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Foreword
I am happy to bring to you the 2017 Annual Research Report of the Microsystems Technology Laboratories. It 
highlights the research and educational activities of faculty, staff, students, postdocs, and visitors associated 
with MTL during MIT Fiscal Year 2017. 

MTL is predicated on the notion that nanoscale science and technology can help solve some of the world’s 
greatest problems in areas of energy, communications, water, health, information, and transportation, among 
others. In this regard, MTL’s mission is to foster world-class research, education, and innovation at the nanoscale. 
In all these and other important areas of human concern, as showcased in this report, researchers at MIT are 
carrying out fundamental research and engineering in materials, structures, devices, circuits and systems 
using MTL’s facilities and CAD services, in search of new solutions to persistent problems. MTL’s activities 
encompass integrated circuits, systems, electronic and photonic devices, MEMS, bio-MEMS, molecular devices, 
nanotechnology, sensors, and actuators, to name a few. MTL’s research program is highly interdisciplinary. MTL’s 
facilities are open to the entire MIT community and the outside world. Nearly 600 MIT students and postdocs 
from 23 different Departments, Laboratories, or Centers carried out their research in MTL’s facilities in the last 
fiscal year. In addition, researchers from several companies, as well as government research laboratories and 
domestic and international universities, use MTL’s facilities annually. 

To accomplish its mission, MTL manages a set of experimental facilities in buildings 39 and 24 that host more 
than 150 fabrication and analytical tools. We strive to provide a flexible fabrication environment that is capable 
of long-flow integrated processes that yield complex devices while, at the same time, presenting low-barrier 
access to fast prototyping of structures and devices for users with very different levels of experience. Our 
fabrication capabilities include diffusion, lithography, deposition, etching, packaging, and many others. Our 
lab can handle substrates from small, odd-shaped pieces to 6-inch wafers. The range of materials continues to 
expand well beyond Si and Ge to include III-V compound semiconductors, nitride semiconductors, graphene and 
other 2D materials, polymers, glass, organics, and many others. 

MTL also manages an information technology infrastructure that supports state-of-the-art computer-aided 
design (CAD) tools for device, circuit, and system design. Together with a set of relationships with major 
semiconductor manufacturers, MTL makes available to its community some of the most advanced commercial 
integrated circuit fabrication processes available in the world today. 

MTL could not accomplish its mission without the vision, commitment, and generosity of a number of 
companies that comprise the Microsystems Industrial Group (MIG). The MIG supports the operation of MTL’s 
facilities, and it also advises the faculty on research directions, trends, and industrial needs. The list of current 
MIG members can be found in the “Acknowledgments” section of this report. 

The research activities described in these pages would not be possible without the dedication and passion of 
the fabrication, IT, and administrative staff of MTL. Day in and day out, they strive to support MTL users in the 
pursuit of their dreams. They do this in a professional and unassuming manner. Their names do not usually end 
up in the research papers, but that does not diminish the significance of their contributions. To them and to all 
of you who support in your own way the activities of MTL, a most sincere thank you! 

 

Jesús A. del Alamo 
Director, Microsystems Technology Laboratories 
Donner Professor 
Professor of Electrical Engineering 
Department of Electrical Engineering and Computer Science 
July 2017



ii 



MTL ANNUAL RESEARCH REPORT 2017 Acknowledgments iii

MICROSYSTEMS INDUSTRIAL GROUP

Analog Devices, Inc.
Applied Materials 
Draper
DSM
Edwards Vacuum
Foxconn Electronics
HARTING
Hitachi High-Technologies
Intel Corporation 
IBM
Lam Research Co.
NEC
Qualcomm
Samsung
STMicroelectronics
TSMC
Texas Instruments

MTL LEADERSHIP TEAM
Jesús A. del Alamo, Director 
Sherene M. Aram, Administrative Officer
Duane S. Boning, Associate Director, Computation
Vicky Diadiuk, Associate Director, Facilities
Judy L. Hoyt, Associate Director
Jeffrey H. Lang, Associate Director 
Evelyn N. Wang, Associate Director

