Rumpler, C.G. Fonstad 
Sponsorship: DARPA through ARL; Lincoln Laboratory IPI Program

The level of  integration seen in commercial active photonic de-
vices is at most a laser monolithically integrated with a modula-
tor or a photodetector flip-chip bonded to an optical waveguide.  
To perform large scale optoelectronic integration, we have de-
veloped a technique that involves optimally fabricating building 
blocks, such as laser diodes or semiconductor optical amplifiers, 
and assembling these blocks in dielectric recesses on a system 
substrate, e.g., a silicon integrated circuit chip [1-2].  Our test 
case for demonstrating this technology is the integration of  1.55 
µm 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 platelets 
using a newly developed micro-cleaving technique.  Micro-cleav-
ing is used to simultaneously form highly reflecting end-facets and 
accurately control the length of  the device to ± 1 µm. 

The process begins with a device heterostructure that is a total 
of  5 microns thick and grown on an InGaAs etch-stop layer on 
an InP substrate.  The top laser contact and the waveguide ridge 

are formed on the upper wafer surface, after which a pattern of  
long bars extending several laser lengths with notches locating 
the cleavage sites is etched through the heterostructure and the 
etch-stop layer.  The wafer is embedded in polymer and mounted 
face down on a handle substrate.  The original InP substrate is 
next removed, back contacts are deposited and patterned, and 
the polymer is finally removed, freeing the long thin bars from 
the handle substrate.  The released bars are collected in a fluid 
medium and subjected to ultrasonic agitation, which causes them 
to cleave at the notches into individual laser platelets.  Figure 1 
shows a cleaved laser platelet; Figure 2 shows a close-up of  the 
end facet and ridge waveguide.  The slight bow in the laser plate-
let seen in Figure 1 is no longer present after the platelet has been 
bonded down.  

The immediate objectives of  the project are to complete charac-
terization of  these lasers, to develop an improved back-side met-
allization process, and to integrate platelet lasers with dielectric 
waveguides on silicon substrates.   

Figure 1: A photomicrograph of an unbonded micro-cleaved 
edge-emitting ridge waveguide laser diode platelet.
p Figure 2:  A close-up view of the micro-cleaved end-facet 

of a laser diode platelet showing the ridge guide and top 
contact.

p
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Magnetically Assisted Statistical Assembly, Alignment, and Orientation of 
Micro-scale Components 
D. Cheng, J. Perkins, J. Rumpler, C.G. Fonstad (in coll. with F. Cadieu, Queens College of CUNY, M. Zahn, MIT) 
Sponsorship: Vitesse Chair

Fluidic assembly offers great promise for  automated hybrid as-
sembly of  micro-scale components, but it has not yet lived up to 
its potential.  This failure is largely because  presently no good 
way exists to hold properly assembled components in place while 
simultaneously letting improperly positioned components disas-
semble and reassemble until they are properly positioned.  We 
are researching the use of  magnetic attraction to provide a “glue” 
to hold properly assembled components in place, eliminate their 
disassembly, and allow the assembly to go to completion across a 
wafer [1].  We are also investigating the use of  patterned mag-
netic films to accurately orient, align, and position assembled 
components.

We call our assembly process magnetically assisted stochastic as-
sembly (MASA).  The two unique elements of  MASA not present 
in conventional fluidic assembly are  a soft magnetic film on the 
bottom surface of  the component to be integrated and  a pat-
terned hard magnetic film on the bottom of  the recess in which 
it is to be located (i.e., assembled).  The attraction between these 
two films  holds a component in place in its recess and prevents 
disassembly.  In the basic embodiment of  MASA, the soft mag-
netic film uniformly covers the bottom surface of  the component. 
The hard magnetic film in the recesses is permanently magne-

tized and is patterned to control the strength and extent of  the 
attracting field experienced by the soft magnetic film on the com-
ponents.  By suitably designing the pattern, calculations indicate 
that it is possible to tailor the magnetic fields and to create a situa-
tion in which the component feels no attraction when it is outside 
a recess, or is upside down in a recess, and is attracted only toward 
the hard magnetic film when it is  entering a recess in the proper 
orientation.  In second-generation MASA, both the hard and the 
soft magnetic films will be patterned so that the attractive force 
will also rotationally orient and laterally position the component 
in place within the recess.

Our efforts have been hampered for several years by the lack of  
a good source of  hard magnetic thin films, but this situation has 
changed significantly recently as we have established a collabora-
tion with Professor Fred Cadieu at Queens College of  CUNY, an 
expert in the sputter deposition of  Sm-Co films.  He has  supplied 
us with several films and we have already developed a wet etch 
which allows us to pattern these films and remove them from the 
side-walls of  recesses.  We presently seek funding for a research 
program in this area.

Figure 1: A cross-sectional cartoon illustrating the application 
of magnetically assisted assembly to recess integration. The 
variables indicated in the drawing correspond to the model used to 
calculated the magnetic force intensity in Figure 2.

p Figure 2: The attractive force per unit area as a function of 
the separation between the pill and the bottom of the recess.  
The hard magnetic film is 500 nm thick and the Ni film is 
200 nm.  The pull of gravity on a 6-µm-thick GaAs pill is also 
indicated. 

p
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Co-axial Integration of III-V Ridge-waveguide Gain Elements with SiOxNy 
Waveguides on Silicon
E. Barkley, J. Rumpler, J. Perkins, C.G. Fonstad 
Sponsorship: DARPA through ARL

Significant progress has been made fabricating photonic integrat-
ed circuits on Si and integrating them with CMOS ICs, but the 
need for compatible optical gain elements (laser sources and opti-
cal amplifiers) still remains.  Recently researchers at UCSB and 
Intel have had good success integrating III-V gain elements with 
Si-based dielectric waveguides using evanescent coupling [1].  At 
MIT, we have developed an alternate approach that uses co-axial 
coupling of  III-V ridge waveguide devices and Si-based dielectric 
waveguides.  This integration process includes  first fabricating 
micro-scale device platelets, such as laser diodes (LDs) or opti-
cal amplifiers (SOAs), from commercially grown heterostructures, 
and then assembling these platelets in dielectric recesses etched 
through silicon oxy-nitride/silicon dioxide waveguides on Si wa-
fers (ultimately this step will be done on IC wafers).

The essential ingredients for efficient coupling between the ridge 
waveguide devices and the dielectric waveguides are (1) matching 
the mode profiles, (2) accurately aligning the waveguides later-
ally and vertically, and (3) minimizing the separation between the 
guide segments.  Standard dry-etch processes can be used to keep 

the space between the recess wall and the side of  the laser small;  
the vertical offset between the core of  the dielectric waveguide 
and the active region of  the in-plane laser is kept small by moni-
toring layer thicknesses during epitaxy and deposition.  To keep 
the gap between the guide ends small while also having a good 
cavity end facets, we use precision micro-cleaving; this enables us 
to control the cavity length to within 1 micron.

Measurements on integrated assemblies with air filling the gap 
between the guides indicate that coupling losses as low as 5 dB are 
obtained when the guides are well aligned and the gap is less than 
1 micron [2].  Other measurements and computer simulations 
indicate that using a gap fill with n = 2.2 (e.g., silicon nitride) and 
improving tailoring of  the vertical mode profile in the III-V guide 
can reduce this loss to below 1 dB. Other work in progress in this 
program includes integrating angle-mounted SOAs with dielec-
tric waveguides and developing a new laser design using a silicon 
oxy-nitride waveguide DFB structure and a high-index gap fill.
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Figure 1: A photomicrograph showing a top view of a III-V ridge 
waveguide platelet positioned in a dielectric recess and aligned with a 
silicon oxy-nitride waveguide.  Transmission measurements through passive 
waveguide assemblies were used to characterize the coupling losses 
between the two types of guide.

p Figure 2:  A close-up photomicrograph showing 
the alignment between an InGaAsP/InP ridge waveguide 
platelet and a buried silicon oxy-nitride waveguide.  
Coupling losses  as low as 3 dB were measured.    

p
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Electrical Characteristics of Ge-on-Si LPCVD-grown Photodiodes
N. DiLello, O.O. Olubuyide, H. Buss, J.L. Hoyt 
Sponsorship: DARPA, SRC Student Fellowship

Germanium is a promising candidate for use in CMOS-compat-
ible photodiodes. Its strong absorption in the 1.55-µm range and 
relative ease of  integration on silicon substrates make it suitable 
for telecommunications systems as well as in other high-speed 
electronic photonic integrated circuits. An important figure of  
merit in these photodiodes is the reverse leakage current.  o re-
duce power consumption and improve signal-to-noise ratio, it is 
important that the diodes have a low leakage current in reverse 
bias, typically measured at -1 V. This study has investigated the 
leakage current of  germanium photodiodes grown by low-pres-
sure chemical vapor deposition (LPCVD) using an Applied Ma-
terials Epitaxial Reactor.   

In the diodes that were fabricated and measured, we observed 
that some had leakage currents that were area-dependent (AD) 
and some were perimeter-dependent (PD). Figure 1 shows I vs. 

V curves for area-dominated diodes of  various sizes while Figure 
2 has the data for PD diodes. Previous measurements of  these 
diodes resulted in an area dependence of  JA = 8.5 mA/cm2 for the 
AD diodes and JA = 2.4 mA/cm2 for the PD diodes [1]. Further-
more, these measurements also resulted in a perimeter depen-
dence of  JP = 50 nA/cm for the AD diodes and JP = 0.06 mA/cm 
for the PD diodes [1]. These numbers are quoted at a reverse 
bias of  -1 V. The AD diodes thus have a much lower perimeter 
leakage current, indicating that the passivation of  trap states near 
the dielectric/Ge interface is much better on the AD diode wafer, 
compared to the PD diodes. These results motivate further work 
on materials and processing parameters that improve Ge surface 
passivation and reduce perimeter leakage currents.  

Figure 1: The I vs. V curves for various sizes of square diodes.  
The leakage current at -1 V scales with the area of the devices.  The 
inset is a cross-sectional view of the Ge-on-Si p-i-n photodiode.

p Figure 2: The I vs. V curves for various sizes of square 
diodes.  The leakage current at -1 V scales with the perimeter 
of the devices. 

p
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Development of Terahertz Quantum-cascade Lasers
B. Williams, S. Kumar, A. Lee, Q. Qin, Q. Hu (in coll. with J. Reno, Sandia National Lab) 
Sponsorship: NSF, NASA, AFOSR

The terahertz frequency range (1-10 THz) has long remained un-
developed, mainly due to the lack of  compact, coherent radiation 
sources. Transitions between sub-bands in semiconductor quan-
tum wells were suggested as a method to generate long wave-
length radiation at customizable frequencies. However, because 
of  difficulties in achieving population inversion between narrowly 
separated sub-bands and mode confinement at long wavelengths, 
THz lasers based on intersub-band transitions were developed 
only very recently. We have developed THz quantum-cascade la-
sers based on resonant-phonon-assisted  depopulation and using 

metal-metal waveguides for mode confinement. The top-left of  
Figure 2 illustrates schematics of  both features  are  illustrated in 
the top-left figure. Based on the combination of  these two unique 
features, we have developed many THz QCLs with record per-
formance measurements, including a maximum pulsed operating 
temperature at ~170 K (top-right), a maximum power of  ~250 
mW (bottom-right), and the longest wavelength (~190 µm) QCL 
to date without the assistance of  magnetic fields (bottom-left).

Figure 1p Figure 2p

Figure 3p Figure 4p
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Waveguide-integrated Ge p-i-n Photodetectors on a Si Platform
D. Ahn, J. Liu, C. Hong, M. Beals, J. Michel, L.C. Kimerling 
Sponsorship: DARPA EPIC Program

The combined integration of  electronic and photonic circuits 
has become an increasingly promising technology for the high 
functionality extension of  traditional technology shrink. For an 
electronic-photonic integrated circuit (EPIC) on-chip, an essen-
tial component is the waveguide-integrated photodetector on a 
Si CMOS platform to convert optical signals to electrical ones. 
We demonstrate high performance Ge p-i-n photodetectors in-
tegrated with waveguides on a Si platform with two coupling 
schemes: vertical coupling and butt-coupling. In the vertical cou-
pling scheme, the light couples evanescently from the waveguide 
to the Ge detector below it, while in the butt-coupling scheme, 

the output end of  the waveguide directly inputs to the Ge photo-
detector. With the vertical coupling scheme, a high responsivity 
of   ~1.0 A/W in the wavelength rage of  1470-1570 nm and a 
3dB bandwidth of  ~7.2 GHz have been demonstrated. With the 
butt-coupling scheme we have achieved a high responsivity of  1.0 
A/W at 1520 nm and a 3dB bandwidth greater than 4.5 GHz. 
The devices were fabricated completely with a CMOS process, 
and they can be integrated with CMOS circuitry to achieve elec-
tronic and photonic integration on Si.
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Figure 1: Frequency response at different reverse biases 
of a Ge p-i-n photodetector on Si vertically coupled to a silicon 
nitride waveguide. The inset of the figure schematically shows the 
structure of the device. 

p Figure 2: Frequency response at 3V reverse bias of a Ge 
p-i-n photodetector on Si butt-coupled to a silicon waveguide. 
The inset of the figure schematically shows the structure of the 
device. 

p
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High-efficiency Si Thin-film Solar Cells with Textured Photonic Crystal 
Backside Reflector
L. Zeng, P. Bermel, Y. Yi, N. Feng, B.A. Alamariu, J. Liu, C. Hong, X. Duan, J.D. Joannopoulos, L.C. Kimerling 
Sponsorship: National Renewable Energy Laboratory

Thin-film solar cells (TFSC) are the leading candidates for next 
generation photovoltaic applications. Currently, the efficiency of  
TFSC, however, is very low due to its weak absorption of  long 
wavelength photons.  To tackle this problem, we invented a new 
light-trapping scheme using textured photonic crystal as a back-
side reflector with a reflectivity as high as 99.8%, which can enor-
mously elongate the optical path length for complete light ab-
sorption. It is composed of  a reflection grating and a distributed 
Bragg reflector (DBR) [1]. In this work, optimization of  the back 
reflector is systematically designed and conducted through both 
simulation and experiments.  

The scattering matrix method is used to simulate the efficiency 
enhancement of  solar cells with different back reflector param-
eters. Specifically, as for the gratings, both 1D and 2D submicron 
gratings are developed. Regarding 1D gratings, period and etch 
depth, as well as the duty cycle, are studied in detail and the best 
combination is realized.  In the case of  2D gratings, the influence 
of  variations in two perpendicular directions is explored. As for 
DBR, SiO2/Si materials are used, and the period is optimized 

to make the stopband as wide as required by different solar cell 
thickness. The highest power conversion efficiency is achieved for 
a given solar cell thickness with an optimized back reflector struc-
ture. Figure 1 shows the significant absorption enhancement in 
a 5-µm-thick solar cell due to the back reflector. As an example 
of  parameter optimization, Figure 2 depicts grating etch-depth 
optimization in a 5-µm-thick solar cell, with cell efficiency as the 
optimization criterion. Furthermore, trends of  the variation of  
optimal back reflector parameters and anti-reflection coating 
thickness with solar cell thicknesses are identified. 

Experimentally, silicon-on-insulator solar cells are fabricated with 
optimal back reflector parameters to verify the design and avoid 
complication-of-materials issues. The optimized back reflector 
design can be readily applied to monocrystalline and polycrystal-
line Si thin-film solar cells.

Figure 1:  Significantly enhanced absorption of a 5-µm-thick Si 
solar cell due to the back reflector.
p Figure 2:  Grating etch-depth optimization for a 5-µm-thick 

Si solar cell to achieve the highest efficiency.
p
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Large Electro-optic Effect in Tensile Strained Ge-on-Si Films
S. Jongthammanurak, J. Liu, K. Wada, D.D. Cannon , D.T. Danielson, D. Pan, L.C. Kimerling, J. Michel 
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Silicon-based integrated photonic circuits represent a promis-
ing technology for high-capacity data communication and high- 
speed parallel-signal processing [1]. Optical modulators are a key 
component in these integrated circuits for encoding information 
on optical carriers.   Existing silicon modulators use the plasma 
dispersion effect to modulate refractive index.  The bandwidth 
limit of  these devices is ~1-10GHz [2-3] and is determined by the 
slower rate of  either the injected carrier sweep-out or electron-
hole recombination process.  While this device represents a new 
paradigm for electro-optic silicon-based components, its footprint 
and power dissipation do not scale to levels of  high density inte-
gration.  This report is the first of  a study of  electric-field modula-
tion of  refractive index in silicon-based materials for high-speed 
applications.  We find that germanium integrated monolithically 
on silicon exhibits a large, field-modulated electro-optic effect in 
the weakly absorbing regime.

The field-dependence of  absorption in the Ge films was measured 
from spectral responsivity measurements of  Ge-on-Si p-i-n di-
odes.  The experimental data were analyzed using the generalized 
Franz-Keldysh formalism and independently measured valence 
band edge shifts of  the light- and heavy-hole energy positions in 
response to biaxial stress, using Photoreflectance technique.  An 
electric field of  70kV/cm increased the absorption coefficient 
from 62 cm-1 to 230 cm-1 at 1647 nm, in very good agreement 
with the theory (Figure 1).  At 1647 nm, the electro-optic coef-
ficient ∆n/F for the strained Ge film is 280 pm/V, as compared to 
160 pm/V for unstrained Ge.  The measured ∆α/α ratios for the 
strained and unstrained Ge films are 3.03 and 1.11, respectively 
(Figure 2).  These results show that the Ge-on-Si epitaxial films 
have significant potential for efficient CMOS-compatible, field-
induced, optical modulator devices.

Figure 1: Excellent fit of experimental data to the model 
based on the generalized Franz-Keldysh formalism without fitting 
parameters.

p Figure 2: Application of the model to predict ∆n and ∆α/α 
at 1647- nm wavelength as a function of the applied electric 
field.  

p
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Low-loss Integrated Planar Chalcogenide Waveguides for Microfluidic 
Chemical Sensing
J. Hu, V. Tarasov, N. Carlie, L. Petit, A. Agarwal, K. Richardson, L.C. Kimerling 
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We have fabricated and tested, to the best of  our knowledge, the 
first microfluidic device monolithically integrated with planar 
chalcogenide glass waveguides on a silicon substrate. High-qual-
ity Ge23Sb7S70 glass films have been deposited onto oxide-coated 
silicon wafers using thermal evaporation, and high-index-contrast 
channel waveguides have been defined using SF6 plasma etching. 
Microfluidic channel patterning in photocurable resin (SU8) and 
channel sealing by a polydimethylsiloxane (PDMS) cover com-
pleted the device fabrication. The chalcogenide waveguides yield 
a transmission loss of  2.3 dB/cm at 1550 nm.

Sensor performance was tested by monitoring the optical output 
while injecting a solution of N-methylaniline mixed with a solu-a solution of N-methylaniline mixed with a solu-solution of  N-methylaniline mixed with a solu-N-methylaniline mixed with a solu- mixed with a solu-mixed with a solu-
tion of  carbon tetrachloride into the microfluidic channel. Thecarbon tetrachloride into the microfluidic channel. The The 
N-H bond in N-methylaniline is known to exhibit an absorptionN-methylaniline is known to exhibit an absorption is known to exhibit an absorption 
peak near 1500 nm, which was used as the characteristic nm, which was used as the characteristicnm, which was used as the characteristic 
fingerprint for chemical identification in our test. The resultant 

absorption spectrum exhibits a well-defined absorption peak atspectrum exhibits a well-defined absorption peak atum exhibits a well-defined absorption peak at exhibits a well-defined absorption peak ats a well-defined absorption peak at a well-defined absorption peak atabsorption peak at peak at 
1496 nm, which is in excellent agreement with a traditional ab- nm, which is in excellent agreement with a traditional ab-nm, which is in excellent agreement with a traditional ab- a traditional ab- traditional ab-ab-
sorption measurement carried out on a Cary 5E UV-Vis-NIRmeasurement carried out on a Cary 5E UV-Vis-NIRCary 5E UV-Vis-NIR 
dual-beam spectrophotometer. Since carbon tetrachloride isbeam spectrophotometer. Since carbon tetrachloride iseam spectrophotometer. Since carbon tetrachloride isspectrophotometer. Since carbon tetrachloride ispectrophotometer. Since carbon tetrachloride is. Since carbon tetrachloride is 
transparent in the wavelength range investigated, this spectral 
peak is unambiguously assigned to N-H bond vibrational 
absorption. The peak absorption in dB at 1496 nm was measured nm was measurednm was measured 
for different concentrations of  N-methylaniline solution in carbonN-methylaniline solution in carbon solution in carbon 
tetrachloride and the result is shown in Figure 2. The excellent 
linear fit suggests that the sensor exhibits linear response whens that the sensor exhibits linear response when that the sensor exhibits linear response whens linear response when linear response when 
varying analyte concentrations. From our experiments, a sensitiv-From our experiments, a sensitiv-
ity of  this sensor down to a N-methylaniline concentration 0.7 
vol. % is expected. Given the low-cost fabrication process used 
and robust device configuration, our integration scheme provides 
a promising device platform for chemical sensing applications.
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Figure 1: Photo of the assembled microfluidic chip with fluid 
inlet and outlet tubing; The channels and Ge23Sb7S70 waveguides 
are too small to resolve in the image.

p Figure 2: Peak absorption of N-methylaniline solution in 
carbon tetrachloride at 1496-nm wavelength measured using theat 1496-nm wavelength measured using the-nm wavelength measured using thenm wavelength measured using themeasured using the 
waveguide evanescent sensor as a function of N-methylaniline 
volume concentration, indicating good linearity of the sensor 
response..

p
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Multispectral One-dimensional Photonic Crystal Photodetector
X.C. Sun, J.J. Hu, C.Y. Hong, J.F. Viens, XM. Duan, R. Das, A.M. Agarwal, L.C. Kimerling 
Sponsorship: Deshpande Center for Technological Innovation, Lincoln Laboratory

Applications such as multi-chemical detection, biological sens-
ing, multispectral imaging and spectroscopy call for specialized 
photodetectors that are capable of  selectively sensing specific 
wavelengths simultaneously, namely multispectral photodetection 
[1-3]. Here we present a designed and fabricated photonic crystal 
structure incorporating photoconductive layers to achieve simul-
taneous multispectral detection [4]. This novel photoconductor This novel photoconductorThis novel photoconductor 
pixel exploits resonant cavity enhancement (RCE) for multispec-
tral capability, high quantum efficiency, and dramatically sup-
pressed shot noise. In a quarter-wavelength stack (1-D photonic 
crystal), standing wave patterns (defect modes) form at resonant 
wavelengths when defect layers are present. If  the thicknesses 
and positions of  photoconductive layers are optimally tuned with 
respect to the modal overlap with the defect modes, each pho-
toconductive layer will selectively absorb only one specific reso-
nant wavelength. Besides multispectral capability, the proposed 

design features enhanced optical absorption due to the cavitycavity 
enhancement effect and allows the use of thinner photoconduc- effect and allows the use of  thinner photoconduc-
tive layers, which significantly reduces shot noise and improves 
the performance of  photoconductive detectors.

The fabricated device exploits mode discrimination and resonant 
cavity enhancement to provide simultaneous multispectral detec-
tion capability, high quantum efficiency, and dramatically sup-
pressed shot noise. The use of  amorphous Si as active material as active material 
reduces fabrication cost and simplifies device processing by elimi-
nating the complicated single-crystal growth process. Detectivi- Detectivi-Detectivi-
ties as high as 2.6×1010 cmHz1/2W-1 and 2.0×1010 cmHz1/2W-1 
at the two pre-selected wavelengths, 632nm and 728nm, respec-
tively, were achieved.

Figure 1: Experimental data and transfer matrix simulation 
result of the photonic crystal stack reflectivity showing two 
resonant absorption peaks at 632 nm and 728 nm, which are 
selectively absorbed by the first two of the three amorphous Si 
layers, respectively.

p Figure 2: Detectivity spectra at 10V of the first two 
amorphous Si photoconductive layers showing wavelength 
selectivity. Detectivities are calculated from data measured 
using a tungsten halogen lamp monochromator.

p
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Super-collimation of Light in Photonic Crystal Slabs
T. Shih, A. Kurs, M. Dahlem, K. Hall, M. Kesler, G.S. Petrich, M. Soljacic, J.D. Joannopoulos, E.P. Ippen, L.A. Kolodziejski 
Sponsorship: NSF MRSEC, SRC/FCRP IFC, STTR

A super-collimator is a device in which light is guided by the dis-
persion properties of  a photonic crystal slab rather than by de-
fects or by traditional index guiding. Photonic crystals (PhC) form 
the essence of  the super-collimation effect. The successful fabri-
cation and testing of  a super-collimator consisting of  a two-di-
mensional PhC that is composed of  a square lattice of  cylindrical 
holes etched into silicon have been performed. Super-collimation 
for more than 600 isotropic diffraction lengths has been observed 
for this device (the isotropic diffraction length is the length over 
which the light beam spreads by square root of  2).

The current goal of  the research is to demonstrate super-collima-
tion with a two-dimensional PhC that is composed of  a square 
lattice of  cylindrical silicon posts, rather than holes. A super-col-
limator that is composed of  posts allows fluids to more easily fill 
and flow through the spaces between the posts, making this design 
more suitable for applications such as chemical sensing. Two fab-
rication processes have been developed and tested. The device 
has been fabricated using a silicon-on-insulator wafer in which 
the low-index silicon dioxide layer (3 μm thick) is used to mini-
mize radiation loss into the high-index silicon substrate. The pho-
tonic 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 with the help of  the 
Ab Initio Physics Group has focused on realizing super-collima-
tion at a wavelength of  1530 nm so that the lattice constant, post 
radius, and Si thickness were 437.5 nm, 250 nm, and 700 nm, 
respectively. Figure 1 is a scanning electron microscope image of  
the finished device. Testing in collaboration with the Optics and 
Quantum Electronics Group is in progress.

2 µm2 µm

Figure 1:  An SEM image of the super-collimator. The silicon 
posts are 700 nm tall and rest on a 3-µm-thick layer of silicon 
dioxide on a silicon wafer.

p
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Electrically Activated Nanocavity Laser Using One-dimensional Photonic 
Crystals
A. Grine, G.S. Petrich, L.A. Kolodziejski 
Sponsorship: NSF MRSEC

An electrically-activated nanocavity laser that is capable of  being 
integrated within photonic integrated circuits is being developed.  
The laser employs two crossed members with embedded one-di-
mensional photonic crystals in order to create an optical cavity at 
the intersection.  To achieve electrical activation, one of  the cross 
members is doped p-type and the other doped n-type.  Hence, a 
PN-junction is formed at the intersection of  the two cross mem-
bers.  Furthermore, one of  the cross members is designed to act 
as a single mode waveguide.  By adjusting the reflectivity of  the 
photonic crystals, the light that is generated in the nanocavity is 
directed towards the output.  The electrically-activated nanocav-
ity laser is shown schematically in Figure 1.

The fabrication of  the electrically-activated photonic crystal laser 
is underway.  A mixed lithography approach is being employed; 
conventional contact lithography is being used for the features 
with dimensions greater than 1 micron while electron beam li-
thography is being used to define the submicron-sized features.  
Figure 2 shows a micrograph of  the contact pads and wires for 
twelve lasers on the wafer that is currently being processed.  The 
actual nanocavity portion of  the lasers has not been defined yet.  
At the completion of  the fabrication process, the nanocavity la-
sers will be characterized in collaboration with the Ultrafast Op-
tics and Quantum Electronics Group.

II II

Figure 1:  Depiction of the electrically-activated, photonic 
crystal nanocavity laser. The yellow arrow represents the direction 
and location of the emitted light. 

p

Figure 2: A micrograph of the contact pads and wiring of the 
wafer that is currently being processed. 
p
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A Nanoelectromechanically Tunable, High-index-contrast, Interference 
Directional Coupler
R. Bryant, G.S. Petrich, L.A. Kolodziejski 
Sponsorship: NSF MRSEC

Designs that utilize nanoprecision electrostatic mechanical ac-
tuation are likely to improve fabrication tolerances for evanes-
cently-coupled, channel waveguide devices.  Evanescent couplers, 
or directional couplers (DC), are notorious for their sensitivity to 
fabrication irregularities due mainly to the exponential depen-
dence of  the evanescent coupling on the waveguide-to-waveguide 
separations.  A design that incorporates growth and fabrication 
precision as well as electromechanical nanodisplacements can sig-
nificantly increase fabrication tolerances.

Molecular beam epitaxial (MBE) growth precisely defines chan-
nel waveguide heights. The MBE growth is capable of  deposit-
ing homogeneous planes of  material with minimal interdiffusion.  
Precise channel waveguide separations are achieved by a combi-
nation of  atomic layer deposition (ALD) of  low-index-contrast 
(LIC) material and nanoelectromechanical (NEM) actuation.  
The ALD LIC films can uniformly coat features one monolayer 
at a time, thus precisely defining a waveguide-to-waveguide sepa-
ration with the coating thicknesses.  The NEM actuation estab-
lishes intimate contact between the two ALD LIC-coated high-in-
dex-contrast channel waveguides.  The NEM directional coupler 
waveguides are only sensitive to fabrication width variations.  Op-
timized DC design can reduce the affect these variations have on 
the NEM DC.

The NEM-DC waveguides are initially set in an off-resonance 
state (Figure 1) and are then deflected into an on-resonance state 
via the application of  V0 volts (Figure 2).  The initial off-reso-
nance NEM-DC design scheme allows the waveguides to be lith-
ographically defined as isolated features. All features can also be 
arranged with separations similar to the waveguide-to-waveguide 
off-resonances separations without having an optical loss penalty.  
This arrangement reduces lithographic proximity effects and 
loading effects associated with species diffusion-based fabrication 
processes (Reactive Ion Etching, and Oxidation).

Upon being deflected into an on-resonance state (V0 volts), the 
two waveguides are brought into mechanically strained intimate 
contact.  Should there be any deviations in width, the separation 
is preserved by the thickness of  the LIC ALD coating.  Depend-
ing on the application, the static power needed to preserve the 
strained intimate contact can be removed with the use of  me-
chanical latches.