MTL POLICY BOARD
Karl K. Berggren
Vladimir Bulović
Gang Chen
Karen K. Gleason
Lionel C. Kimerling
Michael F. Rubner
Charles G. Sodini
Timothy M. Swager 

MTL TECHNICAL STAFF

Daniel A. Adams, Research Specialist
Bernard A. Alamariu, Research Engineer
Robert J. Bicchieri, Research Specialist
Kurt A. Broderick, Research Associate
Whitney R. Hess, EHS Coordinator
Michael J. Hobbs, Systems Administrator
Donal Jamieson, Research Specialist
Gongqin Li, Research Software Developer
Eric Lim, Research Engineer
Thomas J. Lohman, Project Leader, Computation
William T. Maloney, Systems Manager
Paul J. McGrath, Research Specialist
Michael B. McIlrath, CAD Manager
Ryan O'Keefe, Technician 
Kristofor R. Payer, Research Specialist
Scott J. Poesse, Research Specialist 

and Technical Instructor
Gary Riggott, Research Associate
David M. Terry, Project Technician
Paul S. Tierney, Research Specialist
Timothy K. Turner, Technician 
Dennis J. Ward, Research Specialist
Paudely Zamora, Research Specialist

MTL ADMINISTRATIVE STAFF
Joseph Baylon, Administrative Assistant
Shereece P. Beckford, Administrative Assistant
Valerie J. DiNardo Administrative Assistant 
Ramon Downes, Financial Officer
Margaret Flaherty, Administrative Assistant
Jami Hinds, Administrative Assistant
Debroah Hodges-Pabon, Personnel and 

Outreach Administrator
Mara E. Karapetian, Manager of Media & Design
Elizabeth Kubicki, Administrative Assistant
Ludmila Leoparde, Financial Officer
Joanna MacIver, Administrative Assistant
Steven O'Hearn, Administrative Assistant
Mary O'Neil, Senior Administrative Assistant

Acknowledgments



iv Acknowledgments MTL ANNUAL RESEARCH REPORT 2017

PROCESS TECHNOLOGY COMMITTEE

Vicky Diadiuk, Chair
Akintunde I. Akinwande
Xiaowei Cai
Vicky Diadiuk
Chris Heidelberger
Marek Hempel
Judy L. Hoyt
Jeffrey H. Lang
Danhao Ma
Tomás Palacios
Jörg Scholvin
Rushabh Shah
Max Shulaker
Noelia Vico Trivino 

MTL EQUIPMENT ACQUISITION  
COMMITTEE

Nicholas X. Fang, Chair  
Vicky Diadiuk 
Silvija Gradečak 
Judy L. Hoyt 
Pablo Jarillo-Herrero 
Paulo C. Lozano 
Tomás Palacios 
Jörg Scholvin 
Michael R. Watts

MTL SEMINAR SERIES COMMITTEE

Luis Velásquez-García, Chair
Shereece Beckford
Jeffrey H. Lang
Vivienne Sze



MTL ANNUAL RESEARCH REPORT 2017 Acknowledgments v

MARC2017 CONFERENCE ORGANIZERS

Steering Committee
Xiaowei Cai, Steering Committee Co-Chair
Ujwal Radhakrishna, Steering Committee Co-Chair
Jesús A. del Alamo, MTL Director
Sherene Aram, Finance & Organization
Debroah Hodges-Pabon, Meeting 

Organization & Logistics
Dan Adams, Meeting Organization & Logistics
Shereece Beckford, Meeting Organization & Logistics
Mara Karapetian, Publications & Proceedings
Paul McGrath, Meeting Organization 

& Logistics, Photography

Electronics & Quantum Devices Committee
Ahmad Zubair, Chair
Marek Hempel 
Daniel Piedra

Circuits & Systems Committee
Rabia Yazicigil, Chair
Mohamed Abdelhamid 
Zhi Hu

MEMS & NEMS Committee
Chiraag Juvekar, Chair
Utsav Banerjee 
Fei Hui

Biological & Medical Devices Committee
Malia McAvoy, Chair
Elaine McVay 
Keval Vyas