Figure 1:  Schematic of the directional coupler in the unpowered 
state.  The optical signal remains in the upper waveguide.
p Figure 2: Schematic of the directional coupler in the 

powered state.  The optical signal is coupled into the lower 
waveguide. 

p
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Photonic Integrated Circuits for Ultrafast Optical Logic
R. Williams, G.S. Petrich, E.P. Ippen, R.J. Ram, L.A. Kolodziejski 
Sponsorship: DARPA

The aim of  this project is to model and to produce a modular 
monolithically-integrated, all-optical unit cell capable of  perform-
ing a complete set of  Boolean operations at speeds of  hundreds 
of  gigabits per second.  Optical logic operations, wavelength con-
version, and other advanced optical switching schemes can be 
implemented using the design.  The basic structure consists of  
a balanced Mach-Zehnder interferometer (Figure 1) with an In-
GaAsP-based semiconductor optical amplifier in each arm.  After  
investigation of  the device design and fabrication tolerances using 
the beam propagation method and finite-difference time-domain 
(FDTD) techniques, the critical device dimensions were modeled 
prior to fabrication.

Fabrication processes have been developed to create the all-opti-
cal logic unit cell.  The waveguide design calls for the vertical 
integration of  passive waveguides and active amplifiers. With 
use of  an adiabatic taper coupler (Figure 2), the optical mode is 
transferred between the lower passive waveguide and the upper 
active waveguide of  the twin-waveguide structure.  To minimize 
the amount of  InGaAsP material being etched, the waveguides 
are placed in the center of  a trench as seen in the figures. In addi-
tion to the optical logic unit cell, isolated components have been 
fabricated and are being tested to confirm the device design and 
the computer simulation results.

Figure 1:  A scanning electron micrograph of the beginning region 
of the Mach-Zehnder interferometer (MZI) that is the basis for the 
optical logic unit cell. Controlling the balance of the semiconductor 
optical amplifiers in each arm of the MZI permits achievement of basic 
Boolean functionality.

p Figure 2: A scanning electron micrograph showing the 
active waveguide taper that is used to transfer the optical 
mode between the lower passive waveguide (lower right) 
and the upper active waveguide (upper left). 

p
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Ultra-broadband Modulator Arrays
O. Shamir, 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 ultra-broadband modulator ar-
ray. Since these modulators operate at wavelengths around 800 
nm, the material choices are limited to relatively high-Al content 
AlGaAs and In0.5(GaxAl1-x)0.5P 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 rel-
atively 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 lay-
ers 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 create the 
dilute waveguide.

Three slightly different structures were grown by molecular beam 
epitaxy: (i) an InAlP-based structure in which the dilute wave-
guide consisted of  alternating layers of  InAlP and Al0.5Ga0.5As, 
(ii) an Al0.8Ga0.2As-based structure in which the dilute waveguide 
consisted of  alternating layers of  Al0.8Ga0.2As and InGaP, and (iii) 
an Al0.8Ga0.2As-based structure employing two AlAs layers that 
can be oxidized. All of  the structures are challenging in terms 
of  the epitaxial growth. In the phosphide-based structure, the 
growth of  thick, lattice-matched InAlP cladding layers is chal-
lenging due to the need to maintain the lattice-matched condi-
tion and due to possible anion ordering. In the arsenide-based 
structure, although the use of  Al0.8Ga0.2As for the cladding layer 
minimizes the lattice mismatch problem, achieving high-qual-
ity, high-Al content AlGaAs cladding layers is difficult due to the 
low Al adatom mobility on the surface during growth. The third 
structure with AlAs layers that can be oxidized enables the opti-
cal mode to be strongly confined in the vertical direction, allows 
unipolar operation due to the insulating AlxOy layers, and allows 
high operating voltages to be used. To minimize free-carrier loss 
in the first two structures, 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. 

The first two structures are anticipated to have similar optical 
mode profiles; the structures are designed to be single mode in a 
2-µm-wide ridge waveguide. Using OptiBPM, the fundamental 
mode for the phosphide-based structure is calculated to be rough-
ly 2 μm x 1 μm (WxH); a similar mode profile exists for the arse-
nide-based structure. In both structures, if  the dilute waveguide is 
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. The optical mode of  the third structure is calculated 
to be roughly 1.5 μm x 1 μm (WxH).  The mode in this structure 
is more tightly confined due to the low-index AlxOy layers.

Fabrication is underway using a mask set containing Mach-
Zehnder interferometer modulators of  various lengths with mul-
timode 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  pas-
sive components, such as Y-splitters and multimode interference 
couplers, as well as straight and curved waveguides.
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Low-power Thermal Tuning of Second-order Microring Resonator
R. Amatya, R.J. Ram 
Sponsorship: DARPA

Thermal tuning is one of  the mechanisms to achieve active func-
tionality from the ring resonators. These structures can be used as 
tunable filters, wavelength switches, add-drop multiplexers, con-
verters, and modulators. Polymer waveguides have been reported 
with very efficient thermal tuning due to their low thermal con-
ductivity and high thermo-optic coefficients. The InP/InGaAsP 
microrings fabricated with waferbonding using polymer (BCB) 
have been tuned with power consumption of  26µW/GHz [1]. 
A CMOS-compatible, SiN ring has been reported with a tuning 
efficiency of  20pm/K and a tuning power of  400µW/GHz [2]. 
We show theoretical simulation for efficient thermal tuning of  
SiN second-order filters using a tuning power of  60µW/GHz. 
This is the first attempt at such low-power, efficient thermal tun-
ing for a high-order microring resonator. 

Second-order filters are fabricated with silicon-rich SiN (n = 2.2) 
cores and silicon oxide (SiO2) as a lower cladding and hydrogen 
silsequioxane (HSQ) as the upper and side cladding. Fabrica-
tion and design details for the resonator are described in  [3]. 
The thermo-optic coefficient (∆n/∆T) is temperature- as well 
as wavelength-dependent. At 1.55 µm, the thermo-optic coef-
ficients for SiN and SiO2 are 4e-5 K-1 and 1.5e-5 K-1 respectively. 
The theoretical tuning range for the waveguide is calculated to 

be 27pm/K. Before cladding deposition, we performed initial 
measurements on second-order filters with air as the upper clad-
ding using external heaters. The change in center wavelength 
(Figure 1) is approximately 36pm/K. Due to slight variation in 
the group index of  the waveguide with air cladding as compared 
to the HSQ cladding, the experimental tuning range is different 
from the theoretical value.  

Optimized thin film titanium heaters (100nm) are designed to sit 
on top of  the cladding to locally change the temperature of  the 
resonator. Finite-element thermal simulation (FEMLAB) gives 
the temperature profile for the filter showing approximately one-
dimensional heat flow with very low thermal cross-talk. Heaters 
with high thermal impedance are appropriate in order to mini-
mize power dissipation for thermal tuning. Figure 2 shows the 
proposed heater design along with test heater data showing ther-
mal impedance and tuning power. The total tuning power for 
the finalized heater design is less than 60µW/GHz with a tuning 
range of  150GHz for 40K change in the ring temperature. The 
3ω technique has been used to validate the thermal impedance 
of  the test heater. 

Figure 1: Thermal tuning for the second-order filter is 
observed by changing the temperature of the rings. A total shift 
of 2.2 nm is seen, due to heating the rings from 21°C - 81°C. 
Inset shows the drop port spectra.

p Figure 2: Experimental and theoretical measurements 
of impedance for a test heater. Final heater design simulation 
shows low tuning power and high thermal impedance.

p

R e f e R e n C e S
[1] I. Christiaens, D. Van Thourhout, and R. Baets, “Low-power thermo-optic tuning of vertically coupled microring resonators,” Electronics Letters, vol. 

40, no. 9, pp. 560-561, Apr. 2004.
[2] D.H. Geuzebroek, E.J. Klein, H. Kelderman, F.S. Tan, D.J.W. Klunder, and A. Driessen, “Thermally tunable, wide FSR switch-based on micro-ring 

resonators,” in Proc. of the Symposium IEEE/LEOS Benelux Chapter, Amsterdam, 2002. pp. 155-158.
[3] T. Barwicz, M.A. Popović, P.T. Rakich, M.R. Watts, H.A. Haus, E.P. Ippen, and H.I. Smith, “Microring-resonator-based add-drop filters in SiN: fabrica-

tion and analysis,” Optics Express, vol. 12, no. 7, pp. 1437, Apr. 2004. 



Photonics MTL ANNUAL RESEARCH REPORT 20075-28

Frequency-multiplexed Fluorescence-detection Arrays in Polymer 
Waveguide Backplanes
K.S. Lee, R.J. Ram 
Sponsorship: CMSE, Government of Malaysia

Many biochip systems require optical detection at discrete loca-
tions, such as flow cytometers, PCR chips, and bioreactors [1-3]. 
As these systems become more integrated and parallel, multiple 
fluorescence sources in various locations on-chip, often with over-
lapping spectra, must be detected. To provide sensors for these 
systems, optical detection must be made scalable, compact, and 
cheap, utilizing non-imaging optics such as waveguides and re-
ducing off-chip components such as photodetectors and photo-
multiplier tubes. Frequency division multiplexing (FDM) has been 
explored as a method to reduce component costs and increase 
speed for multichannel fluorescence microscopes [4]. We extend 
this detection approach by combining waveguides with frequency 
multiplexing as a low-cost and scalable approach for the accurate 
detection of  multiple fluorescence signals located within a single 
chip.

Figure 1 shows a schematic of  the fabricated waveguide array. 
Four waveguides in the upper layer provide excitation to the flu-
orescent sources above the chip. The emission is then collected 
through the vertical vias and reflected into the collection wave-
guides. All four collected signals are then combined and detected 
with a single silicon PIN photodiode. To test the multiplexing 
capability of  the system, four oxygen-sensitive lifetime-based 
fluorophors (PtOEPK) [5] were excited at different frequencies. 
The step response of  each sensor was measured by exposing each 
sensor to a burst of  nitrogen in series and measuring the fluores-
cence output of  all sensors. As shown in Figure 2, the modulation 
frequency of  each sensor is distinguishable and sensor responses 
can be measured individually with minimal cross-talk. With use 
of  frequency multiplexing, data acquisition can be performed 
significantly faster with fewer detectors, a necessity for compact 
integrated systems.

Figure 1: Schematic and image of the waveguide array. 
Individual excitation waveguides provide different modulation 
frequencies to sensors located above the waveguide chip. All 
collected fluorescence is then routed to a single detector, minimizing 
the number of detection components.

p Figure 2: Detected output from four different 
fluorescence lifetime-based oxygen sensors during nitrogen 
step responses. Modulated signals are spaced by 200 Hz and 
phase detection is performed digitally. Since the fluorescence 
lifetime is sensitive to oxygen, a measured phase change 
relates to oxygen concentration. 

p
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Towards Front-end CMOS-compatible Photonic Devices for High Bandwidth 
Density, Ultra-low-power, Core-to-Memory Communications
J.S. Orcutt, M. Popovic, F. Gan, A. Khilo, N. Dilello, J.L. Hoyt, F. Kaertner, V. Stojanović, R.J. Ram 
Sponsorship: DARPA

For the past few decades, CMOS technology generation scaling 
has pushed forward digital electronic chips and all fields that rely 
upon them. Unfortunately, the overall system performance is no 
longer improving as rapidly, due to bottlenecks such as intercon-
nect performance. Unfortunately, as the computing cores scale so 
that many can be fit onto a single chip, the electronic communi-
cation busses to supply them with information, especially to and 
from main memory, do not scale with the required energy and 
density efficiency.

One solution is to replace the electrical I/O network with an op-
tical one. If  wavelength division multiplexing (WDM) is utilized, 
the bandwidth per micron of  chip real-estate used could be dras-
tically improved with respect to electrical links. Additionally, since 
the relevant challenges for the on-chip optics are to modulate, 
distribute, and detect light fed in from an off-chip laser source as 
opposed to providing the energy to drive the capacitance of  the 
electrical interconnect, optics has the potential to be more energy 
efficient [1]. 

The optoelectronic components then required for this link are an 
energy efficient modulator and photodiode. However, since the 
goal of  this project is to replace existing electronics with optics, we 
are attempting to realize these components in the existing scaled 
CMOS layers shown in Figure 1. We have chosen to explore us-
ing the polysilicon interconnect layer as the waveguide cores for 
the optical busses. Therefore, the required photon energy must 
be below that of  the silicon band edge to minimize absorption. 
Given this constraint, we propose using the silicon-germanium 
already present for strain engineering in the PFET source/drains 
to act as our absorber (see Figure 2 for details). Previous silicon 
photonics projects have already demonstrated a promising silicon 
modulator in a specialized process flow [2]. The remaining chal-
lenge for this project is to optimize the existing design for short 
reach digital communication while changing the active material 
from single crystalline silicon to polysilicon.

Figure 1: Cross-section cartoon of a typical CMOS inverter 
in a scaled CMOS node. Relevant features and material layers are 
labeled above. The challenge for optics is to take these existing 
layers and use them for a new application.

p Figure 2: Cross-section of a proposed silicon-germanium 
photodetector laterally coupled to a polysilicon waveguide. The 
first few layers of interconnect metal are left empty so as not 
to interfere with the optics.

p
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Magnetic Oxides for Optical Isolators and Magnetoelectronic Devices
C.A. Ross, G.J. Dionne, A. Taussig, L. Bi, V. Sivakumar, H.S. Kim 
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We have established a thin-film laboratory that includes a pulsed-
laser deposition (PLD) system and an ultra-high vacuum sput-
ter/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 four different ferrimagnetic orfour different ferrimagnetic or 
antiferromagnetic structures depending on deposition conditions, 
and bismuth iron garnet (BIG, Bi3Fe5O12), which is useful for ma-
gneto-optical isolators in conventional photonic devices. The idealconventional photonic devices. The idealphotonic devices. The ideal 
material for an isolator 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 very well on 
MgO or Si, with high Faraday rotation but its optical absorption 
is high. One way to solve this problem is to develop new magneto-One way to solve this problem is to develop new magneto-

optical active perovskite structure materials, which grow well on 
MgO or SrTiO3. We have examined Fe-doped barium titanate have examined Fe-doped barium titanate 
thin film (Figure 1) [1], which shows strong magneto-optical pro-(Figure 1) [1], which shows strong magneto-optical pro-, which shows strong magneto-optical pro- shows strong magneto-optical pro-s strong magneto-optical pro- strong magneto-optical pro-
perty and weak optical absorption. Recently we are also aimingy and weak optical absorption. Recently we are also aiming and weak optical absorption. Recently we are also aimingand weak optical absorption. Recently we are also aimingweak optical absorption. Recently we are also aimingRecently we are also aiming 
to fabricate double perovskite thin film with magnetically ordered 
Fe sites to produce high magneto-optical properties. Epitaxial 
BiFeO3 thin film on SrTiO3 substrate has been fabricated (Figure 
2), and we are trying to modify its magneto-optical property by 
doping. These films could be useful for waveguide isolators andThese films could be useful for waveguide isolators and 
other magnetoelectronic devices in which optical absorption los-
ses are critical. A second project involves the use of  electroche-
mical methods to control the magnetization of  iron oxide spinel 
structure films (magnetite or maghemite) grown on conducting 
substrates, making a chemically-switchable material. The inser- The inser-The inser-
tion of  Li ions by electrochemical discharge changes the oxida-
tion state of  the Fe(III) to Fe(II) and can reduce the magnetization 
of  the film by about 30%, in a reversible process. Recent experi-
ments on nanoparticles of  iron oxide show much greater changes 
in magnetization, up to ~80%, indicating that the process is ki-
netically limited.
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Figure 1:  Faraday rotation vs. applied field for 750-nm-thick BaTiTi0.5Fe0.5O3 
and BaTiTi0.5Fe0.5O3 films grown in a vacuum on MgO substrates, with the field 
perpendicular to the film.

p Figure 2: X-ray diffraction spectrum of 260-nm-thick BiFeOX-ray diffraction spectrum of 260-nm-thick BiFeO-nm-thick BiFeOnm-thick BiFeO-thick BiFeOthick BiFeO3 
epitaxial film on SrTiO3 substrate.
p

R e f e R e n C e S
[1] A. Rajamani, G.F. Dionne, D. Bono, and C.A. Ross, “Faraday rotation, ferromagnetism, and optical properties in Fe-doped BaTiO3,” Journal of Ap-

plied Physics, vol. 98, no. 6, pp. 063907:1-4, Sep. 2005.:1-4, Sep. 2005.4, Sep. 2005.
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Polarization-transparent Optical Add-drop Multiplexers in Silicon Nitride
T. Barwicz, M.R. Watts, M.A. Popovic, P.T. Rakich, C.W. Holzwarth, E.P. Ippen, F.X. Kaertner, H.I. Smith 
Sponsorship: Pirelli S.p.A, internal funds

Microphotonics promises to revolutionize optics through minia-
turization 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 function-
ality often not achievable with macro-scale devices. A long-stand-
ing criticism of  HIC microphotonic devices, however, is their in-
herent sensitivity to polarization; i.e., they respond differently to 
light polarized along different axes. Since the polarization state 
changes randomly in optical fibers, HIC microphotonic devic-
es are incompatible with the optical fibers necessary to connect 
them to the outside world. 

In the NanoStructures Laboratory, we have developed techniques 
that enable the fabrication of  microphotonic devices, such as mi-

croring-based filters, that have unprecedented dimensional accu-
racy, resulting in unprecedented optical performance.  In addi-
tion, we have overcome the problem of  sensitivity to polarization 
by means of  an integrated polarization-diversity scheme that ren-
ders the optical response of  HIC microphotonic devices and sys-
tems insensitive to polarization. An optical add-drop multiplexer 
was realized and the polarization-dependent loss reduced to an 
average of  1 dB [2]. Figure 1 presents the optical circuit diagram 
implemented, the optical response, and electron micrographs of  
the structure. The waveguides are fabricated in silicon-rich silicon 
nitride, and the critical dimensions vary from 70 to 3000 nm. 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.

Figure 1: (a) Optical circuit required to obtain a polarization -nsensitive 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) Device response 
with a mean polarization dependent loss of 1 dB. (c) Electron micrograph of the beginning end of the polarization splitter and rotator. 
(d) Optical micrograph of the middle part of the circuit. The polarization splitters and rotators, which are not shown,  extend to the right 
and the left of the micrograph. The grayscale was inverted to allow the fine lines to be readable when printed.

p

R e f e R e n C e S
[1] T. Barwicz, M.A. Popovic, M.R. Watts, P.T. Rakich, E.P. Ippen, and H.I. Smith, “Fabrication of add-drop filters based on frequency-matched micror-

ing-resonators,” Journal of Lightwave Technology, vol. 24, pp. 2207-2218, May 2006.
[2] T. Barwicz, M.A. Popovic, M.R. Watts, P.T. Rakich, L. Socci, E.P. Ippen, F.X. Kartner and H.I. Smith, “Polarization-transparent microphotonic devices 

in the strong confinement limit,” Nature Photonics, vol. 1, pp. 57-60, Jan. 2007. 



Photonics MTL ANNUAL RESEARCH REPORT 20075-32

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, C.W. Holzwarth, E.P. Ippen, F.X. 
Kaertner, H.I. Smith  
Sponsorship: DARPA

Efficient fiber-to-chip coupling is a significant problem for high-
index-contrast (HIC) microphotonics due to the large difference 
in size and refractive index between the core of  an optical fiber 
(several micrometers in diameter) and the core of  a HIC wave-
guide (less than one micrometer wide). An efficient fiber-to-chip 
coupler is thus needed to match the mode of  the fiber and trans-
form it to a propagating mode within the HIC waveguide.  We 
investigated two different approaches to accomplish the efficient 
coupling.  In the first design, called a horizontal coupler, a large 
polymer waveguide, with a mode diameter that nearly  matches 
the mode diameter of  an optical fiber, sits on a small silicon wave-
guide whose width tapers from 30 to 450 nm.  This taper allows 
the optical power to be transferred adiabatically from the poly-

mer waveguide to the silicon waveguide.  Figure 1 shows a three-
dimensional view of  the horizontal coupler design.  Fabrication is 
done on silicon-on insulator wafers, so that the buried oxide func-
tions as an undercladding, preventing optical modes from extend-
ing into the substrate.  With only slight modifications, this design 
can be made compatible with overclad photonic devices.   The 
second design, the vertical coupler, is based on a grating array 
composed of  nanoscale elements that allow coupling from a verti-
cally oriented fiber to a horizontally oriented waveguide.  We are 
currently demonstrating this concept using silicon-rich silicon-ni-
tride waveguides.  Figure 2 shows a sketch of  the vertical-coupler 
design.  The minimum feature size is ~100 nm.

Figure 1: Three-dimensional view of horizontal coupler.p Figure 2: Sketch of a vertical coupler.p
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A BaTiO3-based Electro-optic Thin-film Waveguide Modulator
J. Hiltunen, D. Seneviratne, H.L. Tuller (in coll. with J. Yasaitis) 
Sponsorship: Analog Devices

R e f e R e n C e S
[1] A. Petraru, J. Schubert, M. Schmid, and C. Buchal, �Ferroelectric BaTiOJ. Schubert, M. Schmid, and C. Buchal, �Ferroelectric BaTiO, �Ferroelectric BaTiO3 thin-film optical waveguide modulators,� Applied Physics Letters, vol. 81, 

no. 8, pp. 1375-1377, Aug. 2002.
[2] D.M. Gill, C.W. Conrad, G. Ford, B.W. Wessels, and S.T. Ho, � Thin-film channel waveguide electro-optic modulator in epitaxial BaTiO3,� Applied Phys-

ics Letters, vol. 71, no. 13, pp. 1783-1785, Sep. 1997.
[3] P. Tang, A.L. Meier, D.J. Towner, B.W. Wessels, �BaTiO3 thin-film waveguide modulator with a low voltage-length product at near-infrared wavelengths 

of 0.98 and 1.55 µm,� Optics Letters, vol. 30, no. 3, pp. 254-256, Feb. 2005.

The drive towards integrated photonics requires the integration 
of  various optical devices on a chip including an optical modula-
tor. Currently, optical modulation with active waveguiding struc-
tures is implemented using LiNbO3 single crystals. These devices 
require complex and expensive fabrication processes. In addition, 
their relatively low electro-optic coefficient leads to large compo-
nent sizes, limiting miniaturization. The current demands for an 
increased degree of  integration with cost-efficient device fabrica-
tion can, in principle, be met using thin films of  barium titanate 
[1-3]. In bulk form, this material possesses a superior elecro-op-
tic coefficient. Applications using thin-film structures necessitate 
careful study of  processing parameters and their impact on mate-
rial properties. Our efforts are geared towards gaining a funda-
mental knowledge of  the behavior of  thin film barium titanate 
(BaTiO3) and developing processes to fabricate devices for appli-
cations in optical data transmission and processing. 

The focus is on optimizing the electro-optic response of  BaTiO3 
and related thin-film materials deposited by pulsed laser deposi-
tion (PLD) and sputtering onto single-crystal substrates directly or 

with buffer layers. Figure 1 shows a cross section of  a waveguide 
Mach-Zehnder interferometer structure, using a SiN strip-loaded 
waveguide. The optical waveguide structure is formed by grow-
ing a SixNy layer with plasma-enhanced-chemical-vapor-deposi-
tion (PECVD) on BaTiO3 and patterning it lithographically. This 
is followed by the sputtering and patterning of  Al electrodes next 
to one arm of  the Mach-Zehnder structure. The operation of  
the interferometer is characterized by launching polarized light 
into the waveguide and measuring the modulation of  the output 
intensity as a function of  applied voltage.  A typical DC response 
of  a sample electro-optic modulator based on barium titanate is 
shown in Figure 2. We have demonstrated an effective electro-op-
tic coefficient as high as 85pm/V with BaTiO3/SrTiO3 superlat-
tices, which is considerably greater than that available with bulk 
LiNbO3 crystals.

0 1 2 3 4 5

 

 

Intensity [a.u.]

Electric field [V/µm]

Figure 1:  Cross section of the Mach-Zehnder waveguide modulator. p Figure 2:  Measured optical intensity at the Mach-Zehnder 
waveguide modulator output as a function of electric field between 
adjacent electrodes.

p
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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 MIT, 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 MIT’s research and 

relevant industry. Seven faculty members participate in the CICS: Hae-Seung Lee (director), Michael Perrott (associate director), Anantha 

Chandrakasan, Joel Dawson, 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 relationship 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, Bosch, 

Intel, IBM, Linear Technology, Marvell Technology Group, Maxim Integrated Products, National Semiconductor, NXP, Qualcomm, 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 MIT. The result is truly synergistic, and we strongly believe that it will have a lasting impact in the 

field of  integrated circuits and systems.

Section 6
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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 ITS research and development.

ITRC focuses on the key Intelligent Transportation Systems (ITS) technologies, including an integrated network of  transportation information, 

automatic crash & incident detection, notification and response, advanced crash avoidance technology, advanced transportation monitoring 

and management, etc., 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.

ITRC 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 (AI), the Center for Transportation Studies 

(CTS), 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.
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MTL RESEARCH CENTERS MEMS@MIT
Prof. Martin A. Schmidt, Director

The MEMS@MIT Center serves 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 $12 million/year in research sponsorship.  The MEMS research efforts on campus focus on three 

overarching themes:

i) 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

ii) 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

• Access to high quality continuing education materials

• Partnering for federal or other funding opportunities

• Recruitment of  leading MIT graduates
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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 MIT 

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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“Organic field emission device 
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52, no. 8, pp. 1907-1914, Aug. 2005.
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“Oxidation sharpening mechanism for 
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with High-κ Dielectric and TaN Gate,” 
IEEE Electron Device Letters, vol. 27, no. 3, 
pp. 175-178, Mar. 2006.
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Marc Baldo
Associate Professor
Department of Electrical Engineering and Computer Science

COLLABORATORS

T. Van Voorhis, 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 
P. Jadhav, Res. Asst., EECS 
J. Lee, Res. Asst., EECS 
C.L. Mulder, Res. Asst., EECS 

SUPPORT STAFF
E. Moran, Admin. Asst. I

PUBLICATIONS
K. Celebi, T.D. Heidel, and M.A. Baldo, 
“Simplified calculation of  dipole energy 
transport in a multilayer stack using 
dyadic Green’s functions,” Optics Express, 
vol. 15, no. 4, pp. 1762-1772, Feb. 2007

J.K. Mapel, K. Celebi, M. Singh, and 
M.A. Baldo, “Plasmonic excitation of  
organic double heterostructure solar 
cells,” Applied Physics Letters,  vol. 90, no. 
12, pp. 121102:1-3, Mar. 2007.

Limketkai, B.N., P. Jadhav, and M.A. 
Baldo, “Electric field dependent 
percolation model of  charge carrier 
mobility in amorphous organic 
semiconductors,” Physical Review B, vol. 
75, no. 11, pp. 113203:1-4, Mar. 2007

M. Bora, D. Schut, and M.A. Baldo, 
“Combinatorial detection of  volatile 
organic compounds using metal-
phthalocyanine field effect transistors,” 
Analytical Chemistry, 2007, to be 
published.

M. Segal, M. Singh, K. Rivoire, S. 
Difley, T. Van Voorhis, and M.A. Baldo, 
“Extrafluorescent Electroluminescence 
in Organic Light Emitting Devices,” 
Nature Materials, 2007, to be published.

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.K. Lee, M. Segal, Z.G. Soos, J. 
Shinar and M.A. Baldo, “Comment 
on ‘On the Yield of  Singlet Excitons 
in Organic Light-Emitting Devices: A 
Double Modulation Photoluminescence-
Detected Magnetic Resonance Study’ 
- Reply,” Physical Review Letters, vol. 96, 
no. 8, p. 089702, Mar. 2006

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, P.J. Kiley, M. Segal, J. Norville, 
A.A. Yu, L. Wang, S. Trammell, L.E. 
Reddick, R. Kumar, S. Zhang, F. 
Stellacci, N. Lebedev, 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, J. 
Shinar, and M.A. Baldo, “Yield of  
singlet excitons in organic light-
emitting devices: A double modulation 
photoluminescence-detected magnetic 
resonance study,” Physical Review Letters, 
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. Segal and 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.
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Karl K. Berggren
Assistant Professor 
Department of Electrical Engineering and Computer Science

COLLABORATORS

A. Abouraddy, MIT
M. Bawendi, MIT
V. Bulovic, MIT
S. Harrer, TUM.
A.J. Kerman, Lincoln Laboratory
T. Orlando, MIT
B. Robinson, Lincoln Laboratory

POSTDOCTORAL STUDENTS

K. Rosfjord, EECS

GRADUATE STUDENTS

V. Anant, Res. Asst., EECS
B. Cord, Res. Asst., EECS
E. Dauler, Res. Asst., EECS
X. Hu, Res. Asst, EECS
J. Leu, Res. Asst., EECS
D. Winston, Res. Asst., EECS
J. Yang, Res. Asst., EECS

UNDERGRADUATE STUDENTS

M. Bieniosek, UROP
A. Chao, UROP
C. Herder, UROP

VISITING STUDENTS

J. Kupec, TUM 
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 
L. LaForce, Shop Helper, NSL

PUBLICATIONS

S.O. Valenzuela, W.D. Oliver, D.M. 
Berns, K.K. Berggren, L.S. Levitov, 
and T.P. Orlando, “Microwave-Induced 
Cooling of  a Superconducting Qubit,” 
Science, vol. 314, no. 5805, pp. 1589-
1592, Dec.2006. 

J.K.W. Yang, V. Anant, and K.K. 
Berggren, “Enhancing etch resistance of  
hydrogen silsesquioxane via postdevelop 
electron curing,” Journal of  Vacuum Science 
and Technology B, vol. 24, no. 6, pp. 3157-
3161, Nov. 2006.

B. Cord, C. Dames, K.K. Berggren, 
and J. Aumentado, “Robust shadow-
mask evaporation via lithographically 
controlled undercut,” Journal of  Vacuum 
Science and Technology B, vol. 24, no. 6, pp. 
3139-3143, Nov. 2006.

E.A. Dauler, B.S. Robinson, A.J. 
Kerman, V. Anant, R.J. Barron, K.K. 
Berggren, D.O. Caplan, J.J. Carney, S.A. 
Hamilton, K.M. Rosfjord, M.L. Stevens, 
and J.K. Yang, “1.25 Gbit/s photon-
counting optical communications using a 
two-element superconducting nanowire 
single photon detector,” Proc. SPIE, vol. 
6372, Advanced Photon Counting Techniques; 
Wolfgang Becker; Ed., Oct. 2006.