Photonics & Optoelectronics Committee
Jelena Notaros, Chair 
Jerome Michon
Andrew Paulsen

Nanotechnology & Nanomaterials Committee
Saima Siddiqui, Chair
Cosmi Lin
Brian Modtland 
Yang Yang

Energy Committee
Julia Belk, Chair
Nadim Chowdary 
Priyanka Raina

Presentation Chair 
Sameer Joglekar

Social Chairs 
Wenjie Lu, Co-Chair 
Alon Vardi, Co-Chair

Seminar Chair
Mohamed Abdelhamid

Transportation Chair
Marek Hempel

Panel Moderator
Phillip Nadeau



vi Acknowledgments MTL ANNUAL RESEARCH REPORT 2017



MTL ANNUAL RESEARCH REPORT 2017 Biological, Medical Devices, and Systems 1

Biological, Medical Devices,  
and Systems
Microfluidics and Computational Imaging for Measuring Cells’ Intrinsic Properties .................................................................3
Microfluidic and Electronic Detection of Protein Biomarkers .....................................................................................................4
A Cell-Counting System for Point-of-Care Blood and Urine Analysis  .....................................................................................5
Amplification-Free Nucleic Acid Analysis for Point-of-Care Tuberculosis Diagnostics ..........................................................6
Nanofluidic Transport of Molecules in Enamels by Electrokinetic Flows .................................................................................... 7
A Microfluidic Platform Enabling Single-Cell RNA-seq of Multigenerational Lineages ..........................................................8
3-D Printed Microfluidics for Modelling Tumor Microenvironments ..........................................................................................9
Integration of Nanofluidics in Commercial CMOS .................................................................................................................... 10
Capture and Concentration of Pathogens in Chaotic Flows ..................................................................................................... 11
3-D Chaotic Printing ...................................................................................................................................................................... 12
Thin-Film Transistors for Implantable Medical Devices .............................................................................................................. 13
Building Synthetic Cells for Sensing Applications ....................................................................................................................... 14
Close-Packed Silicon Microelectrodes for Scalable Spatially Oversampled Neural Recording ............................................ 15
A Portable Bioimpedance Spectroscopy Measurement System for Congestive Heart Failure Management .................... 16
Wearable and Long-Term Subdermal Implantable Electroencephalograms..............................................................................17
Continuous and Non-Invasive Arterial Pressure Waveform Monitoring using Ultrasound ................................................... 18
Three-Dimensional, Magnetic Resonance-Based Electrical Properties Mapping .................................................................. 19
MARIE: A MATLAB-Based Open Source MRI Electromagnetic Analysis Software ........................................................... 20
Automated Modeling of Large-Scale Arterial Systems  ............................................................................................................. 21
Living Materials Library ................................................................................................................................................................... 22



2 Biological, Medical Devices, and Systems MTL ANNUAL RESEARCH REPORT 2017



MTL ANNUAL RESEARCH REPORT 2017 Biological, Medical Devices, and Systems 3

Microfluidics and Computational Imaging for Measuring Cells’ Intrinsic Properties
N. Apichitsopa, J. Voldman 
Sponsorship: Bose Research Award

Scientific-grade optical microscopes are very powerful 
tools in the field of microfluidics as they can be used 
to observe the behaviors of micro-objects of interest 
inside the microfluidic devices. While conventional 
optical microscopes are limited by the small field 
of view (FOV), e.g., ~1-2 mm2 for a 10X objective, the 
footprint of a microfluidic platform is typically ~cm2. 
This mismatch of the FOV of the microscope and the 
footprint of the device restricts the area of the device 
and the number of micro-objects that can be viewed at 
the same specific time points. Although mechanically 
moving and observing different areas of the device 
under the microscope is acceptable for objects with 
fewer dynamic movements, it is not suitable for objects 
with fast movement in large-footprint particle separa-
tion devices. 

Computational microscopy has been shown to 
provide large FOV with an order of magnitude larger 
than the 10X objective. We propose to combine visual 

observation from large FOV computational microscopy 
with separation of cells via a label-free microfluidic 
platform in order to study cell size. This system will 
benefit from the parallel and gentle separation of 
label-free cells via a microfluidic platform and parallel 
tracking of multiple cells in a large FOV, in contrast 
to the gold standard, flow cytometry, which is able to 
rapidly identify properties of cells in a single stream 
via emittance of external fluorescent cell markers. A 
prototype of the integrated platform was designed 
and fabricated. The prototype consists of a digital in-
line holographic microscopy system (Figure 1) and a 
microfluidic deterministic lateral displacement array, 
which separates particles based on size. Each system 
was first characterized separately and later integrated, 
so that individual cells inside the deterministic lateral 
displacement array could be recorded and tracked with 
the large FOV digital in-line holographic microscopy 
system (Figure 2).

 ▲ Figure 1: Schematic of the large-FOV digital in-line holography 
system.  ▲ Figure 2: Stitched microscope images of the determinis-

tic lateral displacement array system (top) and the recorded 
holograms from the same device as cells flowed from left to 
right (bottom). Red circles depict detected cells. 

FURTHER READING

• O. Mudanyali, D. Tseng, C. Oh, S. Isikman, I. Sencan, W. Bishara, C. Oztoprak, S. Seo, B. Khademhosseini, and A. Ozcan, “Compact, Light-Weight 
and Cost-Effective Microscope Based on Lensless Incoherent Holography for Telemedicine Applications,” Lab Chip, vol. 10, no. 11, 1417–1428, Jun. 
2010.

• L. R. Huang, E. C. Cox, R. H. Austin, and J. C. Sturm, “Continuous Particle Separation through Deterministic Lateral Displacement,” Science, vol. 
304, no. 5673, 987–990, 2004.



4 Biological, Medical Devices, and Systems MTL ANNUAL RESEARCH REPORT 2017

Microfluidic and Electronic Detection of Protein Biomarkers
D. Wu, J. Voldman 
Sponsorship: Analog Devices, Inc.

Measuring proteins biomarkers in blood is of signifi-
cant clinical importance and has a substantial market. 
However, traditional blood tests performed in central-
ized laboratories take days to deliver results to patients. 
The need for large volumes (~mL) of blood samples also 
makes it challenging to perform testing of newborns 
and even premature infants, who have very limited 
blood. We are developing a bead-based microfluidic 
electronic biosensor that gives immediate results and 
requires a small volume (µL) of blood, potentially allow-
ing testing of neonates.

The biosensor is illustrated in Figure 1 after 
magnetic microbeads conjugated with antibodies and 
enzymes are added to the sample, the biomarkers bind to 
antibodies because of the specific interaction between 

proteins and antibodies. The use of magnetic microbeads 
shortens the diffusion length of proteins to antibodies 
and thus significantly accelerates the binding process. 
The magnetic beads are then sent to the sensor, which 
consists of microfluidic channels and microelectrodes, 
and eventually attach to the antibodies immobilized 
on electrodes. The enzymes on microbeads catalyze 
chemical reactions and generate current, which is 
measured by external electronics. The amount of protein 
in the original sample is associated with the measured 
current. Figure 2 shows the results of measuring human 
IL-6 (~22 kDa). The results indicate that the sensitivity 
of our sensor is about 1 pg/mL, which is sufficient to 
measure most of the protein biomarkers in blood.

 ▲Figure 1: Illustration of the biosensor.

 ▲Figure 2: Results of measuring human IL -6.
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A Cell-Counting System for Point-of-Care Blood and Urine Analysis 
S. R. Primas, C. G. Sodini  
Sponsorship: MEDRC, Analog Devices, Inc. 