D.M. Berns, W.D. Oliver, S.O. Valenzuela, 
A.V. Shytov, K.K. Berggren, L.S. 
Levitov, and T.P. Orlando, “Coherent 
Quasiclassical Dynamics of  a Persistent 
Current Qubit,” Physical Review Letters, 
vol. 97,  no. 15, pp. 150502:1-4, Oct. 
2006.

K.K. Berggren and A.J. Kerman, 
“Nanowires detect individual infrared 
photons,” Laser Focus World, vol. 42, no. 
9, pp. 87-89, Sept. 2006.

A.J. Kerman, E.A. Dauler, B.S. Robinson, 
R. Barron, D.O. Caplan, M.L. Stevens, 
J.J. Carney, S.A. Hamilton, W.E. Keicher, 
J.K.W. Yang, K. Rosfjord, V. Anant, 
and K.K. Berggren, “Superconducting 
Nanowire Photon-Counting Detectors 
for Optical Communications,” Lincoln 
Laboratory Journal, vol. 16, no. 1, pp. 217-
224, 2006.

A.J. Kerman, E.A. Dauler, W.E. 
Keicher, J.K.W. Yang, K.K. Berggren, 
G. Gol’tsman, and B. Voronov, 
“Kinetic-inductance-limited reset time 
of  superconducting nanowire photon 
counters,” Applied Physics Letters, vol. 88, 
no. 11, 111116:1-3, Mar. 2006. 

B.S. Robinson, A.J. Kerman, E.A. 
Dauler, R.J. Barron, D.O. Caplan, M.L. 
Stevens, J.J. Carney, and S.A. Hamilton, 
J.K.W. 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, J.K.W. Yang, E.A. 
Dauler, A.J. Kerman, V. Anant, B. 
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. 527-34, 
Jan. 2006.
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Sangeeta N. Bhatia
Associate Professor
Harvard-MIT Division of Health Sciences & Technology
Department of Electrical Engineering and Computer Science

COLLABORATORS

W. Chan, U. Toronto
C. Chen, UPenn
S. Chien, UCSD 
B. Engelward, MIT Biological Eng.
F. Gage, Salk Institute 
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
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

SUPPORT STAFF

S. Kangiser, Admin. Asst. II
S. Katz, Laboratory Manager
M. Akiyama-Gutierrez, Technical 
Assistant

PUBLICATIONS
G. von Maltzahn, T.J. Harris, J.H. Park,  
A.J. Schmidt, M.J. Sailor, and S.N. 
Bhatia,  “Nanoparticle self-assembly 
gated by logical proteolytic triggers,”  
Journal of  the American Chemical Society, 
2007, to be published.

E.E. Hui and S.N. Bhatia,  
“Micromechanical control of  cell-cell 
interactions,”  Proceedings of  the National 
Academy of  Science, vol. 104, pp. 5722-
5726, 2007.

E.E. Hui and S.N. Bhatia,    “Microscale 
control of  cell contact and spacing via 
three-component surface patterning,” 
Langmuir, vol. 23, pp. 4103-4107, 2007.

V. Liu Tsang, A.A. Chen, L.M. Cho, 
K.D. Jadin, R.L. Sah, S. DeLong, J.L.  
West, and S.N. Bhatia, “Fabrication 
of  3D hepatic tissues by additive 
photopatterning of  cellular hydrogels,”  
FASEB Journal,  vol. 21, pp. 790-801, 
2007.

S.R. Khetani and S.N. Bhatia, 
“Engineering tissues for in vitro 
applications,” Current Opinion in 
Biotechnology, vol. 17, pp. 524-531, 2006.

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.

T.J. 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.J. Sailor, 
“The smart petri dish: A nanostructured 
photonic crystal for real-time monitoring 
of  living cells,”  Langmuir, 2006, to be 
published. 

S.N. Bhatia and T. Desai, Eds., Volume 
III 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. e190, 2005.

J.W. Allen, S.R. Khetani and S.N. 
Bhatia, “In vitro zonation and toxicity 
in a hepatocyte bioreactor,” Toxicological 
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 
Bioengineering, 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 Delivery, vol. 
56, no. 11, pp. 1635-1647, Nov. 2004.

S.N. Bhatia, “Cell and tissue-based 
sensors,” in WTEC (World Technology 
Evaluation 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.
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Duane S. Boning
Professor 
Department of Electrical Engineering and Computer Science

COLLABORATORS

Y. Kim, Samsung
S.F. Yoon, NTU Singapore

GRADUATE STUDENTS

K. Balakrishnan, Res. Asst., EECS
H. Cai, Res. Asst., MSE
N. Drego, Res. Asst., EECS 
(co-supervised with Prof. A.P. 
Chandrakasan)
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

UNDERGRADUATE STUDENTS

A. Farahanchi., EECS
Z. Li., EECS

VISITING SCIENTISTS

E. Paul, Stockton College

SUPPORT STAFF

S. Blake, Admin. Asst. II

PUBLICATIONS

D. Lim, J. Kim, J.-O. Plouchart, 
D. Kim, C. Cho, and D.S. Boning, 
“Performance and Yield Optimization 
of  mm-Wave PLL Front-End in 65nm 
SOI CMOS,” presented at the 2007 
IEEE RFIC Symposium, June 2007. 

S.P. Vudathu, D. Boning, and R. Laur, 
“A Critical Enhancement in the Yield 
Analysis of  Microsystems,”  presented 
at the International Reliability Physics 
Symposium, April 2007. 

D. Truque, X. Xie, and D. 
Boning, “Wafer Level Modeling of  
Electrochemical-Mechanical Polishing 
(ECMP),” presented at the  CMP 
Symposium, Materials Research Society 
Spring Meeting, April 2007.

X. Xie and D. Boning, “Physical-based 
Die-level CMP Model,” presented at 
the CMP Symposium, Materials Research 
Society Spring Meeting, April 2007.

K. Gettings and D. Boning, “Test 
Circuit for Study of  CMOS Process 
Variation by Measurement of  Analog 
Characteristics,” presented at the  
International Conference on Microelectronic 
Test Structures (ICMTS), Tokyo, Japan, 
March 2007.

D. Boning, K. Balakrishnan, H. Cai, N. 
Drego, A. Farahanchi, K. Gettings, D. 
Lim, A. Somani, H. Taylor, D. Truque, 
and X. Xie, “Variation,” presented 
at the IEEE International Symposium on 
Quality Electronic Design (ISQED), March 
2007.

N. Drego, A. Chandrakasan, and D. 
Boning, “A Test-Structure to Efficiently 
Study Threshold-Voltage Variation in 
Large MOSFET Arrays,”  presented 
at the IEEE International Symposium on 
Quality Electronic Design (ISQED), March 
2007.

H.T. Pham, S.F. Yoon, K.H. Tan, and 
D. Boning, “Effects of  nitrogen incor-
poration in InSb1-xNx grown using ra-
dio frequency plasma-assisted molecu-
lar beam epitaxy,” Applied Physics Letters, 
vol. 90, pp. 092115:1-3, Mar. 2007.

D. Lim, J. Kim, J.-O. Plouchart, C. Cho, 
D. Kim, R. Trzcinski, and D. Boning, 
“Performance Variability of  a 100GHz 
Static CML Frequency Divider in 65nm 
SOI CMOS Technology,” presented at 
the IEEE International Solid-State Circuits 
Conference (ISSCC),  Feb. 2007.

H.T. Pham, S.F. Yoon, D. Boning, and 
S. Wicaksono, “Molecular beam epi-
taxial growth of  indium antimonide 
and its characterization,” Journal of  
Vacuum Science and Technology B, vol. 25, 
no. 1, pp. 11-16, Jan./Feb. 2007.

X. Xie, D. Boning, F. Meyer, and R. 
Rzehak, “Analysis of  Nanotopography 
and Layout Variations in Patterned STI 
CMP,” presented at the International 
Conference on Planarization Technology, 
Foster City, CA, Oct. 2006.

H.K. Taylor, H. Sun, T.F. Hill, 
A. Farahanchi, and D.S. Boning, 
“Characterizing and Predicting Spatial 
Non-uniformity in the Deep Reactive 
Ion Etching of  Silicon,” Journal of  the 
Electrochemical Society, vol. 153, no. 8, pp. 
C575-C585, June 2006. 

.
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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
J. Kalanithi, Res. Asst., MAS
D. Smalley, Res. Asst., EECS
B. Taylor, Res. Asst., MAS

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, V.M. Bove, Jr., J. 
Barabas, and R. Pappu,  “Reconfigurable 
image projection (RIP) holograms,” 
Optical Engineering, vol. 45, 115801, Nov. 
2006.

D. Butler, V.M. Bove, Jr., and S. Sridharan, 
“Real-time adaptive foreground/ 
background segmentation,” EURASIP 
Journal 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 118th 
Audio Engineering Society Convention, 2005.

D.E. Smalley, Q.Y.J. Smithwick, and V.M. 
Bove, Jr., “Holographic Video Display 
Based on Guided-Wave Acousto-Optic 
Devices,” Proc. SPIE Practical Holography 
XXI, vol. 6488, pp. 64880L:1-7, Feb. 
2007.

V.M. 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 Bulović
Associate Professor 
Department of Electrical Engineering and Computer Science

COLLABORATORS

T. Akinwande, MIT
M. Baldo, MIT
M. Bawendi, MIT
P. Benning, HP
T. Bloomstein, Lincoln Laboratory
M. Chaparala, HP
F. Jaworski, Raytheon
P. Mardilovich, HP
A. Nurmikko, Brown Univ.
D. Schut, HP
M. Schmidt, MIT
C.G. Sodini, MIT
T. Swager, MIT

POSTDOCTORAL ASSOCIATES

I. Kymissis
C. Madigan
B. Yaglioglu

GRADUATE STUDENTS

H.Abdu, Res. Asst, EECS 
P.O. Anikeeva, Res. Asst. DMSE 
A.C. Arango, Res. Asst. EECS 
S. Bradley, Res. Asst. EECS 
J. Chen, Res. Asst. DMSE 
J. Ho, Res. Asst. EECS 
E. Howe, Res. Asst. Physics 
J. Leu, Res. Asst. EECS 
I. Nausieda, Res. Asst. EECS
Y. Shirasaki, 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, Q. Zhang, 
T. Atay, A. Nurmikko, and V. Bulović, 
“Solid State Cavity QED: Strong 
Coupling in Organic Thin Films,” 
Organic Electronics, vol. 8, no. 2-3, pp. 94-
113, Apr.-June 2007.

H. Huang, A. Dorn, V. Bulović,  and 
M.G. Bawendi, “Electrically Driven 
Light Emission from Single Colloidal 
Quantum Dots at Room Temperature,” 
Applied Physics Letters, vol. 90, no. 2, pp. 
023110:1-3, Jan. 2007.

C. Madigan and V. Bulović, “Exciton 
Energy Disorder in Polar Amorphous 
Organic Thin Films: Monte Carlo 
Calculations,” Physical Review B, vol. 75, 
no. 8, pp. 081403:1-4, Feb. 2007.

V. Bulović and C. Adachi, guest editors 
of  the “Special Issue on Coupled States 
of  Excitons, Photons, and Plasmons in 
Organic Structures,” Organic Electronics, 
vol. 8, no. 2-3, pp. 77-292, Apr.-June 
2007.

J.R. Tischler, M.S. Bradley, and V. 
Bulović, “Critically coupled resonators 
in vertical geometry using a planar 
mirror and a 5nm thick absorbing film,” 
Optics Letters, to be published.

P.O. Anikeeva, C.F. Madigan, S.A. Coe-
Sullivan, J.S. Steckel, M.G. Bawendi, 
and V. Bulović, “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 and V. Bulović, “Modeling 
of  exciton diffusion in amorphous 
organic thin films,” Physical Review Letters, 
vol. 96, pp. 046404:1-4, Feb. 2006.

A. Wang, I. Kymissis, V. Bulović, and 
A.I. 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. Bulović, “Forming 
oriented organic crystals from 
amorphous thin films on patterned 
substrates via solvent-vapor annealing,” 
Organic Electronics, vol. 6, no. 5-6, pp. 211 
–220, Dec. 2005.

K. Ryu, I. Kymissis, V. Bulović, and C.G. 
Sodini, “Direct extraction of  mobility in 
pentacene OFETs using C–V and I–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. Bulović, “Photodetectors based on 
treated CdSe quantum-dot films,” Applied 
Physics Letters, vol.  87, pp. 213505: 1-3, 
Nov. 2005.

I. Kymissis, A.I. Akinwande, and V. 
Bulović, “A lithographic process flow 
for integrated organic field-effect 
transistors,” IEEE Journal of  Display 
Technology, vol. 1, no. 2, pp. 289-294, 
Dec. 2005.

M.S. Bradley, J.R. Tischler, and V. 
Bulović, “Layer-by-layer J-aggregate 
thin films with peak absorption constant 
of  106 cm-1,” Advanced Materials, vol. 17, 
no. 15, pp. 1881-1886, July 2005.

J.R. Tischler, M.S. Bradley, V. Bulović, 
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. Bulović, 
and T.M. Swager, “Highly efficient 
blue electroluminescence from 
poly(phenylene-ethynylene) via energy 
transfer from a hole transport matrix,” 
Advanced Materials, vol. 17, no. 16, pp. 
1981-1985, June 2005.
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Anantha P. Chandrakasan
Joseph F. & Nancy P. Keithley Professor of Electrical Engineering
Department of Electrical Engineering and Computer Science

GRADUATE STUDENTS
J. Bohorquez, Lemelson Foundation 
Presidential Fellowship, EECS (co-
supervised with Prof. J. Dawson)
M. Bhardwaj, 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 (co-
supervised with Prof. H.-S. Lee)
F. Lee, Res. Asst., EECS
P. Mercier, Res. Asst., EECS
T. Pan, Res. Asst., EECS
M. Qazi, Res. Asst., EECS
Y. Ramadass, Res. Asst., EECS
M. Sinangil, Res. Asst., EECS
V. Sze, Res. Asst., EECS
N. Verma, Res. Asst., EECS
S. Vitavasiri, Res. Asst., EECS
D. Wentzloff, Res. Asst., EECS

VISITING SCIENTISTS

J-S. Kim, Samsung
A. Oishi, Toshiba

SUPPORT STAFF

M. Flaherty, Admin. Asst. II

PUBLICATIONS

B.P. Ginsburg and A.P. Chandrakasan, 
“500-MS/s 5-bit ADC in 65-nm CMOS 
with Split Capacitor Array DAC,” IEEE 
Journal of  Solid-State Circuits, vol. 42, no. 
4, pp. 739-747, Apr. 2007.

B.H. Calhoun and A.P. Chandrakasan, 
“A 256kb 65nm Sub-threshold 
SRAM Design for Ultra-Low Voltage 
Operation,” IEEE Journal of  Solid-State 
Circuits, pp. 680-688, Mar. 2007.

B.P. Ginsburg and A.P. Chandrakasan, 
“Dual Time-Interleaved Successive 

Approximation Register ADCs for 
an Ultra-Wideband Receiver,” IEEE 
Journal of  Solid-State Circuits, vol. 42, no. 
2, pp. 247-257, Feb. 2007.

F.S. Lee and A.P. Chandrakasan, “A 
BiCMOS Ultra-Wideband 3.1-10.6GHz 
Front-End,” IEEE Journal of  Solid-State 
Circuits, vol. 41, no. 8, pp. 1856-1866, 
Aug. 2006.

B.P. Ginsburg, V. Sze, and A.P. 
Chandrakasan, “A Parallel Energy 
Efficient 100Mbps Ultra-Wideband 
Radio Baseband,” presented at the 
Government Microcircuit Applications & 
Critical Technology Conferece (GOMACTech), 
2007.

F.S. Lee and A. P. Chandrakasan, “A 
2.5nJ/b 0.65V 3-to-5GHz Subbanded 
UWB Receiver in 90nm CMOS,” in 
IEEE International Solid-State Circuits 
Conference (ISSCC), San Francisco, CA, 
Feb. 2007, pp. 116-117. 

Y. Ramadass and A.P. Chandrakasan, 
“Minimum Energy Tracking Loop 
with Embedded DC-DC Converter 
Delivering Voltages Down to 250mV 
in 65nm CMOS,” IEEE International 
Solid-State Circuits Conference (ISSCC), San 
Francisco, CA, Feb. 2007, pp. 64-65.

N. Verma and A. P. Chandrakasan, “A 
65nm 8T Sub-Vt SRAM Employing 
Sense-Amplifier Redundancy,” IEEE 
International Solid-State Circuits Conference 
(ISSCC), San Francisco, CA, Feb. 2007, 
pp. 328-329.

D.D. Wentzloff  and A.P. Chandrakasan, 
“A 47pJ/pulse 3.1-to-5GHz All-Digital 
UWB Transmitter in 90nm CMOS,” 
IEEE International Solid-State Circuits 
Conference (ISSCC), San Francisco, CA, 
Feb. 2007, pp. 118-119.

J. Kwong and A.P. Chandrakasan, 
“Variation-Driven Device Sizing for 
Minimum Energy Sub-threshold 
Circuits,” International Symposium on Low 
Power Electronics and Design (ISLPED), pp. 
8-13, Oct. 2006.

F. Lee, R. Blazquez, B P. Ginsburg, J.D. 
Powell, M. Scharfstein, D.D. Wentzloff, 
and A.P. Chandrakasan, “A 3.1 to 10.6 
GHz 100 Mb/s Pulse-Based Ultra-
Wideband Radio Receiver Chipset,” 
presented at the International Conference on 
Ultra-Wideband, September 2006.

B.P. Ginsburg and A.P. Chandrakasan, 
“A 500MS/s 5b ADC in 65nm CMOS,” 
in IEEE Symposium on VLSI Circuits, 
Honolulu, Hawaii, June 2006, pp. 174-
175.

D.C. Daly and A.P. Chandrakasan, “An 
Energy Efficient OOK Transceiver 
for Wireless Sensor Networks,” in  
IEEE Radio Frequency Integrated Circuits 
Symposium, June 2006 pp. 279-282.

V. Sze, R. Blazquez, M. Bhardwaj, 
and A.P. Chandrakasan, “An Energy 
Efficient Sub-Threshold Baseband 
Processor Architecture For Pulsed Ultra-
Wideband Communications,” IEEE 
International Conference on Acoustics, Speech 
and Signal Processing, May 2006, pp. (III) 
908-911.

A.P. Chandrakasan, N. Verma, J. Kwong, 
D. Daly, N. Ickes, D. Finchelstein,  and 
B. Calhoun, “Micropower Wireless 
Sensors,” presented at NSTI Nanotech, 
May 7-11, 2006. vol 3, pp. 459-462.
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Gang Chen
Professor 
Department of Mechanical Engineering

COLLABORATORS

M.S. Dresselhaus, MIT
J.D. Joannopoulos, MIT
J.-P. Fleurial, JPL
Z.F. Ren, Boston College
M. Soljačić, MIT
X. Zhang, UC Berkeley

POSTDOCTORAL ASSOCIATES

M. Chiesa, ME
D. Vashaee, ME

GRADUATE STUDENTS

A. Bajpayee, Res. Asst., ME
V. Berube, Res. Asst., Physics
D.-Z. Chen, Res. Asst., ME
J. Garg, Res. Asst., ME
S. Goh, Res. Asst., ME
Q. Hao, Res. Asst., ME
C.T. Harris, Res. Asst., MEst., ME
A. Henry, Res. Asst., ME
H. Lee, Res. Asst., ME
H. Lu, Res. Asst., ME
A. Muto, Res. Asst., ME
A. Minnich, Res. Asst., ME
A. Narayanaswamy, Res. Asst., ME
G. Radtke, Res. Asst., ME
A. Schmidt, Res. Asst., ME
S. Shen, Res. Asst., ME
E. Skow, Res. Asst. ME

VISITING PROFESSOR

Y.T. Kang, Kyung Hee University

RESEARCH SCIENTIST

X. Chen, ME

SUPPORT STAFF

E. Jacobson, Admin. Asst.

PUBLICATIONS

M.S. Dresselhaus, G. Chen, M.Y. Tang, 
R. Yang, H. Lee, D.Z. Wang, Z.F. 
Ren, J.P. Fleurial, and P. Gogna, “New 
directions for thermoelectric materials,” 
Advanced Materials, to be published.

S.F. Ren, W. Cheng, and G. Chen, 
“Microscopic investigations of  thermal 
conductivity of  Si-Ge superlattices with 
rough interfaces,” Journal of  Applied 
Physics, vol. 100, no. 10, pp. 103505:1-5, 
1-5, Nov. 2006.

J.Y. Huang, S. Chen, Z.F. Ren, G. Chen, 
and M.S. Dresselhaus, “Real time 
observation of  tubule formation from 
amorphous carbon nanowires under 
high-bias resistive heating,” Nano Letters, 
vol. 6, no. 8, pp. 1699-1705, Aug. 2006.

G. Chen, “Nanoscale Heat Transfer 
and Nanostructured Thermoelectrics,” 
IEEE Transactions on Components and 
Packaging Technology, vol. 29, no. 2, pp. 
238-246, June 2006.

J.Y. Huang, S. Chen, Z. F. Ren, Z. Q. 
Wang, D. Z. Wang, M. Vaziri, Z.G. 
Suo, G. Chen, and M.S. Dresselhaus, 
“Kink formation and motion in carbon 
nanotubes at high temperatures,” Physical 
Review Letters, vol. 97, pp. 075501:1-4, 
Aug. 2006. 

H. Bottner, G. Chen, and R. 
Venkatasubramanian, “Aspects of  
Thin-Film Superlattice Thermoelectric 
Materials, Devices and Applications,” 
MRS Bulletin, vol. 31, pp. 211-217, Mar. 
2006.

J.Y. Huang, S. Chen,  Z.Q. Wang, 
K. Kempa, Y.M. Wang, S.H. Jo, G. 
Chen, M.S. Dresselhaus, and Z.F. Ren, 
“Superplastic carbon nanotubes,” Nature, 
vol. 439, no. 7074, p. 281, Jan. 2006.

C. Dames and G. Chen, “1, 2, and 3ω 
methods for measurement of  thermal 
properties,” Review of  Scientific Instruments, 
vol. 76, pp. 124902: 1-14, Dec. 2005. 

S. Chen, J.Y. Huang, Z. Wang, K. Kempa, 
G. Chen, and Z.F. Ren, “High-bias-
induced structure and the corresponding 
electronic property change in carbon 
nanotubes,” Applied Physics Letters, vol. 
87, no. 26, pp. 263701:1-3, Dec. 2005.

D.Z.A. Chen, A Narayanaswamy, and 
G. Chen, “Surface phonon-polariton 
mediated thermal conductivity 
enhancement of  amorphous thin films,” 
Physical Review B, vol. 72, no. 15, pp. 
155435:1-4 , Oct. 2005.

B. Poudel, W.Z. Wang, C. Dames, 
J.Y. Huang, S. Kumar, D.Z. Wang, 
D. Banerjee, G. Chen, and Z.F. Ren, 
2005, “Formation of  crystallized titania 
nanotubes and their transformation into 
nanowires,” Nanotechnology, vol. 16, no. 
9, pp. 1935-1940, Sep. 2005

G. Chen and R.G. Yang, “Nanostructured 
thermoelectric materials: From 
superlattices to nanocomposites,” 
Materials Integration,  vol. 18, special issue, 
Sept. 2005. 

R.G. Yang, G. Chen, and M.S. 
Dresselhaus, “Thermal conductivity of  
simple and tubular nanowire composites 
in longitudinal direction,” Physical Review 
B, vol. 72, no. 12, pp. 125418:1-7, Sep. 
2005.

C. Dames, G. Chen, B. Poudel, W. 
Wang, J. Huang, Z. Ren, Y. Sun, J.I. Oh, 
C. Opeil, and M.J. Naughton, “Low-
dimensional phonon specific heat of  
titanium dioxide nanotubes,” Applied 
Physics Letters, vol. 87, pp. 031901: 1-3, 
July 2005.

R.G. Yang, G. Chen, and M.S. 
Dresselhaus, “Thermal conductivity 
modeling of  core-shell and tubular 
nanowires,” Nano Letters, vol. 5, no. 6, pp. 
1111-1115, June 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.
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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

K. Daniel, Res. Assistant, ChemE
N. Elman, Res. Assoc., MSE
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

SUPPORT STAFF

B. Layne, Admin. Asst.
L. Rigione, Project Technician
J. Centorino, Project Technician

PUBLICATIONS

C.M. Kitsos, P. Bhamidipati, I. 
Melnikova, E.P. Cash, C. McNulty, J. 
Furman, M.J. Cima, and D. Levinson, 
“Combination of  automated high 
throughout platforms, flow cytometry, 
and heirarchical clustering to detect cell 
state,” Cytometry, vol. 71A, pp. 16-27, 
Jan. 2007. 

Staples, M., Daniel, K. Cima, M.J., and 
Langer, R., “Application of  micro- and 
nano-electromechanical devices to drug 
delivery”, Pharmaceutical Research, vol. 23, 
pp. 847-863, May 2006.

D.E. Wesolowski and M.J.  Cima, 
“Nitrate-based metalorganic  deposition 
of  CeO2 on yttrium-stabilized zirconia”,  
Journal of  Materials Research, vol. 21, no. 
1, pp. 1-4, Jan. 2006.

Y.W. Li, H.L. 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  HF 
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.

A.M. Johnson, D.R. Sadoway, M.J. 
Cima, and R.S.  Langer, “Design and 
testing of  an impedance-based sensor 
for monitoring drug delivery,” Journal of  
the Electrochemical Society, vol. 152, no. 1, 
pp. H6-H11, Nov. 2004.

Y. Li, R.S. Shawgo, B. Tyler, P.T. 
Henderson, J.S. Vogel, A. Rosenberg, 
P.B. 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, I.S. Choi, B.M. Tyler, 
P.P. 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,” 
Journal 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 Society, 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
M. Cullinan, Res. Asst., ME
C. DiBiasio, Res. Asst., ME
M. Whitson, Res. Asst., ME

UNDERGRADUATE STUDENTS

R. Panas, Undergrad. Res. Asst., ME

SUPPORT STAFF

K. Mohindra, Adm. Asst.

PUBLICATIONS

S.C. Chen and M.L. Culpepper, “Design 
of  a six-axis micro-scale nanopositinoer 
– μHexFlex,” Precision Engineering, vol. 
30, no. 3, pp. 314-324, July 2006. 

N.B. Hubbard, M.L. Culpepper, and L.L. 
Howell, “Actuators for micropositioners 
and nanopositioners,” Applied Mechanics 
Reviews, vol. 59, no. 6, pp. 324-334, Nov. 
2006.

S.C. Chen and M.L. Culpepper, 
“Design of  contoured micro-scale 
thermomechanical actuators,” IEEE/
ASME Journal of  Microelectromechanical 
Systems, vol. 15, no. 5, pp. 1226-1234, 
Oct. 2006.

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  input shaping and hyperbit control 
to improve the dynamic performance of  
a six-axis micro-scale nanopositioner,” 
Journal of  Microelectromechanical 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,” 
IEEE 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-
instrumentation,” presented at the 
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,” presented 
at the 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 
Society 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,” presented at the 2006 
Annual Meeting of  the American Society for 
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 the ASME International Mechanical 
Engineering Congress and Exposition, 2005.



Faculty Research Staff & Publications MTL ANNUAL RESEARCH REPORT 20077-14

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-Aided 
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. 42nd 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. 42nd 
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. 42nd 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 Society 
International Symposium, June 2005, pp. 
135-138.

J. Lee, V. Dmitry, A. Vithayathil, L. 

Daniel, and J. White, “Accelerated 
optical topography using parameterized 
model order reduction,” International 
Microwave Symposium Digest, June 2005, 
pp. 1171-1174. 

A. Devgan, L. Daniel, B. Krauter, and 
L. He, “Modeling and design of  chip-
package interface,” presented at the Sixth 
International Symposium 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 the 10th Asia 
Pacific Design Automation Conference, 2005.



7-15 Faculty Research Staff & Publications MTL ANNUAL RESEARCH REPORT 2007

Joel L. Dawson 
Carl Richard Soderberg Career Development Professor of Power Engineering 
Department of Electrical Engineering and Computer Science

GRADUATE STUDENTS

J. Bohorquez, Lemelson Foundation 
Presidential Fellow, EECS
S. Chung, Korea Science and 
Engineering Foundation Fellow, EECS
P. Godoy, Res. Asst., EECS
J. Holloway, Res. Asst., EECS
T. Khanna, Res. Asst., EECS
O. Ogunnika, MIT-CIMIT Medical 
Engineering Fellow, EECS
S. Rayanakorn, Res. Asst., EECS
W. Sanchez, Gates Millenium Scholars 
Graduate Fellow, EECS
M. Scharfstein, Res. Asst., EECS

SUPPORT STAFF

R. Maynard, Admin. Asst. II

PUBLICATIONS

S. Chung, J.W. Holloway, and 
J.L. Dawson, “Open-loop digital 
predistortion using Cartesian feedback 
for adaptive RF power amplifier 
linearization,” to be presented at IEEE 
MTT-S International Microwave Symposium, 
Honolulu, HI, June 2007.

A. Hadiashar and J.L. Dawson, “A 
chopper stabilized CMOS analog 
multiplier with ultra-low DC offsets,” 
in Proc. IEEE European Solid-State Circuits 
Conference, Montreux, Switzerland, Sept. 
2006, pp. 364-367.

J.L. Dawson and T.H. Lee, “Cartesian 
feedback for RF power amplifier 
linearization,” in Proc. American Control 
Conference, Boston, MA, July 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, San 
Francisco, CA, Feb. 2003, pp. 262-263.  

J.L. Dawson, S.P. Boyd, M. Hershenson, 
and T.H. Lee, “Optimal allocation of  
local feedback in multistage amplifiers 
via geometric programming,” IEEE 
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.