Quantifying the concentration of medically relevant 
cells in blood and urine remains one of the most in- 
demand diagnostic techniques in medicine. For exam-
ple, complete blood counts (CBCs) are conducted at 
nearly every medical checkup to monitor diseases 
ranging from anemia to chronic inflammatory diseases 
to HIV.  And, with urine, cell-counting is used to con-
clusively determine bacteria concentrations for the 
detection of urinary tract infections (UTIs). UTIs lead 
to 6.7 million physician office visits and 2.6 million ER 
visits per year in the United States.

Due to the cost and complexity of blood and urine 
cell counts, the majority are conducted at a medical lab 
instead of at the point-of-care. These labs use either 
expensive flow-cytometers (e.g., the Sysmex UF-
1000i is $125,000) or manual classification by trained 
professionals using a microscope. An inexpensive and 
automated cell-counting system would significantly 
increase the access to these important diagnostic 

tests and even enable them to be performed at the 
point-of-care. 

This project focuses on developing both 
automated cell classification and an inexpensive image 
acquisition system. For the automated classification, 
the system uses a 7-layer convolutional neural network 
in TensorFlow to differentiate among six categories 
of particles observed in urine: bacteria, red blood 
cells, sperm, white blood cells, crystals, and an “other” 
category (see Figures 1 and 2). To obtain images at a 
low cost with a sufficiently high resolution, we use a 
reversed lens approach. By adding a reversed lens onto 
the original lens (<$6US for the lenses), we achieve 
a field-of-view equivalent to the size of the image 
sensor while maintaining a pixel resolution between 
0.9-1.2um/pixel (depending on the pixel density of the 
image sensor). By combining these approaches, we 
hope to demonstrate a proof-of-concept of a low-cost 
cell-counting system for point-of-care applications. 

 ▲ Figure 1: Microscopic images of particles found in urine. 
These are pre-labeled reference images used to train the con-
volutional neural network and validate functionality. 

 ▲ Figure 2: The image acquisition device includes a 5-megapixel 
CMOS image sensor (OV5647), a reversed lens setup, and a jig 
used to control the distance between the object and the lens. 

FURTHER READING

• N. A. Switz, M. V. D’Ambrosio, and D. A. Fletcher, “Low-Cost Mobile Phone Microscopy with a Reversed Mobile Phone Camera Lens,” PloS 
One, vol. 9, no. 5, e95330, 2014.

• M. Ranzato, et al., “Automatic Recognition of Biological Particles in Microscopic Images,” Pattern Recognition Lett., vol. 28, no. 1, 31-39, 2007.
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Amplification-Free Nucleic Acid Analysis for Point-of-Care Tuberculosis Diagnostics
W. Ouyang, J. Han 
Sponsorship: NIH

Tuberculosis (TB) is one of the world’s most widely 
spread diseases, with one third of the global popu-
lation being infected. In 2014, 9.6 million people fell 
ill with TB and 1.5 million died from the disease, 95% 
of which occurred in developing countries. While a 
total of 150 millions TB tests (including 80 million 
point-of-care tests) are ordered each year, most exist-
ing TB diagnostic methods — microscopy, culture, or 
nucleic acid amplification tests — do not match all 
the Affordable Sensitive Specific User-friendly, Rapid/
Robust, Equipment-free, Deliverable (ASSURED) crite-
ria for the resource-poor milieu where most infections 
occur. In this work, we aim to develop a rapid (<30 min) 
nucleic acid-based diagnostic platform without engag-
ing the commonly used nucleic acid amplification 
process, which is expensive, complicated, prone to false 
positives, and requires trained personnel. This goal will 
be achieved by a billion-fold microfluidic electrokinetic 
concentrator that dramatically increases the local 
concentration of nucleic acids, in which a simple assay 
is concurrently performed to recognize target nucleic 
acids with specific sequences.