J.L. Dawson, S.P. Boyd, M. Hershenson, 
and T.H. Lee, “Optimal allocation of  
local feedback in multistage amplifiers 
via geometric programming,” in Proc. 
43rd Midwest Symposium on Circuits and 
Systems, Lansing, MI, Aug. 2000, pp. 
530-533.
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Jesús del Alamo
Professor 
Department of Electrical Engineering and Computer Science

COLLABORATORS
P.C. Chao, BAE Systems
D. Greenberg, IBM
K. Hayashi, Mitsubishi Electric
T. Hisaka, Mitsubishi Electric
A. Inoue, Mitsubishi Electric
T. Ishida, Mitsubishi Electric 
J. Jimenez, Triquint Semiconductor

VISITING SCIENTISTS

H. Fujishiro, Tokyo University of  
Science and Technology
Y. Ikura, Fuji Electric

POSTDOCTORAL FELLOW

D.H. Kim

GRADUATE STUDENTS

U. Gogineni, Res. Asst., EECS
J. Joh, Res. Asst., EECS
A. Villanueva, Res. Asst., EECS
N. Waldron, Res. Asst., EECS
L. Xia, Res. Asst., EECS

SUPPORT STAFF

E. Kubicki, Admin. Asst. II

PUBLICATIONS

J.A. del Alamo. and D. H. Kim, “InGaAs 
CMOS: a “Beyond-the-Roadmap” 
Logic Technology?” presented at Device 
Research Conference, South Bend, IN, June 
18-20, 2007.

P. Saunier, C. Lee, A. Balistreri, D. 
Dumka, J. Jimenez, H. Q. Tserng, M.Y. 
Kao, P.C. Chao, K. Chu, A. Souzis, I. 
Eliashevich, S. Guo,  J. del Alamo, J. 
Joh, and M. Shur, “Progress in GaN 
Performances and Reliability,” presented 
at Device Research Conference, South Bend, 
IN, June 18-20, 2007

J.A. del Alamo., “RF Power Suitability 
of  Logic CMOS,” presented at Workshop 
on Silicon CMOS PA: from RF to mmWave, 
Radio Frequency Integrated Circuit Symposium, 
June 2, 2007.

J.A. del Alamo and D.-H. Kim, “Beyond 
CMOS: Logic Suitability of  InGaAs 
HEMTs,” presented at Indium Phosphide 

& Related Materials Conference, Matsue 
(Japan), May 14-18, 2007.

J. Wu and J. A. del Alamo, “Through 
Substrate Interconnects for 3-D ICs, RF 
Systems, and MEMS,” in Topical Meeting 
on Silicon Monolithic Integrated Circuits in 
RF Systems, Long Beach, CA, Jan. 10-12, 
2007, pp. 154-157.

D.-H. Kim and J. A. del Alamo, “Scaling 
Behavior of  In0.7Ga0.3As HEMTs for 
Logic,” in IEEE International Electron 
Devices Meeting, San Francisco, CA, Dec. 
11-13, 2006, pp. 837-840.

J.  Joh. and  J. A. del Alamo, “Mechanisms 
for Electrical Degradation of  GaN 
High-Electron Mobility Transistors.” 
in IEEE International Electron Devices 
Meeting, San Francisco, CA, Dec. 11-
13, 2006, pp. 415-418.

J. Scholvin, D. R. Greenberg, and J. A. 
del Alamo, “Fundamental Power and 
Frequency Limits of  Deeply-Scaled 
CMOS for RF Power Applications.” in 
IEEE International Electron Devices Meeting, 
San Francisco, CA, Dec. 11-13, 2006, 
pp. 217-220.

J.A. del Alamo., “MIT iLabs and 
OCW: Bringing University Innovations 
Across the Digital Divide” in Frontiers of  
Knowledge University Leaders’ Forum, Cape 
Town, South Africa, Nov. 18-21, 2006.

P.C. Chao, W.W. Hu, K. Chu, A. 
Immorlica, J. del Alamo, J. Joh and 
M. Shur, “Failure Analysis of  X-Band 
GaN FETs,” in Reliability of  Compound 
Semiconducors Workshop, San Antonio, 
TX, Nov. 12, 2006.

Kim, D.-H., J. A. del Alamo, J.-H. Lee, 
and K.-S. Seo, ”Beyond-CMOS: Impact 
of  Side-Recess Spacing on the Logic 
Performance of  50 nm In0.7Ga0.3As 
HEMTs,” Journal of  Semiconductor 
Technology and Science, vol. 6, no. 3, pp. 
146-153, Sep. 2006.

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 SOI,” IEEE Transactions on 
Electron Devices, vol. 53, no. 7, pp. 1705-
1711, July 2006.

A. Inoue, H. Amasuga, S. Goto, T. 
Kunii, M. F. Wong, and J. A. del Alamo, 
“A Non-Linear Drain Resistance Model 
for a High Power Millimeter-Wave 
PHEMT,” IEEE MTT-S International 
Microwave Symposium, San Francisco, CA, 
June 2006.

R.J. Blanchard. and J.A. del Alamo, 
“Stress-Related Hydrogen Degradation 
of  0.1 µm InP HEMTs and GaAs 
PHEMTs,” IEEE Transactions on Electron 
Devices, vol. 53, no. 6, pp. 1289-1293, 
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 In0.7Ga0.3As HEMTs,” presented 
at the Indium Phosphide & Related Materials 
Conference, Princeton, NJ, May 2006.

D.-H. Kim and J.A. del Alamo, “Beyond 
CMOS: Logic Suitability of  In0.7Ga0.3As 
HEMT,” in International Conference on 
Compound Semiconductor Manufacturing 
Technology, Vancouver, BC, April 2006, 
pp. 251-254.



7-17 Faculty Research Staff & Publications MTL ANNUAL RESEARCH REPORT 2007

Patrick S. Doyle
Associate Professor 
Department of Chemical Engineering

COLLABORATORS

J. Han, MIT
T. A. Hatton, MIT
G. McKinley, MIT
M. Toner, Harvard University

POSTDOCTORAL ASSOCIATES

C.C. Hsieh, ChE
D.K. Hwang, ChE

GRADUATE STUDENTS

A. Balducci, Res. Asst., ChE
D. Dendukuri, Res. Asst., ChE
Y. Hu, Res. Asst., ChE
A. Mohan, Res. Asst., ChE
P. Panda, Res. Asst., ChE
D.. Pregibon Res. Asst., ChE
J. Rich, Res. Asst., ChE
W.S. Tan, Res. Asst.,  MSE
J. Tang, Res. Asst., ChE
D. Trahan, Res. Asst., ChE

SUPPORT STAFF

A. Balkwill, Admin. Asst. 

PUBLICATIONS

D. Dendukuri, T.A. Hatton, and P.S. 
Doyle, “Synthesis and self-assembly of  
amphiphilic polymeric microparticles,” 
Langmuir, vol. 23, no. 8, pp. 4669-4674, 
Apr. 2007. 

D.C. Pregibon, M. Toner, and P.S. Doyle, 
“Multifunctional encoded particles for 
high-throughput biomolecule analysis,” 
Science, vol. 315, pp. 1393-1396, Mar. 
2007. 

R. Haghgooie and P.S. Doyle, “MR 
fluid structure in quasi-2D,” EPL, vol. 
77, p. 18002, 2007. 

J.M. Kim and P.S. Doyle, “Design 
and numerical simulation of  a DNA 
electrophoretic stretching device,” Lab 
on a Chip, vol. 7, no. 2, pp. 213-225, Feb. 
2007. 

G.C. Randall and P.S. Doyle, “Collision 
of  a DNA polymer with a small 
obstacle,” Macromolecules, vol. 39, no. 22, 
pp. 7734-7745, 2006. 

A. Balducci, P. Mao, J. Han, and 
P.S. Doyle, “Double-Stranded DNA 
Diffusion in Slit-like Nanochannels,” 
Macromolecules, vol. 39, no. 18, pp. 6273-
6281, 2006. 

J.M. Kim and P.S. Doyle, “A Brownian 
dynamics-finite element method for 
simulating DNA electrophoresis in non-
homogeneous electric fields,” Journal 
of  Chemical Physics, vol. 125, no. 7, pp. 
074906:1-17, 2006. 

P.T. Underhill and P.S. Doyle, 
“Alternative spring force law for bead-
spring chain models of  the worm-like 
chain,” J. Rheol., vol. 50, no. 4, pp. 513-
529, 2006. 

D.C. Pregibon, M. Toner, and P.S. Doyle, 
“Magnetically and Biologically Active 
Bead-Patterned Hydrogels,” Langmuir, 
vol. 22, pp. 5122-5128, 2006. 

D. Dendukuri, D.C. Pregibon, J. 
Collins, T.A. Hatton, and P.S. Doyle,  
“Continuous Flow Lithography for High-
Throughput Microparticle Synthesis,” 
Nature Materials, vol. 5, pp. 365-369, May 
2006. 

G.C. Randall, K.M. Schultz, and P.S. 
Doyle, “Methods to Electrophoretically 
Stretch DNA: Microcontractions, Gels, 
and Hybrid Gel-Microcontraction 
Devices,” Lab on a Chip, vol. 6, no. 4, pp. 
516-525, 2006. 

R. Haghgooie, C. Li, and P.S. Doyle,  
“Experimental study of  structure 
and dynamics in a monolayer of  
paramagnetic colloids confined by 
parallel hard walls,” Langmuir, vol. 22,  
pp. 3601-3605, 2006.
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Clifton G. Fonstad, Jr.
Professor 
Department of Electrical Engineering and Computer Science

COLLABORATORS

Y.S. Fatt, Nanyang Technological 
University, Singapore
F.J. Cadieu, Queens College of  CUNY 
C.S. Jin, National University of  
Singapore
S. Prasad, Northeastern U.
M. Zahn, MIT

GRADUATE STUDENTS

E. Barkley, Res. Asst., EECS
S. Faminini, Res. Asst., EECS
J. Perkins, Res. Asst., EECS
J. Rumpler, Res. Asst., EECS

UNDERGRADUATE STUDENT

D. Cheng, EECS

SUPPORT STAFF

A. Glass, Admin. Asst. II

PUBLICATIONS

Y.D. Wang, K.Y. Zang, S.J. Chua, M.S. 
Sander, S. Tripathy, and C.G. Fonstad, 
“High-density arrays of  InGaN 
nanorings, nanodots, and nanoarrows 
fabricated by a template-assisted 
approach,” Journal of  Physical Chemistry, 
vol. 110, no. 23, pp. 11081-11087, May 
2006.

Y.D. Wang, K.Y. Zang, S.J. Chua, P. 
Chen, H.L. Zhou, S. Tripathy,  and 
C.G.Fonstad, Jr., “Improve-ment of  
Microstructural and Optical Properties 
of  GaN Layer on Sapphire by Nano-
scale Lateral Epitaxial Overgrowth,” 
Applied Physics Letters, vol. 88, no. 21, 
211908:1-3, May 2006.

J.J. Rumpler, E. Barkley, J.A. Perkins, 
and C.G. Fonstad, “ Precision Micro-
Cleaving of  1.55 µm Laser Diode 
Platelets for Integration with Dielectric 
Waveguides on Silicon Integrated  
Circuit Wafers,” presented at the 2006 
Indium Phosphide and Related Materials 
Conference, May 2006.

J. Rumpler, S. Famini, E. Barkley, and 
C.G. Fonstad, “Integration of  III-V 
Ridge Waveguide Gain Segments within 
SiOxNy PICs on Si Wafers,” presented 

at WOCSEMMAD 2007, Savannah, GA, 
February 2007. 

J.M. Perkins and C.G. Fonstad, “Low 
Threshold VCSELs Recess-Integrated 
on Si-CMOS ICs,” Technical Digest of  
CLEO 2007, May 2007, Baltimore, 
MD.

E.R. Barkley, J.J. Rumpler, J.M. Perkins, 
S. Famenini, and C.G. Fonstad, Jr., 
“Coaxial Integration of  Micro-cleaved 
Ridge Wave-guide Gain Elements with 
SiOxNy Waveguides on Silicon,” in Proc.
of  WOCSDICE 2007, Venice, Italy, May 
2007. 
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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
T.-S. Kim, KIST, Korea
N. Hadjiconstantinou, MIT
Y. Chen, NUS, Singapore
N.-T. Nguyen, NTU, Singapore

GRADUATE STUDENTS

H. Bow, Res. Asst., EECS
L.F. Cheow, Res. Asst., EECS
P. Dextras, Res. Asst., BE
J. Fu, Res. Asst., ME
H. Jang, Res. Asst., ME
L. Li, Res. Asst., EECS/HST
V. Liu, Res. Asst., EECS
P. Mao, Res. Asst., ME
Y.-C. Wang, Res. Asst., ME

RESEARCH STAFF

Y. Song, Ph.D.
J. Lee, Ph.D.
S. Kim, Ph.D.
R. Schoch, 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 Chemistry, vol. 78, 
no. 11, pp. 3528-3536, June 2006

J. Fu, J. Yoo, and J. Han, “Molecular 
sieving in periodic free-energy landscapes 
created by patterned nanofilter arrays,” 
Physical Review Letters, vol. 97, no. 1, pp. 
018103:1-4 , July 2006.

A. Balducci, P. Mao, J. Han, and P. S. 
Doyle, “Double-stranded DNA diffusion 
in slitlike nanochannels,” Macromolecules, 
vol. 39, no. 18, pp. 6273-6281, Sep. 
2006.

S. J. Kim, Y.-A. Song, P. L. Skipper, and J. 
Han, “electrohydrodynamic generation 
and delivery of  monodisperse picoliter 
droplets using a poly(dimethylsiloxane) 

microchip,” Analytical Chemistry, vol. 78, 
no. 23, pp. 8011-8019, Dec. 2006.

J. Fu, R.R. Schoch, A.L. Stevens, S.R. 
Tannenbaum, and J. Han, “Patterned 
anisotropic nanofluidic sieving structure 
for continuous-flow separation of  DNA 
and protein,” Nature Nanotechnology, vol. 
2, no. 2, pp. 121-128, Feb. 2007.

Fu, J. and J. Han, “Continuous-flow 
biomolecule size separation through 
patterned anisotropic nanofluidic 
sieving structure,” in Proc. MicroTAS 
2006 Symposium, Tokyo, Japan, 
November 2006, vol. 1, pp. 519-521, 
(oral presentation).

S.J. Kim, Y.-C.Wang, and J. Han, 
“Nonlinear electrokinetic flow pattern 
near nanofluidic channel,” in Proc.  
MicroTAS 2006 Symposium, Tokyo, Japan, 
Nov. 2006, vol. 1, pp. 522-524.

S.J. Kim and J. Han, “Generation and 
delivery of  monodisperse Pico-liter 
droplets out of  PDMS microship into 
accelerator mass,” in Proc. MicroTAS 2006 
Symposium, Tokyo, Japan, November 
2006,  vol. 2, pp. 1076-1078.
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Judy L. Hoyt
Professor 
Department of Electrical Engineering and Computer Science

COLLABORATORS
D. Antoniadis, MIT
F. Kartner, MIT
R. Ram, MIT
V. Stojanović, MIT
B. Scharf, Analog Devices
J. Yasaitis, Analog Devices
M. Canonico, Freescale
T. Lyszczarz, Lincoln Laboratory
J. Yoon, Lincoln Laboratory

GRADUATE STUDENTS

C. Ní Chléirigh, Res. Asst., EECS
N. DiLello, Res. Asst., EECS
L. Gomez, Res. Asst., EECS
P. Hashemi, Res. Asst., EECS
M. Kim, Res. Asst., DMSE

RESEARCH STAFF

G. Riggott, Research Specialist

SUPPORT STAFF

M. Hudak, Admin. Asst. II

PUBLICATIONS

G. Xia, J.L. Hoyt and M. Canonico, “Si-
Ge interdiffusion in strained Si/strained 
SiGe heterostructures and implications 
for enhanced mobility metal-oxide-
semiconductor field-effect transistors,” 
Journal of  Applied Physics, vol. 101, p. 
044901, 2007

T. Barwicz, H. Byun, F. Gan, C.W. 
Holzwarth, M.A. Popovic, P.T. Rakich, 
M.R. Watts, E.P. Ippen, F.X. Kartner, 
H.I. Smith, J.S. Orcutt, R.J. Ram, 
V. Stojanović, O.O. Olubuyide, J.L. 
Hoyt, S. Spector, M. Geis, M. Grein, 
T. Lyszczarz, J.U. Yoon, “Silicon 
photonics for compact, energy-efficient 
interconnects,” Journal of  Optical 
Networking, vol. 6, no. 1, pp. 63-73,  Jan. 
2007. 

G. Xia, M. Canonico, and J.L. Hoyt, 
“Interdiffusion in strained Si/strained 
SiGe epitaxial heterostructures,” 
Semicond. Sci. Technology, vol. 22, pp. S55-
S58, Nov. 2006.

C. Ní Chléirigh, X. Wang, G. Rimple, 
Y. Wang, M. Canonico, N.D. Theodore, 
O.O. Olubuyide and J.L. Hoyt, “Laser 
Spike Annealing of  Strained Si/ 
Strained Si 0.3Ge 0.7/ Relaxed Si 
0.7Ge 0.3 Dual Channel High Mobility 
p-MOSFETs,” in ECS Trans., vol. 3, no. 
2, pp. 355-362, Oct., 2006.

C. Ní Chléirigh, O.O. Olubuyide and 
J.L. Hoyt, “Influence of  Strained Si1-
yGey Layer Thickness and Composition 
on Hole Mobility Enhancement in 
Heterostructure p-MOSFETs with Ge 
Contents y from 0.7 to 1.0”, in ECS 
Trans., vol. 3, no. 7, pp. 963-972, Oct., 
2006.

D.A. Antoniadis, A. Khakifirooz, 
I. Aberg, and J.L. Hoyt, “Channel 
Material Innovations for Continuing 
the Historical MOSFET Performance 
Increase with Scaling,” ECS Trans., vol. 
3, no. 3, pp. 3-15, Oct. 2006.

G. Xia, O.O. Olubuyide, J.L. Hoyt, and 
M. Canonico, “Strain dependence of  
Si- Ge interdiffusion in epitaxial Si/Si1-

yGey/Si heterostructures on relaxed Si1-

xGex substrates,” Applied Physics Letters, 
vol. 88, pp. 13507:1-3, Jan. 2006

D.A. Antoniadis, I. Aberg, C. Ní 
Chléirigh, O.M. Nayfeh, A. Khakifirooz, 
and J.L. Hoyt, “Continuous MOSFET 
performance increase with device 
scaling: The role of  strain and channel 
material innovations,” IBM Journal of  
Research & Development, vol. 50, no. 4/5, 
pp. 363 – 375, July/Sept. 2006.

G. Xia, M. Canonico, and J.L. 
Hoyt, “Interdiffusion in SiGe/Si 
Heterostructures,” 2006 International SiGe 
Technology and Device Meeting, May, 2006, 
pp. 286-287.

O.O. 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,” Thin Solid Films, vol. 
508, pp. 14-19, 2006.

I. Aberg, C. Ní Chléirigh, and J.L. 
Hoyt, “Ultrathin-Body Strained-Si 
and SiGe Heterostructure-on-Insulator 
MOSFETs,” IEEE Trans. Elec. Dev., pp. 
1021 - 1029, May 2006.

G. Xia, O.O. Olubuyide, J.L. Hoyt, and 
M. Canonico, “Strain dependence of  
Si-Ge interdiffusion in epitaxial Si/Si1-

yGey/Si heterostructures on relaxed Si1-

xGex substrates,” Applied Physics Letters, 
vol. 88, pp. 13507:1-3, 2006.

F.X. Kärtner, S. Akiyama, G. 
Barbastathis, T. Barwicz, H. Byun, D.T. 
Danielson, F. Gan, F. Grawert, C.W. 
Holzwarth, J.L. Hoyt, E.P. Ippen, M. 
Kim, L.C. Kimerling, J. Liu, J. Michel, 
O.O. Olubuyide, J.S. Orcutt, M. Park, 
M. Perrott, M.A. Popovic, P.T. Rackich, 
R.J. Ram, H.I. Smith, and M.R. Watts, 
“Electronic photonic integrated circuits 
for high speed, high resolution, analog 
to digital conversion,” in Proc. SPIE, vol. 
6125, pp. 612503:1-14, Jan. 2006.

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, 
pp. 251926:1-3, 2005

I. Åberg, T.A. 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,” presented at 
the IEEE SOI Conference, Oct. 2005.
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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

H. Callebaut, Res. Asst., EECS 
A. Hsu, Res. Asst., EECS
S. Kumar, Res. Asst., EECS 
A. Lee, Res. Asst., EECS
Q. Qin, Res. Asst., EECS

SUPPORT STAFF

C. Bourgeois, Admin. Asst. 

PUBLICATIONS

A.W.M. 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, Q. 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 J.L. 
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,” Optics 
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, Nov. 2005.

A.W.M. Lee and Q. Hu, “Real-time,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-S236, 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/QELS), 2005.

Q. Hu, “High-temperature operation 
of  THz quantum-cascade lasers,” 
presented at the Conference on Lasers and 
Electro-Optics Europe, 2005. 
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Klavs F. Jensen
Lammot DuPont Professor 
Department of Chemical Engineering and Materials Science

COLLABORATORS

M.G. Bawendi, MIT
S. Buchwald, MIT
K. Gleason, MIT
M.A. Schmidt, MIT
A.J. Sinskey, MIT
T. Swager, MIT
C.A. Wang, Lincoln Laboratory 

POSTDOCS

A. Adamo, ChemE 
K. Deshpande, ChemE
S. Marre, ChemE,

GRADUATE STUDENTS

J. Albrecht, ChemE
B. Blackwell, ChemE
L. Chao, ChemE
J. Keybi, ChemE
V. Loewer, ChemE
J. McMullen, ChemE
K. Nagy, ChemE
J. Rempel, ChemE
H. Sahoo, ChemE
M.Sultana, ChemE
L. Ye, ChemE
N. Zaborenko, ChemE

SUPPORT STAFF

A. Haverty, Admin. Asst. II

PUBLICATIONS

Y. Wada, M.A. Schmidt and K.F. Jensen, 
“Flow distribution and ozonolysis in gas-
liquid multichannel microreactors,” Ind. 
Eng. Chem. Res., vol. 45, pp. 8036-8042, 
2006 

Z.Y. Zhang, N. Szita, P. Boccazzi, A.J. 
Sinskey, and K.F. Jensen, “A well-mixed, 
polymer-based microbioreactor with 
integrated optical measurements,” 
Biotechnology and Bioengineering, vol. 93, pp. 
286-296, 2006.

Z.Y. Zhang, P. Boccazzi, H.G. Choi, 
G. Perozziello, A.J. Sinskey, and K.F. 
Jensen, “Microchemostat - microbial 
continuous culture in a polymer-based, 
instrumented microbioreactor,” Lab on a 
Chip, vol. 6, pp. 906-913, 2006.

A. Zanzotto, P. Boccazzi, N. Gorret, 
T.K. Van Dyk, A.J. Sinskey, and 

K.F.  Jensen, “In situ measurement of  
bioluminescence and fluorescence in an 
integrated microbioreactor,” Biotechnology 
and Bioengineering, vol. 93, pp. 40-47, 
2006.

B.A. Wilhite, S.E. Weiss, J.Y. Ying, M.A. 
Schmidt, and K.F. Jensen, “High-purity 
hydrogen generation in a microfabricated 
23 wt % Ag-Pd membrane device 
integrated with 8 : 1 LaNi0.95Co0.05O3/
Al2O3 catalyst,” Advanced Materials, vol. 
18, pp. 1701-1704, 2006.

W.C. Sheng, S. Kim, J. Lee, S.W. Kim, 
K.F. Jensen, and M.G. Bawendi, “In-
situ encapsulation of  quantum dots into 
polymer microspheres,” Langmuir, vol. 
22, pp. 3782-3790, 2006.

J.Y. Rempel, B.L. Trout, M.G. Bawendi, 
and K.F. Jensen, “Density functional 
theory study of  ligand binding on CdSe 
single crystal relaxed and reconstructed 
surfaces: Implications for nanocrystalline 
growth,” Journal of  Physical Chemistry B, 
vol. 110, pp. 18007-18016, 2006.

J.G. Kralj, M.T.W. Lis, M.A. Schmidt, 
and K.F. Jensen, “Continuous 
dielectrophoretic size-based particle 
sorting,” Analytical Chemistry, vol. 78, pp. 
5019-5025, 2006.

G.S. Kim, T. Merchant, J. D’Urso, 
L.A. Gochberg, and K.F. Jensen, 
“Systematic study of  surface chemistry 
and comprehensive two-dimensional 
tertiary current distribution model for 
copper electrochemical deposition,” 
Journal of  the Electrochemical Society, vol. 
153, pp. C761-C772, 2006.

K.F. Jensen, “Silicon-based 
microchemical systems: Characteristics 
and applications,” MRS Bulletin, vol. 31, 
pp. 101-107, Feb 2006.

A. Günther, and K.F. Jensen, 
“Multiphase microfluidics: From flow 
characteristics to chemical and materials 
synthesis,” Lab on a Chip, vol. 6, pp. 1487-
1503, 2006.

T. Gervais, and K.F. Jensen, “Mass 
transport and surface reactions in 

microfluidic systems,” Chem. Eng. Sci., 
vol. 61, pp. 1098 - 1117 2006.

T. Gervais, J. El-Ali, A. Gunther, and 
K.F. Jensen, “Flow-induced deformation 
of  shallow microfluidic channels,” Lab 
on a Chip, vol. 6, pp. 500-507, 2006.

J. El-Ali, P.K. Sorger and K.F. Jensen, 
“Cells on chips,” Nature, vol. 442, pp. 
403-411, 2006.

H.G. Choi, J.P. Amara, T. Swager, 
and K.F. Jensen, “Synthesis and 
characterization of  poly(isobenzofuran) 
films by chemical vapor deposition,” 
Macromolecules, vol. 39, pp. 4400-4410, 
2006.

H.G. Choi, J.P. Amara, T.P. Martin, 
K.K. Gleason, T.M. Swager, and K.F. 
Jensen, “Structure and morphology of  
poly(isobenzofuran) films grown by hot-
filament chemical vapor deposition,” 
Chemistry of  Materials, vol. 18, pp. 6339-
6344, Dec 2006.

P. Boccazzi, Z. Zhang, K. Kurosawa, 
N. Szita, S. Bhattacharya, K.F. Jensen, 
and A.J. Sinskey, “Differential gene 
expression profiles and real-time 
measurements of  growth parameters 
in saccharomyces cerevisiae grown in 
microliter-scale bioreactors equipped 
with internal stirring,” Biotechnology 
Progress, vol. 22, pp. 710-717, 2006.

J.W. Albrecht and K.F. Jensen, “Micro 
free-flow ief  enhanced by active cooling 
and functionalized gels,” Electrophoresis, 
vol. 27, pp. 4960-4969, 2006.
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Roger D. Kamm
Germeshausen Professor of Mechanical and Biological EngineeringProfessor of Mechanical and Biological Engineering of Mechanical and Biological Engineering 
Department of Biological Engineering

POSTDOCTORAL ASSOCIATES

S. Chung ChungChung 
R. Sudo

GRADUATE STUDENTS

V. Vickerman, Res. Asst., BE Vickerman, Res. Asst., BEVickerman, Res. Asst., BE

PUBLICATIONS

B. Yap and R.D. Kamm, “Cytoskeletal “Cytoskeletal“Cytoskeletal 
remodeling and cellular activation 
during deformation of  neutrophils into 
narrow channels,” Journal of Appliedournal of  AppliedAppliedied 
Physiology,ogy, vol. 99, pp. 2323-2330, Dec.99, pp. 2323-2330, Dec.pp. 2323-2330, Dec.2323-2330, Dec.. 
2005. 

B. Yap and R.D. Kamm, “Mechanical “Mechanical“MechanicalMechanical 
deformation of  neutrophils into narrow 
channels induces pseudopod projection 
and changes in biomechanical 
properties,”” Journal of Applied Physiology,ournal of  Applied Physiology,Applied Physiology,ied Physiology,Physiology,ogy, 
vol. 98, pp. 1930-1939, May 2005.98, pp. 1930-1939, May 2005.pp. 1930-1939, May 2005.1930-1939, May 2005. 
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Sang-Gook Kim
Associate Professor 
Department of Mechanical Engineering

COLLABORATORS

G. Chen, MIT
P. So, MIT
G. Barbastathis, MIT
M. Culpepper, MIT
L. Kimerling, MIT
M. Schmidt, MIT
V. Bulović, MIT 
C. Sodini, MIT
B. Wardle, MIT
S. Kumara, Penn State University
X. Zhang, UC Berkeley
S. Bukkapatnam, Oklahoma State 
University
D. Kezler, Oregon State University 
M. Subramanian, Oregon State 
University

POSTDOCTORAL ASSOCIATE

H. Lee

GRADUATE STUDENTS

S. Kim, ME
Z. J. Traina, ME 
S. Bathurst, Res. Asst., ME
A. Hajati, EECS
N. Reticker-Flynn, ME
J. Peck, ME/TPP
E.Kolb, Visiting Student, TU Berlin

SUPPORT STAFF

R. Hardin, Admin. Asst.

PUBLICATIONS

S.G. Kim, “Transplanting Assembly of  
Carbon Nanotubes,” Annals of  the CIRP, 
vol. 55, no. 1, 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, pp. 69-76, 2006.

W.-C. Shih, S.-G. Kim, and G. 
Barbastathis, “High Resolution 
Electrostatic Analog Tunable Grating 
with a Single-Mask Fabrication Process,” 
Journal of  MicroElectroMechanical Systems, 
vol. 15, no. 4, pp. 763-769, 2006.

S. Xu, Y. Shi, S-G. Kim, “ Fabrication 
and characterization of  nano PZT 

fibers,” Nanotechnology, vol. 17, p. 4497, 
2006.

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, vol. 17, no. 2-4, p. 543, 
2006.

N. J. Conway, Z. Traina and S. G. Kim, 
“Strain amplifying piezoelectric MEMS 
actuator,” Journal of  Micromechanics and 
Microengineering, vol.17, p. 781, 2007.

J. Ueda, L. Odhner, S.G. Kim, H.H. 
Asada, “Local stochastic control of  
MEM-PZT cellular actuators with 
broadcast feedback,” presented at IEEE 
BioRobotics, Pisa, Italy, Feb. 2006

S.G. Kim, “Complexity in 
Nanomanufacturing,” in Proc. of   
International Conference on Axiomatic Design, 
Firenze, Italy, June 2006

Y. Shi, X. Zhang, S. Xu, and S.G. 
Kim, “Fabrication and Process 
Characterization of  Piezoelectric Nano 
Fiber Composites,” in Proc. of  ASME 
Multifunctional Nanocomposites Insternational 
Conference, Honolulu, Hawaii, USA, 
September, 2006

R. Xia, C. Farm, W. Choi, and S.G. Kim, 
“Self-Powered Wireless Sensor System 
using MEMS Piezoelectric Micro Power 
Generator,” presented at IEEE Sensors 
2006, Daegu, Korea 2006.

S. Gouda, S.H. Kim, H.W. Lee and 
S.-G. Kim, “Transplanting Assembly 
of  Single Strand Carbon Nanotubes,” 
presented at the Int’l Symposium in Nano 
Manufacturing, Cambridge, MA, 2006

Y. Shi, S. Xu, X. Zhang and S.-G. 
Kim, ”Piezoelectric Nanofiber and 
Their Composites for Micro/Nano 
Active Structures,” presented at the  
Int’l Symposium in Nano Manufacturing, 
Cambridge, 2006

S.-G. Kim, “Complexity of  MEMS 
and Multi-scale Systems,” presented at 

the International Display Workshop 2006, 
Ohtsu, 2006 (invited).
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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,
F.X. Kaertner, MIT
R. Ram, MIT
M. Soljacic, MIT
H.I. Smith, MIT
M.Kestler, Wide Net Technologies

RESEARCH STAFF

G. Petrich, Principal Research Scientist

GRADUATE STUDENTS

R. Bryant, Res. Asst., EECS
A. Grine, Res. Asst., EECS
O. Shamir, Res. Asst., EECS
T. Shih, Res. Asst., EECS
R. Williams, Res. Asst., DMSE

SUPPORT STAFF

T. Kuhn, Admin. Asst.

PUBLICATIONS

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. 

P.T. 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. 

F. J. Grawert, F.O. Ilay, D. Kielpinski, 
J.T. Gopinath, G.S. Petrich, L.A. 
Kolodziejski, E.P. Ippen, F.X. 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  

F.J. Grawert, F.O. Ilay, D. Kielpinski, 
J.T. Gopinath, G.S. Petrich, L.A. 
Kolodziejski, E.P. Ippen, F.X. 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.
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Jing Kong 
Assistant Professor 
Department of Electrical Engineering and Computer Science

COLLABORATORS

M. Dresselhaus, MIT
A.P. Chandrakasan, MIT
T. Palacios, MIT
F. Stellacci, MIT
J. Zhang, Chemistry, Peking University
Z.F.Liu, Chemistry, Peking University

POSTDOCTORAL SCIENTIST

J.K. Yuan

GRADUATE STUDENTS

A.R. Cecco, Res. Asst., MSE
H. Farhat, Res. Asst., MSE
M. Hoffman, Res. Asst., EECS
K.J. Lee, Res. Asst., EECS
D.A. Nezich, Res. Asst., Physics
H.B. Son, Res. Asst., EECS

SUPPORT STAFF

E. Moran, Admin. Asst. 

PUBLICATIONS

H. Farhat, H. Son, G. Samsonidze 
S. Reich, M.S. Dresselhaus, J. Kong, 
“Phonon softening in individual metallic 
carbon nanotubes,” Physical Review 
Letters, to be published.

S.G. Chou, H. Son, J. Kong, A. Jorio, R. 
Saito, M. Zheng, G. Dresselhaus, M.S. 
Dresselhaus, “Length characterization 
of  DNA-wrapped carbon nanotubes 
using Raman spectroscopy,” Applied 
Physical Letters, vol. 90, pp. 131109:1-3, 
Mar. 2007

B. Gao, X. Duan, J. Zhang, T. Wu, H. 
Son, J. Kong, Z. Liu, “Raman spectral 
probing of  electronic transition energy 
Eii variation of  individual SWNTs 
under Torsional strain,” Nano Letters,vol. 
7, no.3, pp. 750-753, Feb. 2007.

Y. Zhang, H. Son, J. Zhang, J. Kong, Z. 
Liu, “Laser-Heating effect on raman 
spectra of  individual suspended single-
walled carbon nanotubes,” Journal of  
Physical Chemistry C, vol. 111, pp. 1988-
1992, Jan. 2007.

Y. Zhang, H. Son, J. Zhang, M.S. 
Dresselhaus, J. Kong, Z. Liu, “Raman 
spectra variation of  partially suspended 

individual single-walled carbon 
nanotubes,” Journal of  Physical Chemistry 
C, vol. 111, pp. 1983-1987, Jan. 2007.

S. Bhaviripudi, E. Mile, S. Steiner, A.T. 
Zare, M.S. Dresselhaus, A. Belcher, 
J. Kong, “CVD synthesis of  single-
walled carbon nanotubes from gold 
nanoparticle catalysts,” Journal of  the 
American Chemical Society, vol. 129, pp. 
1516-1517, Jan. 2007.

X. Zhang, K. Jiang, C. Feng, P. Liu, L. 
Zhang, J. Kong, T. Zhang, Q. Li, S. Fan,  
“Spinning and processing continuous 
yarns from 4-inch wafer scale super-
aligned carbon nanotubes arrays,” 
Advance Materials, vol. 18, pp. 1505-1510, 
May 2006.

H.B. Son, A. Reina, M.S. Dresselhaus, 
J. Kong, “Characterizing the chirality 
distribution of  single-walled carbon 
nanotube materials with tunable Raman 
spectroscopy,” Physica Status Solidi (b), vol. 
243, no. 13, pp. 3161-3165, Oct. 2006.

S. Bhaviripudi, A. Reina, J. Qi, J.  
Kong, A. Belcher, “Block-copolymer 
assisted synthesis of  arrays of  metal 
nanoparticales and their catalytic 
activities for the growth of  SWNTs,” 
Nanotechnology, vol. 17, pp. 5080-5086, 
Sep. 2006.

H. Son, A. Reina, G.G. Samsonidze, 
R. Saito, A. Jorio, M.S. Dresselhaus, 
J. Kong, “Raman characterization of  
electronic transition energies of  metallic 
single-wall carbon nanotubes,” Physical 
Review B, vol. 74, pp. 073406, Aug. 
2006.

X. Zhang, K. Jiang, C. Feng, P. Liu, L. 
Zhang, J. Kong, T. Zhang, Q. Li, S. Fan, 
“Spinning and processing continuous 
yarns from 4-inch wafer scale super-
aligned carbon nanotubes arrays,” 
Advanced Materials, vol. 18, pp. 1505-
1510, May 2006.

F. Villalpando-Paez, A. Zamudio, A.L. 
Elias, H. Son, E.B. Barros, S.G. Chou, 
Y.A. Kim, H. Muramatsu, T. Hayashi, J. 
Kong, H. Terrones, G. Dresselhaus,  M. 
Endo, M. Terrones, M.S. Dresselhaus, 

“Synthesis and characterization of  long 
strands of  nitrogen-doped single-walled 
carbon nanotubes,” Chemical Physical 
Letters, vol. 424, pp. 345-352, Apr. 2006.

J. Lu, T. Kopley, D. Dutton, J. Liu, C.  
Qian, H. Son, M.S. Dresselhaus, J. Kong, 
“Generating suspended single-walled 
carbon nanotubes across a large surface 
area via patterning self-assembled 
catalyst-containing block copolymer 
thing films,” Journal of  Physical Chemistry 
Letters B, vol. 110, pp.  10585-10589, 
Apr. 2006.

Y.Y. 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, V.K. 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. 
Dekker, “Integration of  a gate electrode 
into carbon nanotube devices for 
scanning tunneling microscopy,” Applied 
Physics Letters, vol. 86, pp. 112106:1-3, 
Mar. 2005.
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Jeffrey H. Lang
Professor 
Department of Electrical Engineering and Computer Science

COLLABORATORS

A.I. Akinwande, MIT
M.G. Allen, Georgia Institute of  
Technology
A.P. Chandrakasan, MIT
T. Daniel, University of  WA
A.H. Epstein, MIT
R. Ghodssi, University of  MD
J.G. Hilderbrand, University of  AZ
F.S. Hover, MIT
S. Jacobson, MIT
A.H. Slocum, MIT
M.A. Schmidt, MIT
M.S. Triantafyllou, MIT
J. Voldman, MIT

GRADUATE STUDENTS

V. Fernandez, ME
S. Hou, EECS
A. Weber, ME
B.C. Yen, EECS

SUPPORT STAFF

D. Bizi, Admin. Asst. I

PUBLICATIONS

S.M. Hou, J.H. Lang, A.H. Slocum, A.C. 
Weber and J.R. White; “A high-Q widely-
tunable gigahertz electromagnetic cavity 
resonator,” IEEE/ASME Journal of  
Microelectromechanical Systems, vol. 15, pp. 
1540-1545, Dec. 2006.

G. Chaudry, J.G. Brisson, S.A. Jacobson 
and J.H. Lang; “Modeling of  MEMS-
type devices for microprocessor cooling,” 
in Proc. Power MEMS 2006, Berkeley, CA, 
Nov. 29-Dec. 1, 2006, pp. 153-156.

D.P. Arnold, S. Das, J.W. Park, I. Zana, 
J.H. Lang and M.G. Allen; “Microfab-
ricated high-speed axial-flux multiwatt 
permanent-magnet generators - Part II: 
design, fabrication and testing,” IEEE/ 
ASME Journal of  Microelectromechanical 
Systems, vol. 15, pp. 1351-1363, Oct. 
2006.

S. Das, D.P. Arnold, I. Zana, J.W. Park, 
M.G. Allen and J.H. Lang; “Micro-
fabricated high-speed axial-flux multiwatt 
permanent-magnet generators-Part 
I: modeling,” IEEE/ASME Journal of  
Microelectromechanical Systems, vol. 15, pp. 
1330-1350, Oct. 2006.

D.P. Arnold, I. Zana, F. Herrault, P. 
Galle, J.W. Park, S. Das, J.H. Lang 
and M.G. Allen, “Design optimization 
of  an 8-Watt microscale axial-flux 
permanent magnet generator,” Journal 
of  Micromechanics and Microengineering, vol. 
16, pp. S290-S296 Aug. 2006.

J.W. Phinney, D.J. Perreault, and J.H. 
Lang; “Radio-frequency inverters with 
transmission-line input networks,” in 
Proc. IEEE Power Electronics Specialists 
Conference, Jeju, South Korea, June 18-
22, 2006, pp. 3211-3219.

J.W. Phinney, D.J. Perreault, and 
J.H. Lang, “Synthesis of  lumped 
transmission-line analogs,’’ in Proc. IEEE 
Power Electronics Specialists Conference, Jeju, 
South Korea, June 18-22, 2006, pp. 
2967-2978.

N. Ghalichechian, A. Modafe, A. Frey, 
J. H. Lang and R. Ghodssi; “Dynamic 
characterization of  a linear variable-
capacitance micromotor,’’ in Proc. Solid-
State Sensor, Actuator and Microsystems 
Workshop, Hilton Head Island, SC, June 
4-8, 2006, pp. 19-22.

H. Köser 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.

F. Cros, H. Köser, M.G. Allen, and 
J.H. Lang, “Magnetic induction 
micromachine-part II: fabrication and 
testing,” Journal of  Microelectromechanical 
Systems, vol. 15, no. 2, pp. 427-439, Apr. 
2006.

H. Köser, and J.H. Lang, “Magnetic 
induction micromachine-part I: 
Design and analysis,” Journal of  
Microelectromechanical Systems, vol. 15, no. 
2, pp. 415-426, Apr. 2006.

D.P. Arnold, S. Das, F. Cros, I. Zana, 
M.G. Allen, and J.H. Lang, “Magnetic 
induction machines integrated into 
bulk-micromachined silicon,” Journal of  
Microelectromechanical Systems, vol. 15, no. 
2, pp. 406-414, Apr.  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.

S.F. Nagle, C. Livermore, L.G. Frechette, 
R. Ghodssi, and J.H. Lang, “An electric 
induction micromotor,” Journal of  
Microelectromechanical Systems, vol. 14, no. 
65 pp.1127-1143, Oct. 2005.

J. Qiu, 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. 

 



Faculty Research Staff & Publications MTL ANNUAL RESEARCH REPORT 20077-28

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. Chu, Res. Asst., EECS
J. Feng, Res. Asst., EECS
M. Guyton, Res. Asst., EECS
P. Lajevardi, Res. Asst., EECS
S. Lee, Res. Asst., EECS
M. Markova, Res. Asst., EECS
M. Spaeth, Res. Asst., EECS

VISITING SCIENTISTS

M.-Y. Choi, Samsung Electronics
T.-W. Oh, Samsung Electronics
S.-K. Shin, 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,” in ISSCC 
Dig. Tech. Papers, Feb. 2006, pp. 220–
221.

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, vol. SC-41, 
pp. 2658-2668, Dec. 2006.

L. Brooks and H.-S. Lee, “A Zero-
crossing based 8b 200MS/s pipelined 
ADC,” in ISSCC Dig. Tech. Papers, Feb. 
2007,  pp. 460-461

H.-S. Lee, “Technology Scaling and 
Analog Circuits: Challenges and 
Solutions,” presented at the ISSCC Special 
Evening Topics Session, Feb. 2007. 

A. Chow and H.-S. Lee, “Transient 
noise analysis for comparator-based 
switched-capacitor circuits,” in Proc. 
IEEE International Symposium on Circuits 
and Systems, May 2007.

H.-S. Lee, “Limits of  Power 
Consumption in Analog Circuits,” Digest 
of  Technical Papers, Symposium on VLSI 
Circuits, Kyoto, Japan, June 2007

H.-S. Lee and C. G. Sodini, “Mixed-
Signal Integrated Circuits-Digitizing 
the Analog World,” in Proc. IEEE, June 
2007
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Carol Livermore
SMA Assistant Professor of Manufacturing
Department of Mechanical Engineering

COLLABORATORS

G. Barbastathis, MIT
A. Epstein, MIT

GRADUATE STUDENTS

F. Eid, Res. Asst., ME
F. Hill, Res. Asst., ME
T. Hill, Res. Asst., EECS
M. Hyers, Res. Asst., ME
N. Shaar, Res. Asst., ME

SUPPORT STAFF

S. Bunker, Admin. Asst. I

PUBLICATIONS

C. Livermore, T.F. Hill, B.A. Wilhite, 
L.F. Velasquez-Garcia, A.H. Epstein, 
K.F. Jensen, W.T. Rawlins, S. Lee, and S. 
Davis, “Singlet Oxygen Generator on a 
Chip for MEMS-Based COIL,”  in Proc. 
LASE 2007 Symposium of  SPIE Photonics 
West, San Jose, CA, Jan. 2007.

L.F. Velasquez-Garcia, T.F. Hill, B.A. 
Wilhite, K.F. Jensen, A.H. Epstein, 
and C. Livermore, “A MEMS Singlet 
Oxygen Generator for a MEMS 
Chemical Oxygen Iodine Laser,” in Proc. 
Power MEMS 2006, Berkeley, CA, Nov. 
2006, pp. 117-120.

F. Eid, S.H. Jung, C. Livermore, 
“Templated Assembly by Selective 
Removal:  Mechanically-Driven Selective 
Assembly at the Micron and Submicron 
Scales,” in Proc. 4th International Symposium 
on Nanomanufacturing, Cambridge, MA, 
Nov. 2006.

 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 Microsystems Workshop, 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  
Microelectromechanical Systems, vol. 14, no. 
5, pp. 1127-1143, Oct. 2005.

Steyn, J.L., S.H. Kendig, R. Khanna, 
T.M. 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 iodine laser system,” IEEE 
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 micromotor,” 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. Forte, 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, Nov. 1996.
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Scott R. Manalis
Professor 
Department of Biological and Mechanical Engineering

COLLABORATORS

J. Han, MIT
K.F. Jensen, MIT
M. Lang, MIT
R. Sasisekharan, MIT
M.A. Schmidt, MIT
P. So, MIT
S. Suresh, MIT
J. Voldman, MIT

POSTDOCTORAL SCIENTISTS

T. Burg, Res. Asst., BE
M. Godin, Res. Asst., BE
W. Grover, Res. Asst., BE
S. Knudsen, Res. Asst., BE

GRADUATE STUDENTS

A. Bryan, BE
R. Chunara, HST/EECS
P. Dextras, BE
M. von Muhlen, BE
S. Son, ME
Y.C. Weng, BE

PUBLICATIONS

T.P. Burg, M. Godin, W. Shen, G. 
Carlson, J.S. Foster, K. Babcock, and S.R. 
Manalis, “Weighing of  biomolecules, 
single cells, and single nanoparticles in 
fluid,” Nature, vol. 446,  no. 7139, pp. 
1066-1069, Apr. 2007.

C.J. Hou, M. Godin, K. Payer, R. 
Chakrabarti, S.R. Manalis, “Integrated 
microelectronic device for label-
free nucleic acid amplification and 
detection,” Lab on a Chip, vol. 7, no.3, pp. 
347-354, Mar. 2007.

N. Milovic, J. Behr, M. Godin, C.J. Hou, 
K.R. Payer, A. Chandrasekaran, P.R. 
Russo, R. Sasisekharan, S.R. Manalis, 
“Monitoring of  Heparin and its low 
molecular weight analogs by silicon field 
effect,” Proceedings of  the National Academy 
of  Sciences, vol. 103, no. 36, pp. 13374-
13379, Sept. 2006.

M. Shusteff, T.P. Burg, S.R. Manalis, 
“Measuring Boltzmann’s constant with 
a low-cost atomic force microscope: an 
undergraduate experiment,” American 
Journal of  Physics, vol. 74, no. 10, pp. 
873-879, Oct. 2006.

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, vol. 15, 
no. 6, pp. 1466-1476, 2006.

A.W. 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.

C.J. Hou, N. Milovic, M. Godin, 
P.R. Russo, R. Chakrabarti, S.R. 
Manalis,“Label-free Microelectronic 
PCR Quantification,” Analytical 
Chemistry, vol. 78, no. 8, pp. 2526-2531, 
Apr. 2006.

T.P. 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, vol. 15, p. 
1466, 2006.

C.J. Hou, N. Milovic, M. Godin, 
P.R. Russo, R. Chakrabarti, and S.R. 
Manalis, “Label-free microelectronic 
PCR quantification,” Analytical Chemistry, 
vol. 78, no. 8, pp. 2526-2531, Mar. 
2006.

A.W. 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.
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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
O. Kurugol, Res. Asst., ME

SUPPORT STAFF

M. Flaherty, Admin. Asst. II

PUBLICATIONS

B.K.P. Horn, Y. Fang, and I. Masaki, 
“Time to Contact Relative to a Planar 
Surface,” presented at the IEEE Intelligent 
Vehicles Symposium, June 2007.

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, Nov. 
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.-202, Sept. 2002.202, Sept. 2002.

W.F. 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 I. 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,” The 2nd 
International Symposium on Multimedia 
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 Symposium, May 
2001, pp.171-176.
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Terry P. Orlando
Professor
Department of Electrical Engineering and Computer Science

COLLABORATORS

W.D. Oliver, MIT
K.K. Berggren, MIT
L.S. Levitov, MIT
S. Lloyd, MIT
J.E. Mooij, Delft U. of  Technology, The 
Netherlands
K. Segall, Colgate U.
M. Tinkham, Harvard U.
S.O. 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
J.C. Lee, Res. Asst., EECS

SUPPORT STAFF

E. Moran, Admin. Asst.

PUBLICATIONS

S.O. Valenzuela, W.D. Oliver, D.M. 
Berns, K.K. Berggren, L.S. Levitov, 
and T.P. Orlando, “Microwave-induced 
cooling of  a superconducting qubit,” 
Science, vol. 314, no. 5805, pp. 1589-
1592, Dec. 2006.

D.M. Berns, W.D. Oliver, S.O. Valenzuela, 
A.V. Shytov, K.K. Berggren, L.S. 
Levitov, and T.P. Orlando, “Coherenet 
Quasiclassical Dynamics of  a Persistent 
Current Qubit,” Physical Review Letters, 
vol. 97,  no. 15, pp. 150502:1-4, Oct. 
2006.

W.D. Oliver, Y. 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.

D.M. Berns and T.P. 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, J.J. Mazo, and T.P. 
Orlando, “Multiple junction biasing 
of  superconducting tunnel junction 
detectors,” Applied Physics Letters, 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, NY: John 
Wiley & Sons, Inc., 2004.

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,” 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.

J.J. 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 T.P. Orlando, 
“Improved critical-current-density 
uniformity by using anodization,” 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.F. 
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, T.P. Orlando, K.K. 
Berggren, N. Markovic, and M. Tinkham, 
“Experimental characterization of  the 
two current states in 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 
two states in a niobium superconducting 
qubit structure,” Physical Review B, vol. 
67, no. 22, pp. 220506:1-4, June 2003.
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Tomás Palacios
Assistant Professor 
Department of Electrical Engineering and Computer Science

COLLABORATORS

F. Calle, ETSIT-UPM, Spain
D. Jena, University of  Notre Dame
U. K. Mishra, University of  California 
Santa Barbara
E. Monroy, CEA-Grenoble, France
E. Munoz, ETSIT-UPM, Spain
S. Rajan, General Electric
H. Xing, University of  Notre Dame

GRADUATE STUDENTS

J. W. Chung, Res. Asst., EECS
Z. Xu, Res. Asst., EECS

SUPPORT STAFF

E. Kubicki, Admin. Asst.

PUBLICATIONS

Nidhi, T. Palacios, A. Chakraborty, S. 
Keller, and U. K. Mishra, “Study of  
impact of  access resistance on high 
frequency performance AlGaN/GaN 
HEMTs by measurements at low 
temperatures,” IEEE Electron Device 
Letters, vol. 27, no. 11, pp. 877-880, Nov. 
2006.

T. Palacios, L. Shen, L. Ardaravicius, S. 
Keller, A. Chakraborty, S. Heikman, A. 
Matulionis, and U.K. Mishra: “Nitride-
based high electron mobility transistors 
with a GaN spacer,” Applied Physics 
Letters, vol. 89, no. 7, pp. 073508:1-3, 
Aug. 2006.

T. Palacios, C. Suh, A. Chakraborty, S. 
Keller, S.P. DenBaars, and U.K. Mishra: 
“High-performance E-mode AlGaN/
GaN HEMTs,” IEEE Electron Device 
Letters, vol. 27, no. 6, pp. 428-430, June 
2006.

T. Palacios, Y. Dora, A. Chakraborty, C. 
Sanabria, S. Keller, S.P. DenBaars, and 
U.K. Mishra: “Optimization of  AlGaN/
GaN HEMTs for High Frequency 
Operation,” physica status solidi (a), vol. 
203, no. 7, pp. 1845-1850, May 2006.

L. Shen, T. Palacios, C. Poblenz, A. 
Corrion, A. Chakraborty, S. Keller, J.S. 
Speck, and U.K. Mishra, “Unpassivated 
high power deeply recessed GaN 
HEMTs with fluorine-plasma surface 
treatment,” IEEE Electron Device Letters, 

vol. 27, no. 4, pp. 214-216, Apr. 2006.

T. Palacios, A. Chakraborty, S. Heikman, 
S. Keller, S.P. DenBaars, and U.K. 
Mishra: “AlGaN/GaN high electron 
mobility transistors with InGaN back-
barrier,” IEEE Electron Device Letters, vol. 
27, no. 1, pp. 13-15, Jan. 2006.

A. Corrion, C. Poblenz, T. Palacios, S. 
Rajan, U.K. Mishra, and S.J. Speck, 
“Review of  recent developments in 
growth of  AlGaN/GaN high-electron 
mobility transistors on 4H-SiC by 
plasma-assisted molecular beam 
epitaxy,” IEICE Transactions on Electronics, 
vol. E89-C, no. 7, pp. 906-912, July 
2006.

T. Palacios, Z. Xu, J. W. Chung: 
“Drain delay: the ultimate limit for the 
frequency performance of  ALGaN/
GaN HEMTs,” presented at the 12th 
Advanced Heterostructure Workshop, 2006. 

T. Palacios, N. Fichtenbaum, S. Keller, 
S.P. DenBaars, and U.K. Mishra: “50 
nm AlGaN/GaN Technology for mm-
wave Applications,” presented at the 
64th Device Research Conference, 2006. 

T. Palacios, C.-S. Suh, E. Snow, Y. 
Dora, and U.K. Mishra: “GaN HEMTs 
enhanced by Fluorine Treatment,” 
presented at WOCSEMMAD 2006, 
2006. 

T. Palacios, A. Chakraborty, S. Keller, 
S.P. DenBaars, and U.K. Mishra: “High 
power AlGaN/GaN HEMTs for mm-
Wave operation,” presented at the 
Government Microcircuit Applications and 
Critical Technology Conference, 2006. 

U.K. Mishra, T. Palacios, S. Keller, 
N. Fichtenbaum, J. Speck, and S. . 
DenBaars: “GaN HEMTs: The Ideal 
Device for mm-Wave Applications?” 
presented at the International Workshop on 
Nitride Semiconductors, 2006. 

C.-S. Suh, T. Palacios, S. Rajan, A. 
Chini, E. Snow, Y. Dora, L. Shen, 
C. Poblenz, N. Fichtenbaum, A. 
Chakraborty, S. Keller, S. DenBaars, J. 
Speck, and U.K. Mishra, “E-mode GaN 

HEMTs,” presented at WOCSEMMAD 
2006, 2006. 

Y. Pei, D. Buttari, T. Palacios, L. Shen, 
R. Chu, N. Fichtenbaum, L. McCarthy, 
S. Heikman, A. Chakraborty, S. Keller, 
S.P. DenBaars, and U.K. Mishra, 
“Application of  n+ GaN cap in AlGaN/
GaN HEMT,” presented at the Fall 
Meeting of  the Material Research Society, 
Boston, 2006. 

M.H. Wong, R. Chu, T. Palacios, S. 
Rajan, J.S. Speck, and U.K. Mishra: “N-
face high electron mobility transistors 
with a GaN spacer,” presented 
at International Workshop on Nitride 
Semiconductors, Kyoto, Japan, 2006. 

F. Recht, L. McCarthy, S. Rajan, A. 
Chakraborty, T. Palacios, C. Poblenz, J.S. 
Speck, and U.K. Mishra, “Origin of  the 
Resistance in Unalloyed Ion Implanted 
Ohmics in AlGaN/GaN HEMTs,” 
presented at the International Symposium 
on Compound Semiconductors, 2006.

A. Matulionis, J. Liberis, O. Kiprijanovic, 
T. Palacios, A. Chakraborty, S. Keller, 
and U.K. Mishra: “Effect of  alloy 
scattering on electron drift velocity in 
GaN HEMTs,” presented at the 30th 
Workshop on Compound Semiconductors 
Devices and Integrated Circuits, 2006.
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Joseph A. Paradiso
Associate Professor 
Department of Architecture, Media Arts & Sciences

COLLABORATORS

K. Yano, Hitachi
Y. Ono, Ricoh Research
T. Gill, Mass General Hospital
A. Pentland, MIT
P. Maes, MIT

GRADUATE STUDENTS

M. Feldmeier, Res. Asst., Media Arts & 
Sciences
J. Lapenta, Res. Asst., Media Arts & 
Sciences
M. Lapinski, Res. Asst., Media Arts & 
Sciences
J. Lifton, Res. Asst., Media Arts & 
Sciences
M. Laibowitz, Res. Asst., Media Arts & 
Sciences
M. Mittal, Res. Asst., Media Arts & 
Sciences
B. Morgan, Res. Asst., Media Arts & 
Sciences

SUPPORT STAFF

L. Lieberson, Admin. Assist. II

PUBLICATIONS

J. Lifton, M. Feldmeier, Y. Ono, and J.A. 
Paradiso, “A platform for ubiquitous 
sensor deployment in occupational and 
domestic environments,” in Proc. of  the 
Sixth Int. Conf. on Information Processing in 
Sensor Networks, Cambridge, MA, April 
25-27, 2007.

R. Aylward, and J.A. Paradiso, “A 
compact, high-speed, wearable sensor 
network for biomotion capture and 
interactive media,” in Proc. of  the Sixth 
Int. Conf. on Information Processing in Sensor 
Networks, Cambridge, MA, April 25-27, 
2007.

S.J.M. Bamberg, A.Y. Benbasat, D.M. 
Scarborough, D.E. Krebs, and J.A. 
Paradiso, “Gait analysis using a shoe-
integrated wireless sensor system,” 
IEEE Trans. on Information Technology in 
Biomedicine, 2007, to be published.

M. Feldmeier and J.A. Paradiso, ”An 
interactive music environment for large 
groups with giveaway wireless motion 
sensors,” Computer Music Journal, vol. 31, 
no. 1, pp. 50-67, Spring 2007.

A.Y. Benbasat and J.A. Paradiso, 
“Groggy wakeup - automated generation 
of  power-efficient detection hierarchies 
for embedded sensors,” in Proc. IEEE 
International Workshop on Wearable and 
Implantable Body Sensor Networks (BSN 
2007), Aachen, Germany, March 2007.

J.A. Paradiso, “Systems for human-
powered mobile computing,” in Proc. 
of  the IEEE Design Automation Conference 
(DAC2006), San Francisco, CA, July 
2006, pp. 645-650.

J.A. Paradiso, “Some novel applications 
for wireless inertial sensors,” in Proc. of  
NSTI Nanotech 2006, Boston, MA, May 
2006, pp. 431-434.

M. Laibowitz, J. Gips, R. Aylward, A. 
Pentland, and J.A. Paradiso, “A sensor 
network for social dynamics,” in Proc. of  
the Fifth Int. Conf. on Information Processing 
in Sensor Networks (IPSN 06), Nashville, 
TN, April 2006, pp. 483-491.

M. Broxton, J. Lifton and J.A. Paradiso, 
“Localization on the pushpin computing 
sensor network using spectral graph 
drawing and mesh relaxation,” ACM 
Mobile Computing and Communications 
Review, vol. 10, no. 1, pp. 1-12, Jan. 
2006.

G. Barroeta Perez, M. Malinowski and 
J.A. Paradiso, “An ultra-low power, 
optically-interrogated smart tagging and 
identification system,” in Proc. of  Auto ID 
2005, The 4th IEEE Workshop on Automatic 
Identification Advanced Technologies, Buffalo, 
NY, Oct. 2005, pp. 187-192.

J.A. Paradiso and C.K. Leo, “Tracking 
and characterizing knocks atop large 
interactive displays,” Sensor Review, vol. 
25, no. 2, pp. 134-143, 2005.

J.A. Paradiso and T. Starner, “Energy 
scavenging for mobile and wireless 
electronics,” IEEE Pervasive Computing, 
vol. 4, no. 1, pp. 18-27, Feb. 2005.