We have previously demonstrated a microfluidic 
electrokinetic concentrator that can enrich negatively-

charged molecules by ten thousand fold within 
15 minutes. We are now working on a multi-stage 
concentrator that performs a first-stage concentration 
with thousands of the aforementioned concentrators, 
followed by a second-stage concentration that collects  
and concentrates the first-stage concentrated mole-
cules, thereby significantly increasing the overall 
concentration capability. Our primary results in a 
two-stage (16-1) concentrator indicates that we could 
increase the concentration factor from ~104 to ~105 
(Figure 1). We will further scale up by introducing 
thousands of channels in the first stage to further 
push the concentration performance. To detect nucleic 
acid specific to TB, we have developed a mobility shift 
assay in the concentrator with a limit of detection of 

~1 pM. TB patient DNA samples were incubated with 
a fluorescent complementary DNA probe. During 
testing in the concentrator, the target-probe and probe 
formed two separate peaks due to different electrical 
mobility, enabling us to quantify the level of TB DNA 
in the sample. By further increasing the concentration 
capacity of the concentrator, we can hopefully lower 
the limit of detection to sub-femtomolar.

 ▲ Figure 1: (a) Design of a two-stage microfluidic electrokinetic concentrator. (b) Fluorescence 
images of the concentration plugs in the first and second stages. (c) Comparison of the 
concentration plug in the first (purple) and second (blue) stages.

FURTHER READING

• W. Ouyang, S. H. Ko, D. Wu, A. Y. Wang, P. W. Barone, W. S. Hancock, and J. Han, “Microfluidic Platform for Assessment of Therapeutic Proteins 
using Molecular Charge Modulation Enhanced Electrokinetic Concentration Assays,” Analytical Chemistry, vol. 88, 9669-9677, 2014.

• L. F. Cheow and J. Han, “Continuous Signal Enhancement for Sensitive Aptamer Affinity Probe Electrophoresis Assay using Electrokinetic 
Concentration,” Analytical Chemistry, vol. 83, 7086, 2011.
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Nanofluidic Transport of Molecules in Enamels by Electrokinetic Flows
C. Peng, J. Han, in collaboration with H.-Y. Gan, F. Sousa, S. Park, S. J. Lee  
Sponsorship: Colgate

The ability to infiltrate various molecules and resins 
into dental enamel is highly desirable in dentistry, yet 
transporting materials into dental enamel is limited by 
the nanometric scale of their pores, as Figure 1 shows. 
Materials that cannot be infiltrated into enamel by dif-
fusion/capillarity may have molecules that are larger 
than a critical threshold, perhaps the size of the pores 
of enamel. It has been demonstrated that electrokinetic 
 flow has been adopted to improve the infiltration of 
molecules and resin to the dental enamal. Figure 1 
shows the preliminary published results of such use of 
electrokinetic flow to infiltrate enamel. 

In the current work, the enamel ground sections 
are prepared by removing dentin from the tooth 
ground sections and seated in the microfluidic 
platform. We study the infiltration of different ion 
molecules such as Ca2+, K+, and Na+ into the enamel 
nanopores by using electrokinetic flows. We have 
demonstrated that the fluorescence probes binding 
to the specific ions have been transported through 
the enamel. Meanwhile, the current change in this 
process has been monitored, and it shows that the 
current increases during the infiltration due to the 
increasing overall conductivity. Laser scanning 
confocal microscope images of the enamel cross-
section demonstrate that the fluorescence probes 

binding to the ions have infiltrated into the nanopores 
of the enamel. Micro-hardness tests (Vickers) and 
nano-indentation trials have been carried out by our 
collaborators on trial samples of both whole teeth and 
grounded sheets of enamel.

We study the improved health of the whole tooth 
due to use of resin infiltration using electrokinetics, 
which will be a big boost to clinical care in the 
near future. This study is the first demonstration 
that resin can be infiltrated through the enamel 
and dentin nanopores. By using laser scanning 
confocal microscopy, fluorescence microscopy, mass 
spectroscopy, and ion selective electrode technique, we 
will test how the F-, Na+, K+, and Ca2+ ions infiltrate into 
the teeth. Micro-hardness and chemical resistance of 
the teeth after the resin polymerization will be tested. 
This will be a very promising technique to improve 
dental health in a very short time and will shed light on 
future in vivo utility in the clinic. This technique might 
be a solution to the weak bonding between filling resin 
and pulp-dentin-enamel surfaces after treatment of 
cavities. 