J.A. Paradiso, J. Lifton and M. Broxton, 
“Sensate media - multimodal electronic 
skins as dense sensor networks,” BT 
Technology Journal, vol. 22, no. 4, pp. 32-
44, Oct. 2004.

T. Starner and J.A. Paradiso, “Human 
generated power for mobile Electronics,” 
in Low-Power Electronics Design, C. Piguet, 
Ed.  Boca Raton, FL: CRC Press, 2004.

M. Laibowitz and J.A. Paradiso, 
“Parasitic mobility for pervasive sensor 
networks,” in Proc. Third International 
Conference, Pervasive 2005, Munich, 
Germany, May 2005, pp. 255-278.

M. Broxton, J. Lifton and J.A. Paradiso, 
“Localizing a sensor network via 
collaborative processing of  global 
stimuli,” in Proc. Second European Workshop 
on Wireless Sensor Networks, Istanbul, 
Turkey, Jan.-Feb. 2005, pp. 321-332.

H. Ma, J. White, J.A. Paradiso, and A.H. 
Slocum, “Sub-nanometer displacement 
sensing for the nanogate,” in Proc. 2003 
IEEE Int. Conf. on Sensors, Toronto, 
Ontario, Oct. 2003, pp. 46-51 

N.S. Shenck and J.A. Paradiso, 
“Energy scavenging with shoe-mounted 
piezoelectrics,” IEEE Micro, vol. 21, no. 
3, pp. 30-42, May-June 2001.
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David J. Perreault
Associate Professor
Department of Electrical Engineering and Computer Science

COLLABORATORS

J. Kassakian, MIT
J. Lang, MIT
T. Keim, MIT
A.P. Chandrakasan, MIT
D. Anderson, NSC

GRADUATE STUDENTS

Y. Han, Res. Asst., EECS
B. Pierquet, Res. Asst., EECS
R. Pilawa, Res. Asst., EECS
A. Sagneri, Res. Asst., EECS
D. Giuliano, Draper Fellow, EECS
J. Hu, Res. Asst., EECS
O. Leitermann, Res. Asst., EECS
A. Mesa, EECS

SUPPORT STAFF

V. Mizuno, Admin. Assist. II

PUBLICATIONS

R.C.N. Pilawa-Podgurski, A.D. Sagneri, 
J.M. Rivas, D.I. Anderson, and D.J. 
Perreault, “Very high frequency 
resonant boost converters,” presented 
at the IEEE Power Electronics Specialists 
Conference, 2007.

J.M. Rivas, Y. Han, O. Leitermann, A.D. 
Sagneri, and D.J. Perreault, “A high-
frequency resonant inverter topology 
with low voltage stress,” presented at the 
IEEE Power Electronics Specialists Conference, 
2007.

B.J. Pierquet, T.C. Neugebauer, and 
D.J. Perreault, “A fabrication method 
for integrated filter elements with 
inductance cancellation,” in Proc. 2007 
IEEE Applied Power Electronics Conference, 
Anaheim, CA, Feb.-Mar. 2007, pp. 51-
62.

Y. Han, O. Leitermann, D.A. Jackson, 
J.M. Rivas, and D.J. Perreault, 
“resistance compression networks for 
radio-frequency power conversion,” 
IEEE Transactions on Power Electronics, vol. 
22, no.1, pp. 41-53, Jan. 2007.

B.J. Pierquet, T.C. Neugebauer, and D.J. 
Perreault, “Inductance compensation of  
multiple capacitors with application to 
common- and differential-mode filters,” 

IEEE Transactions on Power Electronics, vol. 
21, no. 6, pp. 1815-1824, Nov. 2006.

J.W. Phinney, D.J. Perreault, and 
J.H. Lang, “Synthesis of  lumped 
transmission-line analogs,” in Proc. 2006 
IEEE Power Electronics Specialists Conference, 
Jeju, Korea, June 2006, pp. 2967-2978.

J.W. Phinney, D.J. Perreault, and J.H. 
Lang, “Radio-frequency inverters with 
transmission-line input networks,” in 
Proc. 2006 IEEE Power Electronics Specialists 
Conference, Jeju, Korea, June  2006, pp. 
3211-3219.

J.M. Rivas, J. Shafran, R.S. Wahby, 
and D.J. Perreault, “New architectures 
for radio-frequency dc-dc power 
conversion,” IEEE Transactions on Power 
Electronics, vol. 21, no. 2, pp. 380-393, 
Mar. 2006.

T.A. Parlikar, W.S. Chang, Y.H. Qiu, 
M.D. Seeman, D.J. Perreault, J.G. 
Kassakian, and T.A. Keim, “Design 
and experimental implementation of  
an electromagnetic engine valve drive,” 
IEEE Transactions on Mechatronics, vol. 10, 
no. 5, pp. 482-494, Oct. 2005.

I. Celanovic, D.J. Perreault, and J.G. 
Kassakian, “Resonant-cavity enhanced 
thermal emission,” Physical Review B, vol. 
72, no. 7, pp. 075127:1-6, Aug. 2005.

M. Zhu, D.J. Perreault, V. Caliskan, 
T.C. Neugebauer, S. Guttowski, and J.G. 
Kassakian, “Design and evaluation of  
feedforward active ripple filters,” IEEE 
Transactions on Power Electronics, vol. 20, 
no. 2, pp. 276-285, Mar. 2005.

G. Hassan, D.J. Perreault, and T.A. Keim, 
“Design of  dual-output alternators with 
switched-mode rectification,” IEEE 
Transactions on Power Electronics, vol. 20, 
no. 1, pp. 164-172, Jan. 2005

D.J. Perreault and V. Caliskan, 
“Automotive power generation and 
control,” IEEE Transactions on Power 
Electronics, vol. 19, no. 3, pp. 618-630, 
May 2004.

T.C. Neugebauer and D.J. Perreault, 

“Filters with inductance cancellation 
using printed circuit board transformers,” 
IEEE Transactions on Power Electronics, vol. 
19, no. 3, pp. 591-602, May 2004.

T.C. Neugebauer, J.W. Phinney, and 
D.J. Perreault, “Filters and components 
with inductance cancellation,” IEEE 
Transactions on Industry Applications, vol. 
40, no. 2, pp. 483-490, Mar./Apr. 2004.

V. Caliskan, D.J. Perreault, T.M. Jahns, 
and J.G. Kassakian, “Analysis of  three-
phase rectifiers with constant-voltage 
loads,” IEEE Transactions on Circuits and 
Systems I, vol. 50, no. 9, pp. 1220-1226, 
Sep. 2003.

J. Phinney and D.J. Perreault, “Filters with 
Active Tuning for Power Applications,” 
IEEE Transactions on Power Electronics, vol. 
18, no. 2, pp. 636-647, Mar. 2003.

D.J. Perreault and J.G. Kassakian, 
“Distributed interleaving of  paralleled 
power converters,” IEEE Transactions on 
Circuits and Systems I, vol. 44, no. 8, pp. 
728-734, Aug. 1997.

A.M. Stankovic, G.C. Verghese, and D.J. 
Perreault, “Analysis and Synthesis of  
Randomized Modulation Schemes for 
Power Converters,” IEEE Transactions on 
Power Electronics, vol. 10, no. 6, pp. 680-
693, Nov. 1995
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Michael H. Perrott
Assistant Professor 
Department of Electrical Engineering and Computer Science

COLLABORATORS

F. Kaertner, MIT
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

M. Straayer and M.H. Perrott, “A 10-bit 
20MHz 38mW 950MHz CT SD ADC 
with a 5-bit noise-shaping VCO-based 
Quantizer and DEM Circuit in 0.13u 
CMOS,” presented at the VLSI Circuits 
Symposium (VLSI), June 2007.

B. Helal, M. Straayer, G-Y Wei, and 
M.H. Perrott, “A Low Jitter 1.6 GHz 
Multiplying DLL Utilizing a Scrambling 
Time-to-Digital Converter and Digital 
Correlation,” presented at the VLSI 
Circuits Symposium (VLSI), June 2007.

M. Park, J.-W. Kim, F. Kaertner, 
M.H. Perrott, “An Optical-Electrical 
Sub-Sampling Receiver Employing 
Continuous-Time Σ∆ Modulation,” 
ESSCIRC 2006 Dig. Tech. Papers, pp. 182-
185, Sep. 2006.

C.-M. Hsu, C.Y. Lau, M.H. Perrott, “A 
Delay-Locked Loop using a Synthesizer-
Based Phase Shifter for 3.2 Gb/s Chip-
to-Chip Communication,” ESSCIRC 
2006 Dig. Tech. Papers, Sep. 2006, pp. 
460-463. 

S.E. Meninger, M.H. Perrott, “A 1-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 1µs offset compensation,” 
IEEE Journal of  Solid-State Circuits, vol. 
41, no. 2, pp. 443-451, Feb. 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 
Digest 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 1µs offset compensation in 0.18µm 
CMOS,” in Proc. International Solid-State 
Circuits Conference, San Francisco, CA, 
Feb. 2005, pp. 232-233.

J. Kim, F.X. 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 Symposium on Circuits and 
Systems, 2004.

S.E. Meninger and M.H. Perrott, “A 
fractional-N frequency synthesizer 
architecture utilizing a mismatch 
compensated PFD/DAC structure for 
reduced quantization-induced phase 
noise,” IEEE Transactions on Circuits 
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.  40th 
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 Circuits, 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. 39th Design Automation 
Conference, New Orleans, LA, June 2002, 
pp. 498-503.
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Rajeev Ram
Professor 
Department of Electrical Engineering and Computer Science

COLLABORATORS

M. Geis, Lincoln Laboratory
M. Grein, Lincoln Laboratory
X. Guo, MIT
E.P. Ippen, MIT
F.X. Kaertner, MIT
R. Kirchain, MIT
V. Stojanovic, MIT
A. Sinskey, MIT
H.I. Smith, MIT
S. Spector, Lincoln Laboratory

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. II

PUBLICATIONS

P. Mayer, D. Lueerssen, R.J. Ram,  
and J. Hudgings, “Theoretical and 
experimental investigation of  the 
resolution and dynamic range of  CCD-
based thermoreflectance imaging,” 
Journal of  the Optical Society of  America 
A, vol. 24, no. 4, pp. 1156-1163, Apr. 
2007. 

R.K. Huang, R.J. Ram, M.J. Manfra, 
M.K. Connors, L.J. Missaggia, 
and G.W. Turner, “Heterojunction 
thermophotovoltaic devices with high 
voltage factor,” Journal of  Applied Physics, 
vol. 101, no. 4, pp. 04102:1-3, Feb. 
2007.

T. Barwicz, H. Byun, F. Gan, M. Geis, M. 
Grein, C.W. Holzwarth, J.L. Hoyt, E.P. 
Ippen, F.X. Kärtner, T. Lyszczarz, O.O. 
Olubuyide, J.S. Orcutt, M.A. Popović, 
P.T. Rakich, R.J. Ram, H.I. Smith, S. 
Spector, V. Stojanović, M.R. Watts, 
and J.U. Yoon “Silicon photonics for 
compact, energy efficient interconnects,” 
OSA Journal of  Optical Networking, vol. 6,  
no. 1, pp. 63-73, Jan. 2007. 

T. Zaman, X. Guo, and R.J. Ram, 
“Faraday rotation in an InP waveguide,” 
Applied Physics Letters, vol. 90, no. 2, pp. 
023514:1-3, Jan. 2007. 

T. Liptay and R.J. Ram, “Temperature 
dependence of  the exciton transition 
in semiconductor quantum dots,” 
Applied Physics Letters, vol. 89, no. 22, pp. 
223132:1-3, Nov. 2006. 

P. Mayer and R.J. Ram, “Optimization 
of  heat-sink limited thermoelectric 
generators,” Nanoscale and Microscale 
Thermophysical Engineering, vol. 10, no. 2, 
pp. 143-155, May 2006.

E. Fuchs, E.J. 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 Journal of  Lightwave 
Technology, 2006.

T. Zaman, X. Guo, and R.J. Ram, 
“Polarization independent integrated 
optical circulator”, IEEE Photonics 
Technology Letters, vol. 18, no. 12, pp. 
1359-1361, 2006. 

H.L.T. Lee, P. Boccazzi, R.J. Ram, and 
A.J. Sinskey, “Microbioreactor arrays 
with integrated mixers and fluid injectors 
for high-throughput experimentation 
with pH and dissolved oxygen control,” 
Lab On a Chip, vol. 6,  no. 9, pp. 1229-
1235, 2006. 
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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 Laboratory
G.J. Vancso, U. Twente
J.A.C. Bland, U. of  Cambridge
M. Pardavi-Horvath, George 
Washington U.
R.D. McMichael, NIST
A. Petford-Long, Argonne Nat. Lab.
A. Adeyeye, Nat. Univ. Singapore

POSTDOCTORAL ASSOCIATES

M. Bolduc
F.J. Castaño
H.S. Kim
D. Morecroft
Y. Oh
J.D. Suh

GRADUATE STUDENTS

V. Chuang, Res. Asst., MSE
I. Colin, Res. Asst., MSE
F. Ilievski, Res. Asst., MSE
W. Jung, Res. Asst., MSE
Y.S. Jung, Res. Asst., MSE
E. Lyons, Res. Asst., MSE
B. Ng, Res. Asst., MSE
V. Sivakumar, Res. Asst., MSE
A. Taussig, Res. Asst., MSE

SUPPORT STAFF

G. Joseph, Admin. Asst. II

PUBLICATIONS

T.J. Hayward, J. Llandro, F.D.O. 
Schackert, D. Morecroft, R.B. Balsod, 
J.A.C. Bland, F.J. Castaño and C.A. 
Ross, “Measurement of  variable reversal 
paths in electrically contacted pseudo-
spin-valve rings,” Journal of  Physics D, vol. 
40, no. 5, pp. 1273-1279, Mar. 2007.

T.A. Moore, T.J. Hayward, D.H.Y. Tse, 
J.A.C. Bland, F.J. Castaño, and C.A. 
Ross, “Stochastic switching in individual 
micrometer-sized ferromagnetic rings,” 
Physica B, vol.  372, no. 1-2, pp. 164-167,  
Feb. 2006.

J.Y. Cheng, E.L. Thomas, H.I. Smith, 
G.J. Vancso, and C.A. Ross, “Templated 
self-assembly of  block copolymers: 
top-down helps bottom-up,” Advanced 
Materials, vol. 18, no. 5, pp. 2505-2521, 
Mar. 2006.

J.Y. Cheng, F. Zhang, H.I. Smith, 
G.J. Vancso, and C.A. Ross, “Pattern 
registration between spherical block 
copolymer domains and topographical 
templates,” Advanced Materials, vol. 18, 
no. 5, pp. 597-601, Mar. 2006.

D. Morecroft, F. J. Castaño, W. Jung, 
and C.A. Ross, “Angular dependence 
of  the giant magnetoresistance in 
multilayer rings with different contact 
configurations,” Journal of  Applied Physics, 
vol. 99, no. 8, pp. 08T104:1-3, Apr. 
2006.

C.A. Ross, F.J. Castaño, D. Morecroft, 
W. Jung, H.I. Smith, T.A. Moore, T.J. 
Hayward, J.A.C. Bland, T.J. Bromwich, 
and A.K. Petford-Long, “Mesoscopic 
thin film magnetic rings,” Journal 
of  Applied Physics, vol. 99, no. 8, pp. 
08S501:1-6, Apr. 2006.

E. Lyons, R.C. O’Handley, and C.A. 
Ross, “Magnetic Anisotropy of  Cu/Ni/
Cu Nanolines,” Journal of  Applied Physics, 
vol. 99, no. 8, pp. 08R105:1-3, Apr. 
2006. 

T.J. Bromwich, A.K. Petford-Long, 
F.J. Castaño and C.A. Ross, “Lorentz 
microscopy of  elliptical magnetic rings,” 
Journal of  Applied Physics, vol. 99, no. 8, 
pp. 08H304:1-3, Apr. 2006.

B.B. Maranville, R.D. McMichael, 
W.L. Johnson, C.A. Ross, and J.Y. 
Cheng, “Characterization of  magnetic 
properties at edges by edge mode 
dynamics,” Journal of  Applied Physics, vol. 
99, no. 8, pp. 08C703 1-3, Apr. 2006.

C. Redondo, S. Moralejo, F. Castaño, 
W. Lee, K. Nielsch, C.A. Ross and 
F.J. Castaño, “Additive patterning of  
ion-beam-sputtered non-conformal 
Ni80Fe20 and Co70Fe30 magnetic films,” 
Nanotechnology, vol. 17, no. 8, pp. 2040-
2045, Apr. 2006.

D. Morecroft, F.J. Castaño, W. Jung, 
J. Feuchtwanger, and C.A. Ross, 
“Influence of  contact geometry on 
the magnetoresistance of  elliptical 
rings,” Applied Physics Letters, vol. 88, pp.  
172508:1-3, Apr. 2006.

S. Harrer, J.K. W. Yang, K.K. Berggren, 
F. Ilievski, C.A. Ross, “Pattern generation 
by using multi-step room-temperature 
nanoimprint lithography,” in Proc. IEEE-
NANO, Cincinnati, OH, July 2006, pp. 
576-579.

B.B. Maranville, R.D. McMichael, C.L. 
Dennis, C.A. Ross, J.Y. Cheng, “Thin 
film edge property measurements by 
edge saturation,” IEEE Transactions on 
Magnetics, vol. 42, pp. 2951-2953, 2006.

W. Lee, R. Ji, C.A. Ross, U. Goesele, 
and K. Nielsch, “Wafer-scale Ni imprint 
stamps for porous alumina membranes 
based on interference lithography,” 
Small, vol. 2, pp. 978-982, 2006.

J.Y. Cheng, V. Chuang, F. Zhang, A. 
Mayes, C.A. Ross, “Self-assembled one-
dimensional nanostructure arrays,” Nano 
Letters, vol. 6, pp. 2099-2103, 2006.

G. Srajer, L.H. Lewis, S.D. Bader, C.S. 
Fadley, E.E. Fullerton, A. Hoffmann, 
J.B. Kortright, K.M. Krishnan, S.A. 
Majetich, C.A. Ross, M.B. Salamon, 
I.K. Schuller, T.C. Schulthess, J.Z.  Sun, 
“Nanomagnetism Advances Through 
X-ray Techniques,” J. Magn. Magn. 
Mater., vol. 307, pp. 1-31, 2006. 

T. Hayward, J. Llandro, R.B. Balsod, 
J.A.C. Bland, F.J. Castano, D. Morecroft, 
C.A. Ross, “Reading and writing of  
vortex circulation in pseudo-spin-valve 
ring devices,” Applied Physics Letters, vol. 
89, pp. 112510:1-3, Sep. 2006.
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Rahul Sarpeshkar
Associate Professor 
Department of Electrical Engineering and Computer Science

COLLABORATORS

M. Fee, MIT
J. Wyatt, MIT

POSTDOCTORAL ASSOCIATE

L. Turicchia, EECS

GRADUATE STUDENTS

S. Arfin, Res. Asst., EECS
M. Baker, Res. Asst., EECS
S. Mandal, Res. Asst., EECS
M. O’Halloran, Res. Asst., EECS
J.J. Sit, Res. Asst., EECS
W. Wattanapanitch, Res. Asst., EECS
K.H. Wee, Res. Asst., EECS
S. Zhak, Res. Asst., EECS

SUPPORT STAFF

S. Davco, Admin. Asst. 

PUBLICATIONS

T. Lu, S. Zhak, P. Dallos, and R. 
Sarpeshkar, “Fast cochlear amplification 
with slow outer hair cells,” Hearing 
Research,  vol. 214, no. 1-2, pp. 45-67, 
Apr. 2006.

R. Sarpeshkar, “Brian power: borrowing 
from biology makes for low-power 
computing,” IEEE Spectrum, vol. 43, no. 
5, pp. 24-29, May 2006.

C. Salthouse and R. Sarpeshkar, “Jump 
resonance: a feedback viewpoint and 
adaptive circuit solution for low-power 
active analog filters,” IEEE Transactions 
on Circuits and Systems I, vol. 53, no. 8, pp. 
1712-1755, Aug. 2006.

M. Baker and R. Sarpeshkar, “Low-
power single loop and dual-loop agcs for 
bionic ears,” IEEE Journal of  Solid-State 
Circuits, vol. 41, no. 9, pp. 1983-1996, 
Sep. 2006.

H. Yang and R. Sarpeshkar, “A Bio-
inspired Ultra-Energy-Efficient Analog-
to-Digital Converter for Biomedical 
Applications,” IEEE Transactions on 
Circuits and Systems I, special issue on Life 
Sciences and System Applications, vol. 53, no. 
11, pp. 2349-2356, Nov. 2006.

T.K. Lu, S. Zhak, P. Dallos, and R. 
Sarpeshkar, “A micromechanical model 

for fast cochlear amplification with slow 
outer hair cells,” in Proc.  International 
Symposium on Auditory Mechanisms: Processes 
and Models, 2006.

J. Sit, A. M. Simonson, A.J. Oxenham, 
M.A. Faltys, and R. Sarpeshkar, “A 
low-power asynchronous interleaved 
sampling algorithm for cochlear 
implants that encodes envelope and 
phase information,” IEEE Transactions 
on Biomedical Engineering, vol. 54, pp. 138-
149, 2007.

M.W. Baker and R. Sarpeshkar, 
“Feedback analysis and design of  
RF power links for low-power bionic 
systems,” IEEE Transactions of  Biomedical 
Circuits and Systems, vol. 1, no. 1, pp. 28-
38, Apr. 2007.

S. Mandal and R. Sarpeshkar, “Low 
power CMOS rectifier design for RFID 
applications,” IEEE Transactions on 
Circuits and Systems I, vol. 54, no. 6, pp. 
1177-1188, June 2007.

A.J. Oxenham, A.M. Simonson, 
L. Turicchia, and R. Sarpeshkar, 
“Evaluation of  Companding-Based 
Spectral Enhancement Using Simulated 
Cochlear-Implant Processing,” Journal 
of  the Acoustical Society of  America, 2007, to 
be published.

R. Sarpeshkar, W. Wattanapanitch, B.I. 
Rapoport, S.K. Arfin, M.W. Baker, S. 
Mandal, M.S. Fee, S. Musallam, and 
R.A. Andersen, “Low-power circuits 
for brain-machine interfaces,” in Proc. 
IEEE International Symposium on Circuits 
and Systems, 2007.
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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
Y. Zhao, Res. Asst., ME

SUPPORT STAFF

R. Fleming, Lab Manager
R. Heilmann, Lab Asst. Director

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 for 
EUV, X-ray, and Gamma-ray Astronomy, San 
Diego, CA, Aug. 2003, pp. 271-282.

R.K. Heilmann, C.G. Chen, P.T. 
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.F. 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. Forest, 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 for 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 Society 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. 2005, 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, 
F.B. 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.

J.F. Seely, L.I. 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. Forest, 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.

M. Akilian, R.K. Heilmann and M.L. 
Schattenburg, “Assembly of  thin gratings 
for soft x-ray telescopes,” Proc. SPIE 
6266, Space Telescopes and Instrumentation 
II: UV to Gamma Ray, pp. 62663O:1-8, 
June 2006. 
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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
S.G. Kim, MIT
C.G. Sodini, MIT
P. Mardilovich, HP

GRADUATE STUDENTS

K. Cheung, Res. Asst., EECS
E. Lam, Res. Asst., EECS
V. Leblanc, Res. Asst., DMSE
O. Mattis Nielsen, Res. Asst., EECS
V. Sharma, Res. Asst., EECS
H. Zhou, Res. Asst., DMSE

ADMINISTRATIVE STAFF

A. Wasserman, Senior Administrative 
Staff

PUBLICATIONS

V. Leblanc, J. Chen, S.H. Kang, 
V. Bulović, and M.A. Schmidt, 
“Micromachined printheads for the 
evaporative patterning of  organic 
materials and metals,” IEEE/ASME 
Journal of  Microelectromechanical Systems, 
vol. 16, no. 2, pp. 394-400, Apr. 2007.

L.R. Arana, N. deMas, R. Schmidt, A.J. 
Franz, M.A. Schmidt, and K.F. Jensen, 
“Isotropic etching of  silicon in fluorine 
gas for MEMS micromachining,” Journal 
of  Micromechanics and Microengineering, vol. 
17, no. 2, pp. 384-392, Feb. 2007.

Y. Wada, M.A. Schmidt, and K.F. Jensen, 
“Flow distribution and ozonolysis in 
gas-liquid multichannel microreactors,” 
Industrial & Engineering Chemistry Research, 
vol. 45, no. 24, pp. 8036-8042, Nov. 
2006.

B.A. Wilhite, S.E. Weiss, J.Y. Ying, 
M.A. Schmidt, and K.F. Jensen, 
“High-purity hydrogen generation 
in a microfabricated 23 wt % Ag-Pd 
membrane device integrated with 8:1 
LaNi0.95Co0.0503/Al203 catalyst,” Advanced 
Materials, vol. 18, no. 13, pp. 1701-1710, 
July 2006.

J.G. Kralj, M.T.W., Lis, M.A. Schmidt, 
and K.F. Jensen, “Continuous 

dielectrophoretic size-based particle 
sorting,” Analytical Chemistry, vol. 78, no. 
14, pp. 5019-5025, July 2006.

M.A. Schmidt, “MEMS and Nano: The 
path to manufacturing,” in Proc. 23rd 
Sensor Symposium on Sensors, Micromachines 
& Applied Systems 2006, The Institute of  
Electrical Engineers of  Japan, Oct. 2006, 
pp. 1-3.

V. Leblanc, J. Chen, V. Bulović and M.A. 
Schmidt, “A micromachined printhead 
for the direct evaporative patterning 
of  organic materials,” in  Proc. Digital 
Fabrication Conference, vol. 2, Sep. 2006, 
pp. 74-77.

J. Chen, V. Leblanc, P. Mardilovich, M.A. 
Schmidt,  and V. Bulović, “Evaporation 
deposition of  molecular organics in 
ambient with a molecular jet printer,” 
in Proc. Digital Fabrication Conference, Sep. 
2006, pp. 63-65.



Faculty Research Staff & Publications MTL ANNUAL RESEARCH REPORT 20077-42

Yang Shao-Horn
Assistant Professor 
Department of Mechanical Engineering

COLLABORATORS

B. Yildiz, ANL
H.J. In, ME
G. Barbastathis, ME
S. Koc, University of  Istanbul
H. Tuller, MSE

GRADUATE STUDENTS

G.J. la O’, Res. Asst., MSE
E.J. Crumlin, Res. Asst., ME
T. Golfinopoulos, Res. Asst., EECS

SUPPORT STAFF

M. Joss, Administrative Assistant

PUBLICATIONS

G.J. la O’, B. Yildiz, S. McEuen, and Y. 
Shao-Horn, “Probing oxygen reduction 
reaction kinetics of  Sr-doped LaMnO3 
supported on Yttria stabilized zirconia: 
An electrochemical impedance study 
of  dense, thin-film microelectrodes,” 
Journal of  the Electrochemical Society, vol. 
154, no. 4, pp. B427-B428, 2007.

G.J. la O’, H.J. In, E. Crumlin, G. 
Barbastathis and Y. Shao-Horn, 
“Recent advances in microdevices for 
electrochemical conversion and storage, 
invited review paper,” International Journal 
of  Energy Research, vol. 31, no. 6-7, pp. 
548-575, May 2007.

S. Koc, G.J. la O’, T. Golfinopoulos and 
Y. Shao-Horn, “Impedance spectroscopy 
studies of  oxygen reduction reaction 
on thin film platinum microelectrodes 
supported on YSZ,” ECS Transactions, 
vol. 7, no. 1, pp. 1271-1277, 2007.

G.J. la O’ and Y. Shao-Horn, “Impedance 
studies of  thin-film and patterned Sr-
doped LaMnO3 on Yttria-stabilized 
zirconia to probe oxygen reduction 
kinetics,” ECS Transactions, vol. 7, no. 1, 
pp. 1041-1050, 2007.

E.J. Crumlin, G. J. La O’, and Y. Shao-
Horn, “Architectures and performance 
of  high-voltage, microscale single-
chamber solid oxide fuel cell stacks,” 
ECS Transactions, vol. 7, no. 1, pp. 981-
986, 2007.

H.J. In, S. Kumar, Y. Shao-Horn, G. 
Barbastathis, “Origami™ fabrication 
of  nanostructured 3D devices: 
Electrochemical capacitor with carbon 
electrodes,” Applied Physics Letters, vol. 88, 
no. 8, pp. 083104:1-3, Feb. 2006.

G.J. la O’, J. Hertz, H. Tuller, Y. Shao-
Horn, “Microstructural features of  RF-
sputtered SOFC anode and electrolyte 
materials,” Journal of  Electroceramics, vol. 
13, no. 1-3, pp. 691-695, July 2004.
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Alexander Slocum
Professor 
Department of Mechanical Engineering

COLLABORATORS

J. Lang, MIT

GRADUATE STUDENTS

H. Ma, EECS
A. Weber, ME
O. Yaglioglu, ME

SUPPORT STAFF

M. Lynch, Admin. Asst. II

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, D.L., and M.L. 
Schattenburg, “Thin optic constraint,” 
Precision Engineering, to be published.

O. Yaglioglu, A.J. Hart, R. Martens, and 
A.H. Slocum, “Method of  characterizing 
electrical contact properties of  carbon 
nanotube coated surfaces,” Review of  
Scientific Instuments, vol. 77, no. 9, pp. 
095105:1-3, Sep. 2006.

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.

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, Apr. 
2006. 

A.J Hart, B. O. Boskovic, A. T. H. 
Chuang, V. B. Golovko, J. Robertson, 
B. F. 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.

A.J Hart, A.H. Slocum, L. Royer, 
“Growth of  high-quality single-walled 
carbon nanotube films from Mo/Fe/
Al2O3 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 in 
situ 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.

J.R. White, C.J. White, A.H. Slocum,  
“Octave-tunable miniature rf  
resonators,” IEEE Microwave and Wireless 
Components Letters, vol. 15, no. 11, pp. 
793-795, Nov. 2005.

J. Qiu,  J. Lang, A.H. Slocum, and A. 
Weber, “A bulk-micromachined bistable 
relay with u-shaped thermal actuators,” 
Journal Of  Microelectromechanical Systems, 
vol. 14, no. 5, pp. 1099-1109, Oct. 
2005.
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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
F.R. Stellacci, MIT
E. Ippen, MIT
F. Kaertner, MIT
M. Schattenburg, MIT
E.L. Thomas, MIT

GRADUATE STUDENTS

W. Arora, Res. Asst., EECS
R. Barreto, Res. Asst., EECS
C. Fuceltola, Res. Asst., EECS
C. Holzwarth, Res. Asst., MSE
T. B. O’Reilly, Res. Asst., ME
A. Patel, Res. Asst., EECS
S. Tsai, Res. Asst., EECS

SUPPORT STAFF

T. Kuhn, Admin. Asst. I
J. Daley, Project Technician 
M. Mondol, Facility Manager, SEBL
L. LaForce, Shop Helper, NSL

PUBLICATIONS

T. Barwicz, M.A. Popovic, M.R. Watts, 
P.T. Rakich, E.P. Ippen and H.I. Smith, 
“Fabrication of  add-drop filters based 
on frequency-matched microring-
resonators,” Journal of  Lightwave 
Technology, vol. 24, no. 5, pp. 2207-2218, 
May 2006.

R. Menon, D. Gil, H.I. Smith 
“Experimental Characterization of  
Focusing by High-Numerical-Aperture 
Zone Plates,” Journal of  the Optical Society 
of  America A, vol. 23, no. 3,  pp. 567-571, 
Mar. 2006.

W.J. Arora, A.J. Nichol, H.I. Smith, 
and G. Barbastathis. “Membrane-
folding to achieve three-dimensional 
nanostructures,” Applied Physics Letters, 
vol. 88, no. 5, pp. 053108:1-3, Jan. 
2006. 

H.I. Smith, R. Menon, A. Patel, D. 
Chao, M. Walsh, G. Barbastathis, 
“Zone-plate-array lithography: a low-
cost complement or competitor to 
scanning-electron-beam lithography,” 
Microelectronic Engineering, vol. 83, no. 4-9, 
pp. 956-961, Apr.-Sep. 2006.

C.W. Holzwarth, T. Barwicz, M.A. 
Popovic, P.T. Rakich, E.P. Ippen, F.X. 
Kaertner, and H.I. Smith, “Accurate 
resonant frequency spacing of  microring 
filters without postfabrication trimming,” 
Journal of  Vacuum Science Technology B,  vol. 
24, no. 6, pp. 3244-3247, Nov. 2006.

M.D. Galus, E. Moon, H.I. Smith, R. 
Menon, “Replication of  diffractive-
optical arrays via step-and-flash nano-
imprint lithography,” Journal of  Vacuum 
Science Technology, vol. 24, no. 6, pp.  
2960-2963, Nov. 2006. 

E.E. Moon, P.N. Everett, H.I. Smith, 
“Nanometer-precision pattern 
registration for scanning-probe 
lithographies using interferometric-
spatial-phase imaging,” Journal of  Vacuum 
Science Technology, vol 24, no. 6, pp. 3083-
3087, Nov. 2006.

J.Y. Cheng, C.A. Ross, H.I. Smith, and 
E.L. Thomas, “Templated self-assembly 
of  block copolymers: Top-down helps 
bottom-up,” Advanced Materials, vol. 18, 
no. 19, pp. 2505-2521, Oct. 2006. 

R. Menon and H.I. Smith, “Absorbance-
modulation optical lithography,” Journal 
of  the Optical Society of  America A, vol. 23,  
no. 9, pp. 2290-2294, Sep. 2006.

M.A. Popovic, T. Barwicz, M.R. Watts, 
P.T. Rakich, L. Socci, E.P. Ippen, F.X. 
Kärtner, and H.I. Smith, “Multistage 
high-order microring-resonator add-
drop filters,” Optics Letters, vol. 31, no. 17, 
pp. 2571-2573, Sep. 2006.

P.T. Rakich, M.A. Popovic, M.R. 
Watts, T. Barwicz, H.I. Smith, and E.P. 
Ippen, “Ultrawide tuning of  photonic 
microcavities via evanescent field 
perturbation,” Optics Letters, vol. 31, no. 
9,  pp. 1241-1243, May 2006.

R. Menon, H.-Y. Tsai, S.W. Thomas III, 
“Far-Field Generation of  Localized Light 
Fields using Absorbance Modulation,” 
Physical Review Letters, vol. 98, no. 4, pp. 
043905:1-4, Jan. 2007.

T. Barwicz, M.R. Watts, M.A. Popovic, 
P.T. Rakich, L. Socci, F.X. Kärtner, E.P. 
Ippen, and H.I. Smith “Polarization-
transparent microphotonic devices in 
the strong confinement limit,” Nature 
Photonics, vol. 1, no. 1, pp. 57-60, 2007.

T. Barwicz, H. Byun, F. Gan, C.W. 
Holzwarth, M.A. Popovic, P.T. Rakich, 
M.R. Watts, E.P. Ippen, F.X. Kärtner, 
H.I. Smith, J.S. Orcutt, R.J. Ram, 
V. Stojanović, O.O. Olubuyide, J.L. 
Hoyt, S. Spector, M. Geis, M. Grein, 
T. Lyszczarz and J.U. Yoon, “Silicon 
photonics for compact, energy-efficient 
interconnects,” Journal of  Optical 
Networking, vol. 6, pp. 63-73,  2007. 

J.Y. Cheng, F. Zhang, H.I. Smith, 
G.J. Vancso, and C.A. Ross, “Pattern 
registration between spherical block 
copolymer domains and topographical 
templates,” Advanced Materials, vol. 18, 
no. 5,  pp. 587-601, Mar. 2006.

C.A. Ross, F.J. Castaño, D. Morecroft, 
W. Jung, H.I. Smith, T.A. Moore, T.J. 
Hayward, J.A.C. Bland, T.J. Bromwich, 
and A.K. Petford-Long, “Mesoscopic 
thin film magnetic rings,” Journal of  
Applied Physics, vol. 99, pp. 08S501:1-6, 
2006.

V.P. Chuang, J.Y. Cheng, T.A. Savas, and 
C.A. Ross, “Three-dimensional Self-
assembly of  spherical block copolymer 
domains into V-shaped grooves.” Nano 
Letters, vol. 6, no. 10, pp. 2332-2337, 
2006.
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Charles G. Sodini
Professor 
Department of Electrical Engineering and Computer Science

COLLABORATORS
P. Holloway, National Semiconductor

GRADUATE STUDENTS

F. Edalat, Texas Instruments Graduate 
Women’s Fellow for Leadership in 
Microelectronics, EECS
J. Fiorenza, Res. Asst., EECS
D. He, Res. Asst., EECS
A. Jerng, Res. Asst., EECS
L. Khuon, Res. Asst., EECS
K. Lu, Res. Asst., EECS
I. Nausieda, Res. Asst., EECS
K. Nguyen, Res. Asst., EECS
J. Powell, Res. Asst., EECS
K. Ryu, Res. Asst., EECS
T. Sepke, Res. Asst., EECS
Y. Wu, Res. Asst., EECS

SUPPORT STAFF

R. Maynard, Admin. Asst. II

PUBLICATIONS

I. Nausieda, K. Ryu, I. Kymissis, A.I. 
Akinwande, V. Bulovic, and C.G. Sodini, 
“An organic imager for flexible large 
area electronics,” presented at the IEEE 
International Solid-State Circuits Conference, 
2007.

J.K. Fiorenza, T. Sepke, P. Holloway, C.G. 
Sodini, and H.-S. Lee, “Comparator-
based switched-capacitor circuits for 
scaled CMOS technologies,” IEEE 
Journal of  Solid-State Circuits, vol. 41, no. 
12, pp. 2658-2668, Dec. 2006.

A. Jerng and C.G. Sodini, “A wideband 
delta-sigma digital-RF modulator with 
self-tuned RF bandpass reconstruction 
filter,” in Proc. IEEE Custom Integrated 
Circuits Conference, San Jose, CA, Sept. 
2006, pp. 125-128.

F. Edalat, J.K. Tan, K.M. Nguyen, N. 
Matalon, and C.G. Sodini, “Measured 
data rate from adaptive modulation in 
wideband OFDM systems,” presented 
at IEEE International Conference on Ultra 
Wide Band, Sept. 2006.

A.Y. Wang and C.G. Sodini, “On 
the energy efficiency of  wireless 
transceivers,” in Proc. IEEE International 
Conference on Communications, Istanbul, 
Turkey, June 2006, pp. 3783-3788.

L. Khuon and C.G. Sodini, “An area-
efficient 5-GHz multiple receiver 
RFIC for MIMO WLAN applications, 
presented at IEEE Radio Frequency 
Integrated Circuits Symposium, June 2006.

A. Pham and C.G. Sodini, “A 5.8-
GHz, 47% efficiency, linear outphase 
power amplifier with fully integrated 
power combiner,” IEEE Radio Frequency 
Integrated Circuits Symposium, June 2006.

A. Pham, G.W. Wornell, and C.G. 
Sodini, “A digital amplitude-to-phase 
conversion for high efficiency linear 
outphase power amplifiers,” in Proc. 
IEEE International Conference on Acoustics, 
Speech, and Signal Processing, Toulouse, 
France, May 2006, pp. IV-97 - IV-100.

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 Francisco, CA, Feb. 2006, 
pp. 220-221, 649. (Recipient of  the 
ISSCC 2006 Jack Kilby Outstanding 
Student Paper Award.)

E. Huang, L. Khuon, C.G. Sodini, and 
G.W. Wornell, “An approach for area- 
and power-efficient low-complexity 
implementation of  multiple antenna 
transceivers,” IEEE Radio and Wireless 
Symposium, Jan. 2006.

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 Device 
Letters, vol. 26, no. 10, pp. 716-718, Oct. 
2005.

L. Khuon, E.W. Huang, C.G. Sodini, and 
G.W. Wornell, “Integrated transceiver 
arrays for multiple antenna systems,” in 
Proc. IEEE Semiannual Vehicular Technology 
Conference, Stockholm, Sweden, June 
2005, pp. 892-895.

A. Jerng and C.G. Sodini, “The impact 
of  device type and sizing on phase noise 
mechanisms,” IEEE Journal of  Solid-State 
Circuits, vol. 40, no. 2, pp. 360-369, Feb. 
2005.

D.B. Fuller, A.I. Akinwande and C.G. 
Sodini, “Leading, following, or cooked 
goose? Explaining innovation, successes 
and failures in Taiwan’s electronics 
industry,” in Global Taiwan: Building 
Competitive Strengths in a New International 
Economy, S. Berger and R. Lester, Eds. 
Armonk: M.E. Sharpe, 2005. 

R.T. Howe and 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 by Hong 
Kong, S. Berger and R. Lester, Eds. New 
York: Oxford University Press, 1997.
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Francesco Stellacci
Associate Professor 
Department of Material Science and Engineering

COLLABORATORS

H.I.Smith, MIT
C.V. Thompson, MIT
C.A. Ross, MIT

GRADUATE STUDENTS

O. Bakr, Res. Asst., Harvard
S. Chen, Res. Asst., MSE
G. DeVries, Res. Asst., MSE
A. Jackson, Res. Asst., MSE
J. Kuna, Res. Asst., MSE
S. Thevenet, Res. Asst., MSE
T. M. Wu, Res. Asst., EECS
B. Wunsch, Res. Asst., MSE

SUPPORT STAFF

E. Bonsaint, Admin. Asst. II

PUBLICATIONS

G.A. DeVries, M. Brunnbauer, Y. Hu, 
A.M. Jackson, B. Long, B.T. Neltner, O. 
Uzun, B.H. Wunsch, and F. Stellacci, 
“Divalent metal nanoparticles,” Science, 
vol. 315, pp. 358-361, 2007.

X. Liu, N. Wu, B.H. Wunsch, R.J. 
Barsotti, and F. Stellacci, “Shape-
controlled growth of  micrometer-
sized gold crystals by a slow reduction 
method,” Small, vol. 2, pp. 1046-1050, 
2006.

A. Jackson, Y. Hu, P. Silva, and F. 
Stellacci, “From homo-ligand to mixed 
ligand monolayer protected metal 
nanoparticles: a scanning tunneling 
microscopy investigation,” Journal of  the 
American Chemical Society, vol. 128, pp. 
1135-11149, 2006.

O. Bakr, B.H. Wunsch and F. Stellacci, 
“High-yield synthesis of  multi-branched 
urchin-like gold nanoparticles,” Chemistry 
of  Materials, vol. 18, pp. 3297-3301, 
2006.

A.A. Yu and F. Stellacci, “Stamping 
with high information density”, Journal 
of  Materials Chemistry, vol. 16, pp. 2868-
2870, 2006.

K.J. Alvine, D. Pontoni, O.G. Shpyrko, 
P.S. Pershan, D.J. Cookson, K. Shin, T.P. 
Russell, M. Brunnbauer, F. Stellacci, and 
O. Gang, “Solvent-mediated assembly 

of  nanoparticles confined in mesoporous 
alumina,” Physical Review B, vol. 73, pp, 
125412:1-9, 2006.

R.J. Barsotti and F. Stellacci, 
“Chemically directed assembly of  
monolayer protected gold nanoparticles 
on lithographically generated patterns”, 
Journal of  Materials Chemistry, vol. 16, pp. 
962-965, 2006.

A.A. Yu, P.R. Stone, J.E. Norville, M. 
Vaughn, E.J. Pacsial, B.D. Bruce, M.  
Baldo, F.M. Raymo, and F. Stellacci, “A 
simple atomic force microscopy method 
for the visualization of  polar and non-
polar parts in thin organic films,” Journal 
of  Experimental Nanoscience, vol. 1, pp. 63-
72, 2006.

S. Cabrini, R.J. Barsotti, A. Carpentiero, 
L. Businaro, R.P. Zaccaria, F. 
Stellacci, E. DiFabrizio, “Cross beam 
lithography (FIB plus EBL) and dip 
pen nanolithography for nanoparticle 
conductivity measurements,” Journal 
of  Vacuum Science Technology, vol. 23, pp. 
2806-2810, 2005.

A.A. Yu, T. Savas, S. Cabrini, E. 
diFabrizio, H.I. Smith, and F. Stellacci, 
“High resolution printing of  DNA 
features on poly(methyl methacrylate) 
substrates using supramolecular nano-
stamping,” Journal of  the American Chemical 
Society, vol. 127, pp. 16774-16775, 
2005.

A.A. Yu, T.A. Savas, G.S. Taylor, 
A.  Guiseppe-Elie, H.I. Smith, and 
F. Stellacci, “Supramolecular nano-
stamping: using DNA as movable type,” 
Nano Letters, vol. 5, pp. 1061-1066, 2005

A. Akthakul, A.I. Hochbaum, F. Stellacci, 
and A.M. Mayes, “Size fractionation 
of  metal nanoparticles by membrane 
filtration,” Advanced Materials, vol. 17, no. 
5, pp. 532-535, 2005.

R.J. Barsotti, M.S. O’Connell, and F. 
Stellacci, “Morphology control in self-
assembled monolayers written by dip 
pen nanolithography,” Langmuir, vol. 20, 
no. 12, pp. 4795-4798, 2004

A.M. Jackson, J.W. Myerson and F. 
Stellacci, “Spontaneous assembly of  
subnanometre-ordered domains in the 
ligand shell of  monolayer-protected 
nanoparticles,” Nature Materials, vol. 3, 
no. 5, pp. 330-336, 2004

M. Halik, H. Klauk, U. Zschieschang, 
G. Schmid, C. Dehm, M. Schütz, S. 
Maisch, F. Effenberger, M. Brunnbauer, 
and F. Stellacci, “Low-voltage organic 
transistors with an amorphous molecular 
gate dielectric,” Nature, vol. 431, pp. 963-
966, 2004

R. Das, P.J. Kiley, M. Segal, J. Norville, 
A.A. Yu, L. Wang, A.S. Trammell, 
L.E. Reddick, R. Kumar, F. Stellacci, 
N. Lebedev, J. Schnur, B.D. Bruce, S. 
Zhang, and M. Baldo, “Integration 
of  Photosynthetic Protein Molecular 
Complexes in Solid-State Electronic 
Devices,” Nano Letters, vol. 4, no. 6, pp. 
1079-1083, 2004.



7-47 Faculty Research Staff & Publications MTL ANNUAL RESEARCH REPORT 2007

Vladimir Stojanović
Assistant Professor 
Department of Electrical Engineering and Computer Science

COLLABORATORS

A. Amirkhany, Stanford University
M. Horowitz, Stanford University
A. Kavcic, U. Hawaii

GRADUATE STUDENTS
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T. Barwicz, H. Byun, F. Gan, C.W. 
Holzwarth, M A. Popovic, P.T. Rakich, 
M.R. Watts, E.P. Ippen, F.X. Kärtner, 
H.I. Smith, J.S. Orcutt, R.J. Ram, 
V. Stojanović, O.O. Olubuyide, J.L. 
Hoyt, S. Spector, M. Geis, M. Grein, 
T. Lyszczarz, and J.U. Yoon, “Silicon 
photonics for compact, energy-efficient 
interconnects,” Journal of  Optical Networking, 
vol. 6, pp. 63-73, 2007.

A. Amirkhany, A. Abbasfar, V. Stojanović, 
and M.A. Horowitz, “Analog multi-
tone signaling for high-speed backplane 
electrical links,” presented at the IEEE 
Global Communications Conference, Nov. 
2006.

H. Hatamkhani, F. Lambrecht, V. 
Stojanović and C.K. Yang, “Power-
centric design of  high-speed I/Os,” in 
Proc. 43rd ACM/IEEE Design Automation 
Conference, San Francisco, CA, July 2006, 
pp. 867-872.

S. Vamvakos, V. Stojanović, J. Zerbe, C. 
Werner, D. Draper and B. Nikolic, “PLL 
On-Chip Jitter Measurement: Analysis 
and Design,” Symposium on VLSI Circuits 
Digest of  Technical Papers, June 2006, pp. 
73-74.

J. Ren, H. Lee, O.h. Dan, B. Leibowitz, 
V. Stojanović, J. Zerbe, N. Nguyen, F. 
Lambrecht, Q. Lin, S. Chang, O. Dan, C. 
Yuan and V. Stojanović, “Performance 
analysis of  edge-based DFE; Accurate 
system voltage and timing margin 
simulation in CDR based high speed 
designs,” in Proc. IEEE Topical Meeting on 

Electrical Performance of  Electronic Packaging, 
Scottsdale, AZ, Oct. 2006, pp. 265-268.

F. Lambrecht, Q. Lin, S. Chang, O.h. 
Dan, C. Yuan and V. Stojanovic,́ 
“Accurate system voltage and timing 
margin simulation in CDR based high 
speed designs,” in Proc. IEEE Topical 
Meeting on Electrical Performance of  Electronic 
Packaging, Scottsdale, AZ, Oct. 2006, pp. 
171-174.

B. Garlepp, A. Ho, V. Stojanović, 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, 
F. Chen, B. Garlepp, W. Stonecypher, 
S. Li, A. Bansal, A. Agarwal, E. Alon, 
V. Stojanović and J. Zerbe, “Modeling, 
simulation, and design of  a multi-mode 
2-10 Gb/sec fully adaptive serial link 
system,” presented at the IEEE Custom 
Integrated Circuits 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. Stojanović, 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 Circuits, vol. 40, no. 
4, pp. 1012-1026, Apr. 2005. 

E. Alon, V. Stojanović, 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. Stojanović, and 
M. Horowitz, “Multi-tone signaling 
for high-speed backplane electrical 
links,” presented at the IEEE Global 
Communications Conference, 2004.

D. Markovic, V. Stojanović, 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. Stojanović, A. Ho, B. Garlepp, F. 
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 
Circuits, 2004.

A. Ho, V. Stojanović, F. 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 Symposium on VLSI Circuits, 
2004.

E. Alon, V. Stojanović, and M.A. 
Horowitz, “Circuits and techniques for 
high-resolution measurement of  on-chip 
power supply noise,” presented at the 
IEEE Symposium on VLSI Circuits, 2004.

V. Stojanović, 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.
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C.W. Chang, C.V. Thompson, C.L. 
Gan, K.L. Pey, W.K. Choi, and Y.K. 
Lim, “Effects of  micro-voids on the line-
width dependence of  electromigration 
failure of  dual-Damascene copper 
interconnects,” Applied Physics Letters, vol. 
90, pp. 193505:1-3, May 2007.

R. Tadepalli and C.V. Thompson, 
“Formation of  Cu–Cu interfaces with 
ideal adhesive strengths via room 
temperature pressure bonding in 
ultrahigh vacuum,” Applied Physics Letters, 
vol. 90, pp. 151919:1-3, Apr. 2007.

H. Li, Q. Zhang, N. Peng, N. Liu, 
Y.C. Lee, O.K. Tan, N. Marzari, and 
C.V. Thompson, “Charge-trapping 
effects caused by ammonia in carbon 
nanotubes,” Journal of  Nanoscience and 
Nanotechnology, vol. 7, no. 8, pp. 335-338, 
Aug. 2007. 

R. Krishnan and C.V. Thompson, 
“Mono-domain high aspect ratio 2-
D and 3-D ordered porous alumina 
structures with independently controlled 
pore spacing and diameter,” Advanced 
Materials, vol. 19, pp. 988-992, Apr. 
2007.

Z.-S. Choi, R. Moenig, C.V. Thompson, 
and M. Burns, “Kinetics of  void drift 
in copper interconnects,” in Materials, 
Technology and Reliability of  Low-k Dielectrics 
and Copper Interconnects: MRS Proceedings, 
San Francisco, CA, Apr. 2006, vol. 194, 
pp. 0914-F08-03.

C.V. Thompson, “Effects of  mechanical 
properties on the circuit-level reliability 
of  Cu/low-k metallization,” in Proc. 
Eighth International Workshop on Stress-
Induced Phenomena in Metallization, 
Dresden, Germany, Sep. 2006, pp. 231-
243.

C.-W. Pao, D.J. Srolovitz, and C.V. 
Thompson, “Effects of  surface defects 
on surface stress,” Physical Review B, vol. 
74, no. 15, pp. 155437:1-8, Oct. 2006.

C.W. Chang, Z.S. Choi, C.V. Thompson, 
C. L. Gan, K. L. Pey W. K. Choi, and N. 
Hwang “Electromigration resistance in 
a short three-contact interconnect tree,“ 
Journal of  Applied Physics, vol. 99, pp. 
094505, 2006.

K.Y. Zang, Y.D. 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, vol. 88, pp. 141925:1-3, 
2006.

C. Friesen and C.V. Thompson, 
“Comment on compressive stress in 
polycrystalline Volmer-Weber films,” 
Physical Review Letters, vol. 95, pp. 229601, 
Nov. 2005. 

T. Trimble, L. Tang, N. Vasiljevic, 
N. Dimitrov, M. van Schilfgaarde, 
C. Friesen, 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.

S.M. Alam, C.L. Gan, F.L. Wei, C.V. 
Thompson, and D.E. Troxel, “Circuit-
level reliability requirements for cu 
metallization,” IEEE Transactions on 
Device and Materials Reliability, vol. 5, no. 
3, pp. 522-531, Sep. 2005.

H.Q. Le, S.J. Chua, Y.W. Koh, K.P. 
Loh, Z. Chen Z, C.V. Thompson, and 
E.A. Fitzgerald, “Growth of  single 
crystal ZnO nanorods on GaN using 
an aqueous solution method,” Applied 
Physics Letters, vol. 87, pp. 101908:1-3, 
Sep. 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.

S.M. Alam, D.E. Troxel, and C.V. 
Thompson, “Thermal aware cell-
based methodology for full-chip 
electromigration reliability analysis,” in 
Proc. 15th ACM Great Lakes Symposium on 
VLSI, Chicago, IL, Apr. 2005, p. 26.

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.
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H. Seh, H. Fritze and H.L. Tuller, “Defect 
chemistry of  langasite III: Predictions 
of  electrical and gravimetric properties 
and application to operation of  high 
temperature crystal microbalance,” 
Journal of  Electroceramics, vol. 18, no. 1-2, 
pp. 139-147, Apr. 2007.

J.L. Hertz and H.L. Tuller, 
“Nanocomposite platinum-yttria 
stabilized zirconia electrode and 
implications for micro solid oxide fuel cell 
operation,” Journal of  the Electrochemical 
Society, vol 154, no. 4, pp. B413-B418, 
Feb. 2007.

H.L. Tuller, “Ionic conduction and 
applications,” in Springer Handbook of  
Electronic and Photonic Materials, S. Kasap 
and P. Capper, eds. New York, NY:
Springer, 2006.

I.-D. Kim, A. Rothschild, B.H. Lee, 
D.Y. Kim, S.M. Jo, and H.L. Tuller, 
“Ultrasensitive chemiresistors based 
on electrospun TiO2 nanofibers,” Nano 
Letters, vol. 6, no. 9, pp. 2009-2013, Sep. 
2006.

M.H. Lim, K.T. Kang, H.-G. Kim, I.-
D. Kim, Y.W. Choi, and H.L. Tuller, 
“Low leakage current-stacked MgO/
Bi1.5Zn1.0Nb1.5O7 gate insulator - for 
low voltage ZnO thin film transistors,” 
Applied Physics Letters, vol. 89, no. 20, pp. 
202908:1-3, Nov. 2006.

H.-S. Kim, I.-D. Kim, K.-B. Kim, T.-
S. Yun, J.-C. Lee, H.L. Tuller, W.-Y. 
Choi, amd H.-G. Kim, “Low frequency 
and microwave performances of  
Ba0.6Sr0.4TiO3 films on atomic layer 
deposited TiO2/high resistivity Si 
substrates,” Journal of  Electroceramics, vol. 
17, no. 2-4, pp. 421-425, Dec. 2006.

J. Hiltunen, D. Seneviratne, R. Sun, M. 
Stolfi, H.L. Tuller, J. Lappalainen, and 
V. Lantto, “BaTiO3-SrTiO3 Multilayer 
Thin-Film Electro-Optic Waveguide 
Modulator,” Applied Physics Letters, vol. 
89, no. 24, pp. 242904:1-3, Dec. 2006.

P. Hofmann, K. Jacobs, H. Federmann, 
M. Schulz, H. Fritze, and H.L. Tuller, 
“Growth and high-temperature 
properties of  gallium orthophosphate,” 
Solid State Ionics, vol. 177, no. 35-36, pp. 
3175-3178, Nov. 2006.

H. Fritze, M. Schulz, H. Seh, H.L. 
Tuller, S. Ganschow, and K. Jacobs, 
“High-temperature electromechanical 
properties of  strontium-doped 
langasite,” Solid State Ionics, vol. 177, no. 
35-36, pp. 3171–3174, Nov. 2006.

A. Bieberle-Hütter, M. Søgaard and H.L. 
Tuller, “Electrical and electrochemical 
characterization of   microstructured 
thin film La1-xSrxCoO3 Electrodes,” Solid 
State Ionics, vol. 177, no. 19-25, pp. 1969-
1975, Oct. 2006.

A. Rothschild, W. Menesklou, H.L. 
Tuller, and E. Ivers-Tiffée, “Electronic 
structure, defect chemistry, and transport 
properties of  SrTi1-xFexO3-y solid 

solutions,” Chemistry of  Materials, vol. 18, 
no. 16, pp. 3651-3659, Aug. 2006.

A. Bieberle-Hütter and H.L. 
Tuller, “Fabrication and structural 
characterization of  interdigitated thin 
film La1-xSrxCoO3 (LSCO) electrodes,” 
Journal of  Electroceramics, vol. 16, no. 2, 
pp. 151-157, Mar. 2006.
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J. Voldman, “Dielectrophoretic traps 
for cell manipulation,” in BioMEMS and 
Biomedical Nanotechnology IV: Biomolecular 
Sensing, Processing and Analysis, R. Bashir, 
S. Wereley & M. Ferrari, eds. New York, 
NY: Springer, 2006.

J.R. Kovac, and J. Voldman, “Facile 
image-based cell sorting using OPTO-
FluCS (Opto-fluidic cell sorting),” in 
Micro Total Analysis Systems ‘06, Tokyo, 
Japan, Nov. 2006, pp.1483-1485.

M.D. Vahey and J. Voldman, ”Iso-
dielectric separation: A new method for 
the continuous-flow screening of  cells,” 
in Micro Total Analysis Systems ‘06, Tokyo, 
Japan, Nov. 2006, pp. 1058-1060.

J. Voldman, “Engineered systems for the 
physical manipulation of  single cells,” 
Current Opinion in Biotechnology, vol. 17, no. 
5, pp. 532-537, Oct. 2006.

M.D. Vahey and J. Voldman, “Iso-
dielectric separation: A new technology 
for continuous-flow cell screening,” 
presented at the Biomedical Engineering 
Society Annual Meeting, Oct. 2006.

S. Sampattavanich and J. Voldman, 
“Matrix-independent cell patterning 
for studying colony-colony interactions 
in embryonic stem cells,” presented at 
the Biomedical Engineering Society Annual 
Meeting, Oct. 2006.

A. Rosenthal, A. Macdonald and 
J. Voldman, “Cell patterning 
for modulating the stem cell 
microenvironment,” presented at 
the Biomedical Engineering Society Annual 
Meeting, Oct. 2006.

J.R. Kovac, and J. Voldman, “Intuitive, 
visual, complex phenotype cell sorting 
using opto-flucs (Opto-Fluidic Cell 
Sorting),” presented at the Biomedical 
Engineering Society Annual Meeting, Oct. 
2006.

J. Voldman, “Electrical forces for 
microscale cell manipulation,” Annual 
Review of  Biomedical Engineering, vol. 8, pp.  
425-454, Aug. 2006.

A. Rosenthal, A. Macdonald and 
J. Voldman, “Cell patterning for 
modulating stem cell diffusible signaling. 
presented at the 4th International Society 
of  Stem Cell Research Annual Meeting, June  
2006.

L.Y. Kim and J. Voldman, “Microfluidic 
perfusion culture of  mouse embryonic 
stem cells,” presented at the 4th 
International Society of  Stem Cell Research 
Annual Meeting, June 2006.

A. Rosenthal, B.M. Taff, and J. 
Voldman, “Quantitative modeling of  
dielectrophoretic traps,” Lab on a 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 on a Chip, vol. 6, 
no. 3, pp. 394-406, Mar. 2006.

L.Y. Kim, H.-Y. Lee and J. Voldman, 
“Logarithmically perfused embryonic 
stem cell culture on chip,” in Micro Total 
Analysis Systems ’05, Boston, MA, Oct. 
2005, pp. 530-532.

B.M. Taff  and J. Voldman, “A 
scalable row/column-addressable 
dielectrophoretic cell-trapping array,” in  
Micro Total Analysis Systems ’05, Boston, 
MA, Oct. 2005, pp. 865-867.

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 Micro Total Analysis 
Systems ‘04, Malmo, Sweden, Sep. 2004, 
pp. 228-230.

D.S. Gray, J.L. Tan, J. Voldman, and C.S. 
Chen, “Dielectrophoretic registration 
of  living cells to a microelectrode array,” 
Biosensors and Bioelectronics, 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, “A microfabrication-
based dynamic array cytometer,” 
Analytical Chemistry, vol. 74, no. 16, pp. 
3984-3990, Aug. 2002.

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.
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Brian L. Wardle
Boeing Assistant Professor
Department of Aeronautics and Astronautics

COLLABORATORS

K.F. Jensen, MIT 
S. Kessler, Metis Design Corp.
W.-S. Kim, MIT 
S.-G. Kim, MIT
D. Pafitis, Schlumberger-Doll Research 
Center
M. A. Schmidt, MIT 
D.-J. Shim, MIT 
A. H. Slocum, MIT
S.M. Spearing, Univ. Southampton
H. Tuller, MIT 
N. Wicks, MIT 
C.-Y. Wu, China Steel

GRADUATE STUDENTS

P. Capozzoli, Res. Asst., AA/Sloan
J. Chambers, Res. Asst., AA
N. duToit, Res. Asst., AA
E. Garcia, La Caixa Fellow, AA
A. Mracek, Res. Asst., AA
D. Quinn, NSF Fellow, ME
N. Yamamoto, Res. Asst., AA

UNDERGRADUATE STUDENTS

L. Megalini, Politecnico di Torino 
(visiting)
D. S. Saito, ITA (visiting)
K. Sorensen, AA
S. Wicks, AA

SUPPORT STAFF

J. Kane, Research Specialist
P. Lee, Financial Officer
M. Prendergast, Admin. Assist. II

PUBLICATIONS

E.J. Garcia, J. Hart, B.L. Wardle, and 
A. Slocum, “Fabrication of  composite 
microstructures by capillarity-driven 
wetting of  aligned carbon nanotubes 
with polymers,” Nanotechnology, vol. 18, 
no. 16, pp. 165602:1-11, Apr. 2007. 

E.J. Garcia, J. Hart, B.L. Wardle, 
and A. Slocum, “Fabrication 
and nanocompression testing of  
aligned carbon-nanotube-polymer 
nanocomposites,” Advanced Materials, 
2007, to be published.

N.E. duToit and B.L. Wardle, 
“Performance of  microfabricated 
piezoelectric vibration energy 

harvesters,” Integrated Ferroelectrics, vol. 
83, pp. 13-23, 2006.

E.J. Garcia, J. Hart, B.L.  Wardle, and 
A. Slocum, “Composite materials 
reinforced with long CNTS grown 
on the surface of  fibers,” presented at 
the  47th AIAA Structures, Dynamics, and 
Materials Conference, Newport, RI, May 
1-4, 2006.

N.E. duToit and B.L. Wardle, 
“Experimental verification of  models for 
microfabricated piezoelectric vibration 
energy harvesters,” presented at the 
AIAA-2006-1792, 47th AIAA Structures, 
Dynamics, and Materials Conference, 2006.

S.S. Kessler, K.S. Amaratunga, J.T. 
Chambers, and B.L. Wardle, “Durability 
assessment of  lamb wave-based 
structural health monitoring nodes,” 
presented at the AIAA-2006-2263, 47th 
AIAA Structures, Dynamics, and Materials 
Conference, 2006.

B.L. Wardle, “The incorrect benchmark 
shell buckling solution,” presented at the 
AIAA-2006-2028, 47th AIAA Structures, 
Dynamics, and Materials Conference, 2006.

S.S. Kessler, K. Amaratunga and B.L. 
Wardle, “An assessment of  durability 
requirements for aircraft structural 
health monitoring sensors,” in Proc. 5th 
International Workshop on SHM – 2005, 
DesTech Publications, Sep. 2005.

N.E. duToit, B.L. Wardle, and S.-
G. Kim, “Design considerations for 
MEMS-scale piezoelectric vibration 
energy harvesters,” Integrated Ferroelectric, 
vol. 71, pp. 121-160, 2005.

E.J. Garcia, J. Hart,, B.L Wardle, and 
A. Slocum, “Composite materials 
reinforced with long CNTS grown 
on the surface of  fibers,” in Proc. 47th 
AIAA Structures, Dynamics, and Materials 
Conference, Newport, RI, May 2006, doc. 
1854.

N.E. duToit and B. L. Wardle, 
“Experimental verification of  models for 
microfabricated piezoelectric vibration 
energy harvesters,” in Proc. 47th AIAA 
Structures, Dynamics, and Materials Conference, 
Newport, RI, May 2006, doc. 1792.

J.T. Chambers, B.L. Wardle, and S.S. 
Kessler, “Durability assessment of  Lamb 
wave-based structural health monitoring 
nodes,” in Proc. 47th AIAA Structures, 
Dynamics, and Materials Conference, 
Newport, RI, May 2006, doc. 2263.

B.L. Wardle, “The incorrect benchmark 
shell buckling solution,” in Proc. 47th 
AIAA Structures, Dynamics, and Materials 
Conference, Newport, RI, May 2006, doc. 
2028.

S.S. Kessler, K. Amaratunga, and B.L. 
Wardle, “An assessment of  durability 
requirements for aircraft structural 
health monitoring sensors,” in Proc. 5th 
International Worshop on Structural Health 
Monitoring, Stanford, CA, Sept. 2005, p. 
9.

N. Yamamoto, N. Wicks, and B.L. 
Wardle, “Wrapping and through-
thickness poisson effects on composite 
plates and shell contact laws,” presented 
at the 46th AIAA Structures, Dynamics, and 
Materials Conference, 2005.

N. Wicks, B.L. Wardle, and D. Pafitis, 
“Horizontal cylinder-in-cylinder 
buckling under compression and 
torsion: review and considerations for 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 
microstructural evolution in thin film 
materials for a micro solid oxide fuel 
cell (SOFC),” presented at the Materials 
Research Society (MRS) Annual Fall 
Conference, 2004.
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2007 Roan, T. (M.L. Culpepper), “Design and Control of a Six–axis Nanopositioner for NanoEDM,” June 2007.

Segado, M. (M.L. Culpepper), “Investigation of Flexural Contact Bearings on the Repeatability and Stiffness 
of Passive Kinematic Couplings,” June 2007.

Moskwa, M. (J.A. Paradiso), “A Base Station for Data Collection for Sensor-Equipped Active RFID Tags,”  
April 2007.

2006	 Lewis, C. (J.A. Paradiso), “Prototyping and Expanding a Tool Set for a Ubiquitous Sensor Infrastructure,” 
December 2006.

Farm, C. (S.G. Kim), “Electro-mechanical Modeling of Energy Harvesting System,” June 2006.

Kim, J.S.C. (C.V. Thompson), “The Role of Hydrogen in the Growth of Carbon Nanotubes:  
A Study of the Catalyst State and Morphology,” May 2006.

THESES AWARDED Bachelor of Science 
S.B.

Above: Joyce Wu, PhD '07, Prof. Jesus A. del 
Alamo.
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THESES AWARDED Master of Engineering 
M.Eng. 

2007 Hopkins, J. (M.L. Culpepper), “A Generalized Approach to Constraint–Based Design of Multi–Axis Flexure 
Systems,” June 2007.

Shamir, O. (L.A. Kolodziejski), “The Development of Ultra Broad Band Modulators,” June 2007.

Dibiaso, C. (M.L. Culpepper), “Design of a Carbon Nanotube–Based Four Bar Compliant Mechanism,” 
February 2007.

Malinowski, M. (J.A. Paradiso), “Micropower Active Tags for Shipment Monitoring and Identification,” 
February 2007.

Puchala, K.A. (J. Voldman), “Selective Microorganism Concentration using a Dielectrophoresis-Based 
Microfabricated Device,” February 2007.

Qazi, M. (A.P. Chandrakasan), “A 4kb Memory Array for MRAM Development,” February 2007. 

Pilawa, R. (D.J. Perreault), “Investigation of a Very High Frequency dc-dc Power Converter,” January 2007.

2006	 Gikandi, S. (J.A. del Alamo), “ELVIS iLab: A Flexible Platform for Online Laboratory Experiments in Electrical 
Engineering,” September 2006.

Kovac, J.R. (J. Voldman), “An Opto-Fluidic Architecture for Image-Based Sorting of Biological Cells and 
Particles,” September 2006.

Smalley, D. (V.M. Bove, Jr.), “Integrated-Optic Holovideo,” September 2006.

Ali, H.P.A. (C.V. Thompson), “Carbon Nanotube Interconnects for IC Chips,” August 2006.

Guo, Q. (C.V. Thompson), “Evaluation of Thin-Film Phase Change Material-Based Technologies,” August 
2006.

Kim, D.S. (J.A. Paradiso), “Sensor Network Localization Based on Natural Phenomena,” August 2006.

Zou, T. (C.V. Thompson), “Evaluation of Potential Applications for Templated Arrays of Heterostructural 
Semiconductor Nanowires as Light Emitting Devices,” August 2006.

Zhang, J. (D.J. Perreault), “Spread Spectrum Modulation System for Burst Mode DC-DC Converters,” June 
2006.
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THESES AWARDED Master of Science 
S.M. 

2007 Truque, D. (D.S. Boning), “Modeling of Planarization Technologies,” May 2007.

Grine, A. (L.A. Kolodziejski), “The Design and Fabrication of an Electrically Activated Photonic Crystal 
Microcavity Laser,” June 2007.

Davis, M. (D.S. Boning), “Application of Commercial Best Practices for New Technology Development within 
the Constraints of Defense Contract Funded R&D,” May 2007.

Gan, J. (D.S. Boning), “Decision Support Systems for Tool Reuse and EOL Processes,” May 2007.

Hwang, I. (D.S. Boning), “Optimizing Inventory Levels using Financial, Lifecycle, and Forecast Variance Data,” 
May 2007.

Subramanian, N. (D.S. Boning), “Lean Manufacturing in a Semiconductor Environment: Production Leveling,” 
May 2007.

Fucetola, C. (H.I. Smith), “Resolution Limits and Process Latitude of  Conformable Contact Nano-
Lithography,” February 2007.

Joh, J. (J.A. del Alamo), “Degradation Mechanisms of GaN High Electron Mobility Transistors,” February 
2007.

Sagneri, A. (D.J. Perreault), “Design of a Very High Frequency dc-dc Boost Converter,” January 2007.
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THESES AWARDED Master of Science 
S.M. 

2006 Aylward, R.P. (J.A. Paradiso), “Sensemble: A Wireless Inertial Sensor System for Interactive Dance and 
Collective Motion Analysis,” September 2006.

Barroeta Pèrez, G. (J.A. Paradiso), “S.N.A.K.E.: A Dynamically Reconfigurable Artificial Sensate Skin,” 
September 2006.

Capozzoli, P. (B.L. Wardle), “Residual Stress and Electrochemical Properties of Proton-Conducting Materials 
for a MEMS Fuel Cell,” August 2006.

Chambers, J. (B.L. Wardle), “Durability of Lamb-wave Structural Health Monitoring Sensors,” August 2006.

Gomez, L. (J.L. Hoyt), “Electron Transport in Ultrathin-body Fully Depleted n-MOSFETs Fabricated on Strained 
Silicon Directly on Insulator with Body Thickness Rnaging from 2 to 25 nm,” August 2006.

Nguyen, K.M. (C.G. Sodini), “A 77-GHz Power Amplifier in Silicon Germanium BiCMOS Technology,” August 
2006.

Tandon, N. (J. Voldman), “Biomimetic Electrical Stimulation for Cardiac Tissue Engineering,” August 2006.

Yamamoto, N. (B.L. Wardle), “Thermomechanical Testing of Materials and Structures for a Microfabricated 
Fuel Cell,” August 2006.

Bow, H. (J. Han), “Characterization of Nanofilter Arrays for Small Molecule Separation,” June 2006.

Doddabasanagouda, S. (S.G. Kim), “Photothermal Nanotemplate via Directed Carbon Nanotube Assembly,” 
June 2006.

Kwong, J. (A.P. Chandrakasan), “A Sub-threshold Cell Library and Methodology,” June 2006.

Pierquet, B. (D.J. Perreault), “Inductance Cancellation Techniques with Applications to EMI Filters,” June 
2006.

Ramadass, Y. (A.P. Chandrakasan), “An Energy Optimal Power Supply for Digital Circuits,” June 2006.

Sanchez, D. (K.K. Berggren), “Circuit-based Architectures for Evolvable Hardware,” June 2006.

Sze, V. (A.P. Chandrakasan), “An Energy Efficient Sub-Threshold Baseband Processor Architecture For 
Pulsed Ultra-Wideband Communications,” June 2006.

Tan, J.K. (C.G. Sodini), “An Adaptive Orthogonal Frequency Division Multiplexing Baseband Modem for 
Wideband Wireless Channels,” June 2006.

Xia, R. (S.G. Kim), “Wireless Sensor Node with Piezoelectric Energy Harvester,” June 2006.

Arfin, S. (R. Sarpeshkar), “A Miniature Implantable Wireless Neural Stimulation System,” May 2006.

Balakrishnan, K. (D.S. Boning), “Analysis of Variation in On-Chip Waveguide Distribution Schemes and Optical 
Receiver Circuits,” May 2006.

Lee, H. (J. Voldman), “Optimizing Mixer Geometries for Dielectrophoretic Micro-concentrators,” May 2006.

Vasovski, S. (D.S. Boning), “A Global Sourcing Strategy for Durable Tooling,” May 2006.
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THESES AWARDED Doctor of Philosophy 
Ph.D. 

2007	 Bryant, R. (L.A. Kolodziejski), “Planar Nanoelectromechanical High-Index-Contrast Photonic Structures,” June 
2007.

Kern, A.M. (A.P. Chandrakasan), “CMOS Circuits for VCSEL-Based Optical IO,” June 2007.

Lee, F.S. (A.P. Chandrakasan), “Energy Efficient Ultra-Wideband Radio Transceiver Architectures and Receiver 
Circuits,” June 2007.

Lifton, J.H. (J.A. Paradiso), “A Sensor Network for Ubiquitous Computing and Example Applications to Virtual 
Worlds,” June 2007.

Rosenthal, A. (J. Voldman), “Cell Patterning Technology for Controlling the Stem Cell Microenvironment,” 
June 2007.

Seneviratne, D. (H.L. Tuller), “Materials and Devices for Optical Switching and Modulation of Photonic 
Integrated Circuits,” June 2007.

Yu, A.A. (F.R. Stellacci), “Supramolecular NanoStamping (SuNS) – Fabricating Nano/Bio Devices using DNA 
as Movable Type,” June 2007.

Cai, H. (D.S. Boning), “Modeling of Pattern Dependencies in the Fabrication of Multilevel Copper 
Metallization,” May 2007.

Chen, L. (A.I. Akinwande), “Double-gated Isolated Vertically Aligned Carbon Nanofiber Field Emission and 
Field Ionization Arrays,” May 2007.

Gassend, B. (A.I. Akinwande, M. Martinez-Sanchez), “A Fully Microfabricated Two-Dimensional

Electrospray Array with Applications to Space Propulsion,” May 2007.

Gettings, K. (D.S. Boning), “Impact of Variation in Advanced Integrated Circuits,” May 2007.

Liptay, T. (R.J. Ram), “Spectral Properties of Semiconductor Nanocrystals and their Properties,” May 2007.

Mayer, P. (R.J. Ram), “High-Density Thermal Generation and Nanoscale Thermal Metrology,” May 2007.

Somani, A. (D.S. Boning), “Environmentally Benign Manufacturing of Three Dimensional Integrated Circuits 
(3D ICs),” May 2007.

Xie, X. (D.S. Boning), “Physical Understanding and Modeling of Chemical Mechanical Planarization in 
Dielectric Materials,” May 2007.

Fiorenza, J. (H.-S. Lee), “A Comparator-Based Switched-Capacitor Pipelined Analog-to-Digital Converter,” 
March 2007.

Fu, J. (J. Han), “Microfabricated Nanofilter Array Based Devices for Advanced Biomolecule Separation,” 
March 2007.

Wang, Y.C. (J. Han), “Electrokinetic Trapping of Biomolecules: Novel Nanofluidic Devices for Proteomic 
Applications,” March 2007.

Barsotti, Jr., R.J. (F.R. Stellacci), “Nanomanufacturing for Biological Sensing Applications,” February 2007.

Benbasat, A.Y. (J.A. Paradiso), “An Automated Framework for Power-Efficient Detection in Embedded Sensor 
Systems,” February 2007.

Fiorenza, J.K. (C.G. Sodini), “A Comparator-Based Switched-Capacitor Pipelined Analog-to-Digital Converter,” 
February 2007.
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THESES AWARDED Doctor of Philosophy 
Ph.D. 

2006 Olubuyide, O. (J.L. Hoyt), “Low Pressure Epitaxial Growth, Fabrication and Characterization of Ge-on-Si 
Photodiodes,” December 2006. 

 Khuon, L. (C.G. Sodini), “Parallel Integrated Receivers for Multiple Antenna Wireless LAN Systems,” October 
2006.

Tadepalli, R. (C.V. Thompson), “Characterization and Requirements for Cu-Cu Bonds for Three-Dimensional 
Integrated Circuits,” October 2006.

Wu, J. (J.A. del Alamo), “Through-Substrate Interconnects for 3-D Integration and RF Systems,” October 
2006.

Barkley, E.R. (C.G Fonstad, Jr.), “The Integration of InP/InGaAsP Ridge Waveguide Structures with Dielectric 
Waveguides on Silicon,” September 2006.

Hertz, J. (H.L. Tuller), “Microfabrication Methods to Improve the Kinetics of the Yttria Stabilized Zirconia-
Platinum-Oxygen Electrode,” September 2006.

Jerng, A. (C.G. Sodini), “Delta-Sigma Digital-RF Modulation for High Data Rate Transmitters,” September 
2006.

Rivas, J. (D.J. Perreault), “Radio Frequency dc-dc Power Conversion,” September 2006.

Sepke, T. (H.-S. Lee, C.G. Sodini), “Comparator Design and Analysis for Comparator-based Switched-
capacitor Circuits,” September 2006.

Haghgooie, R. (P.S. Doyle), “Structure and Dynamics of MR Fluids Confined in Microfluidic Devices,” August 
2006.

Nielsen, O.M. (M.A. Schmidt, K.F. Jensen), “A Thermally Efficient Microreactor for Thermophotovoltaic 
Generation,” August 2006.

Salthouse, C. (R. Sarpeshkar), “Analog Adaptive Nonlinear Filtering and Spectral Analysis for Low-Power 
Audio Applications,” August 2006.

Savin, T. (P.S. Doyle), “Multiple Particle Tracking to Assess the Structure of Biological Fluids,” August 2006.

Underhill, P.T. (P.S. Doyle), “Systematic Development of Coarse-grained Polymer Models,” August 2006.

Aberg, I. (J.L. Hoyt), “Transport in Thin-Body MOSFETs Fabricated in Strained Si and Strained Si/SiGe 
Heterostructures on Insulator,” June 2006.

Bullard, J.W. (M.J. Cima), “Anisotropic and Tunable Characteristics of the Colloidal Behavior of Metal Oxide 
Surfaces,” June 2006.

Dames, C. (G. Chen), “Thermal Properties of Nanowires and Nanotubes: Modeling and Experiments,” June 
2006.

Honore, F. (A.P. Chandrakasan), “Energy-Aware Architectures, Circuits and CAD for Field Programmable Gate 
Arrays,” June 2006.

Khan, S.A. (K.F. Jensen, M.A. Schmidt), “Microfluidic Synthesis of Colloidal Nanomaterials,” June 2006.

Murphy, E.R. (K.F. Jensen, M.A. Schmidt), “Microchemical Systems for Rapid Optimization of Organic 
Syntheses,” June 2006.

Zhang, Z. (K.F. Jensen), “Microfabricated Reactor for Bioprocesses Development,” June 2006.

Blasquez, R. (A.P. Chandrakasan), “Ultra-wideband Digital Baseband,” May 2006.

Fan, A. (A.I. Akinwande, L.R. Reif), “Three Dimensional Integration Technology Using Copper Bonding,” May 
2006.

Xia, G. (J.L. Hoyt), “Silicon-Germanium Interdiffusion and Its Impacts on Enhanced Mobility MOSFETs,” April 
2006.
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VLSI MEMO SERIES

MTL maintains a comprehensive Memo Series covering the activities 

of  MTL and related microsystems research at MIT.  A chronological list 

of  memos issued from 2007 appears below  Copies of  MTL Memos are 

available online exclusively to members of  the Microsystems 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.

07-1193   Through-Substrate Interconnects for 3-D Integration and RF Systems  
J.H. Wu

07-1194  Low Pressure Epitaxial Growth, Fabrication and Characterization of Ge-on-Si Photodiodes   
O.O. Olubuyide

07-1195  Energy Efficient Ultra-Wideband Radio Transceiver Architectures and Receiver Circuits 
F.S. Lee

07-1196  Cell Patterning Technology for Controlling the Stem Cell Microenvironment  
A. Rosenthal

07-1197  Three Dimensional Integration Technology Using Copper Wafer Bonding   
A. Fan

07-1198  Degradation Mechanisms of GaN High Electron Mobility Transistors   
J. Joh

07-1199  Photophysics of Carbon Nanotubes   
G. Samsonidze

07-2000  Comparator Design and Analysis for Comparator-Based Switched-Capacitor Circuits  
T. Sepke

07-2001  Micromechanical Control of cell–cell interactions   
E.E. Hui, S.N. Bhatia

07-2002  A Comparator-Based Switched-Capacitor Pipelined Analog-to-Digital Converter   
J.K. Fiorenza

07-2003  A Microfabricated Electrospray Thruster using Ridge Emitters and Ceramic-Ball Extractor Location   
B. Gassend, L.F. Velasquez-Garcia, P.C. Lozano, A.I. Akinwande

07-2004  Mechanical Assembly of Electrospray Thruster Grid   
B. Gassend, L.F. Velasquez-Garcia, A.I. Akinwande, M. Martinez-Sanchez

07-2005  Thermomechanical Properties and Performance of Microfabricated Solid Oxide Fuel Cell (µSOFC) 
N. Yamamoto

07-2006  Optimizing Wettability of Externally Wetted Microfabricated Silicon Electrospray Thrusters   
T. Cruz Garza 

07-2007 A Fully Microfabricated Two-Dimensional Electrospray Array with Applications to Space Propulsion  
B. Gassend

07-2008  Micromachined Printheads for the Direct Evaporative Patterning of Organic Materials 
V. Leblanc

07-2009  Study of CMOS Process Variation by Multiplexing Analog Characteristics 
K.M. Gonzalez-Valentin Gettings

07-2010  Design, Fabrication, and Characterization of Germanium MOSFETs with High-k Gate Dielectric Stacks  
based on Nitride Interfacial Layers 
A.P. Ritenour

07-2011  Enhanced Next Generation Alternator 
L.M. Lorilla

07-2012  Advanced Filters and Components for Power Applications 
T.C. Neugebauer

07-2013  Multi-resonant Passive Components for Power Conversion 
J.W. Phinney

07-2014  Radio Frequency dc-dc Power Conversion 
J. Rivas

Section 9
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MTL SEMINAR SERIES

MTL hosts a series of  talks each semester known as the MTL 

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 Seminar Series is 

held on the MIT Campus on Tuesdays at 4:00 pm, and is open to 

the public.  A listing of  recent seminars is also provided at http://

mtlweb.mit.edu.  Streaming videos of  the MTL 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 Seminar Series, send e-mail 

to rmaynard@mtl.mit.edu.

September 12, 2006  
The Past, Present, and Future of Data 
Converters and Mixed Signals: A 
Universal Model 
David Robertson, Analog Devices

September 26, 2006 
Wafer Cleaning in Semiconductor 
Manufacturing: The Single-Wafer 
Inflection Point 
John TC Lee, Applied Materials

November 14, 2006 
“Brain Repair 101” for Electrical 
Engineers 
Timothy Denison, Medtronic Neurological 
Technologies

December 5, 2006 
Overview of Communication 
Technology Research at IBM 
Mehmet Soyuer, IBM 

December 12, 2006  
Extended Drain CMOS Devices in 
Sub-100nm Processes Enabling High-
performance Mixed-signal and Direct 
Battery Connection Analog Blocks 
Baher Haroun, Texas Instruments

February 27, 2007  
 An Introduction to Ultra-High Speed Data 

Conversion 
Gabriele Manganaro, National Semiconductor

March 6, 2007 
High Mobility III-V MOSFET Technology 

Matthias Passlack, Freescale Semiconductor

March 13, 2007  
Why Are We So Interested in Carbon 

Nanotubes? 
Mildred Dresselhaus, MIT

April 3, 2007  
Unconventional Nanofabrication: 

Nanosciving, Crack Replication, and Related 
Techniques 

George Whitesides, Harvard University

April 10, 2007 
Trends and Requirements of Future CMOS 

FETs Based on a Simple Physical Device 
Model 

Dimitri Antoniadis, MIT

April 24, 2007 
Nanoscale CMOS Transistor Scaling 

Challenges and Strategy for High-
Performance Low-Power Logic Technology 

Tahir Ghani, Intel

May 1, 2007 
 MEMS at the Knee of the Curve 

Roger Howe, Stanford University

May 15, 2007 
 MTL Doctoral Dissertation Seminar 

Lane Brooks, MIT

fa
ll 

20
06

spring 2007
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ABBREVIATIONS

Massachusetts Institute of  Technology
ACC ...............Advanced Concepts Committee (MIT LL)
CAES .............Center for Advanced Engineering Study
ChE ................Department of Chemical Engineering
ChemE ...........Department of Chemical Engineering
CICS ..............Center for Integrated Circuits and Systems
CIPS ...............Center for Integrated Photonic Systems
CMI ................Cambridge-MIT Institute
CMSE .............Center for Materials Science and Engineering
CSR ...............Center for Space Research
DMA ...............Dupont-MIT Alliance
DMSE .............Department of Materials Science and Engineering
EECS .............Department of Electrical Engineering and Computer 

Science
HST ...............Health Sciences and Technology, Harvard-MIT
ICL .................Integrated Circuits Laboratory
ISN.................Institute for Soldier Nanotechnologies
ITRC ...............Intelligent Transportation Research Center
LEES ..............Laboratory for Electromagnetic and Electronic 

Systems
LFM................Leaders for Manufacturing
MIG ................Microsystems Industrial Group
MIT ................Massachusetts Institute of Technology
MNSL .............Micro & Nano Systems Laboratory 
MPC ...............Materials Processing Center
MTL ...............Microsystems Technology Laboratories
NSL ...............NanoStructures Laboratory
RLE ................Research Laboratory of Electronics
SMA ...............Singapore-MIT Alliance
SML ...............Space Microstructures Laboratory
SOE ...............School of Engineering
TRL ................Technology Research Laboratory
UROP .............Undergraduate Research Opportunities Program

Private Industry
AMD ...............Advanced Micro Devices
CSDL .............Charles Stark Draper Laboratory
HP .................Hewlett-Packard
IBM ................International Business Machines Corporation
KIMM ..............Korea Institute of Machinery and Materials

MGH ...............Massachusetts General Hospital
NTT ................Nippon Telephone and Telegraph
SIA .................Semiconductor Industry Association
SRC ...............Semiconductor Research Corporation
SRC/FCRP ......Semiconductor Research Corporation Focused 

Center Research Program
C2S2 ........Center for Circuits and Systems Solutions
GSRC .......Gigascale Systems Research Center
IFC ...........Interconnect Focus Center
MSD .........Center for Materials, Structures and Devices

TI ...................Texas Instruments

Government
AFOSR ............U.S. Air Force Office of Scientific Research
AFRL ..............Air Force Research Laboratories
ARDA .............Advanced Research and Development Activity
ARL ................Army Research Labotratories
ARO MURI .......Army Research Office M
CSE ...............Consortium on Superconducting Electronic
DARPA ............Defense Advanced Research Projects Agency
DOD ...............Department of Defense
DOE ...............Department of Energy
DURINT ..........Defense University Initiative on Nanotechnology
JPL ................Jet Propulsion Laboratories
JSEP ..............Joint Services Electronics Program
LANL ..............Los Alamos National Laboratory
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AAO ...............Anodic aluminum oxide 
ACEO .............AC electro-osmosis 
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ADC ...............Analog-to-digital converter 
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ALD ................Atomic layer deposition 
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SAR ................Successive approximation register 
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SNR ...............Signal-to-noise ratio 
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SoC ...............System-on-chip 
SOG ...............Singlet oxygen generator 
SOI.................Silicon on insulator 
SOLES ...........Silicon on lattice-engineered substrate 
SPLEBL ..........Spatial-phase-locked electron-beam lithography
SPM ...............Scanning probe micrograph 
SRAM .............Static random access memory 
SSDSOI ..........Strained-silicon directly on insulator 
STI .................Shallow trench isolation 
TAT ................Trap-assisted tunneling 
TDC ...............Time-to-digital 
TDD ...............Threading dislocation density 
TERS ..............Tip enhanced Raman spectroscopy 
TIPS ...............Thermal inkjet pico-fluidic drop dispensing system
TPV ................Thermophotovoltaic 
TTTDD ............Time-temperature threading dislocation density
UHVCVD .........Ultra high vacuum chemical vapor deposition
ULSI ...............Ultra Large Scale Integration
UWB ...............Ultra-wideband 
VCO ...............Voltage Controlled Oscillators 
VCSEL ............Vertical-cavity Surface-emitting Laser 
VDG ...............Voltage from Drain to Gate 
VLS ................Vapor-liquid-solid 
VLSI ...............Very Large Scale Integration
VPR ................Versatile Place and Route 
VSCEL ............Vertical cavity surface-emitting laser 
WiGLAN ..........Wireless gigabit local area network 
WLAN .............Wireless local area network 
WSP ...............Water soluble particles 
YSZ ................Yttria-stabalized zirconia oxide 
ZPAL ..............Zone-plate-array lithography
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