This study opens opportunities to use a new 
biomedical technique in dental applications and may 
find utility in clinical dental treatments.

 ▲ Figure 1: Diagram of enamel and its pores. (a) Anatomy of a mature human tooth. (b) Light microscopy image of ground section 
of tooth crown showing enamel, dentin, enamel-dentin junction, and an outline of enamel prisms. (c) Cross section of enamel prisms 
showing prism core and sheaths, and (d) Line drawing of hydroxyapatite crystallites as oriented in prismatic and interprismatic enamel 
separated by prism sheaths. Right: Schematic of electrokinetic flow inside the enamel nanopores. 

FURTHER READING

• H. Y. Gan, F. Sousa, H. L. Carlo, P. P. Maciel, M. S. Macena, and J. Han, “Enhanced Transport of Materials into Enamel Nanopores via Electrokinetic 
Flow,” J. Dental Research, vol. 94, 0615-621, 2015.
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A Microfluidic Platform Enabling Single-Cell RNA-seq of Multigenerational 
Lineages
R. J. Kimmerling, G. L. Szeto, J. W. Li, A. S. Genshaft, S. W. Kazer, K. R, Payer, J. Borrajo, P. C. Blainey, D. J. Irvine, A. K. Shalek, 
S. R. Manalis 
Sponsorship: NIH

We introduce a microfluidic platform that enables off- 
chip single-cell RNA-seq after multi-generational 
lineage tracking under controlled culture conditions. 
We use this platform to generate whole-transcriptome 
profiles of primary, activated murine CD8+ T-cell and 
lymphocytic leukemia cell line lineages. Here we report 
that both cell types have greater intra- than inter- 
lineage transcriptional similarity. For CD8 + T-cells, genes 
with functional annotation relating to lymphocyte 
differentiation and function — including Granzyme 
B — are enriched among the genes that demonstrate 
greater similarity of intra-lineage expression level. 
Analysis of gene expression covariance with matched 
measurements of time since division reveals cell type- 
specific transcriptional signatures that correspond with  
cell cycle progression. We believe that the ability to 
directly measure the effects of lineage and cell cycle- 
dependent transcriptional profiles of single cells will be 
broadly useful to fields where heterogeneous popula-
tions of cells display distinct clonal trajectories, including 
immunology, cancer, and developmental biology.

Our platform utilizes an array of hydrodynamic 
traps within a fluidic design optimized to capture and 
culture single cells for multiple generations on-chip 
(Figure 1). These trap structures rely on differences in 
hydrodynamic resistance between the trapping pocket 
and a bypassing serpentine channel to deterministically 
capture single cells. Given these differences, media 
can be rapidly and continuously perfused through 
the bypass channels while maintaining minimal flow 
across the traps in order to ensure constant nutrient 
repletion with low and uniform shear stress on the 
cells. This independent flow control also allows for 
rapid buffer exchange without dislodging trapped cells, 
thus enabling on-chip implementation of standard cell 
staining techniques such as immunocytochemistry 
and fluorescent labeling. Single cells were cultured for 
two generations on-chip before release for sequencing. 
This allowed us to define sister and cousin cell pairs for 
each lineage (Figure 2).

 ▲ Figure 1: Schematic representation of the 
hydrodynamic trap array consisting of 20 lanes 
of traps (inset shows an optical micrograph of a 
single trapped cell—scale bar, 20 µm).

 ▲ Figure 2: Overlay of lineage trees from single CD8+ T cells 
(n=15) and L1210 cells (n=20) established with time-lapse imag-
ing in the hydrodynamic trap array. As a demonstration of lin-
eage construction, one lineage for each cell type (black circles) 
has connecting lines indicating familial history.

FURTHER READING

• R. J. Kimmerling, G. L. Szeto, J. W. Li, A. S. Genshaft, S. W. Kazer, K. R, Payer, J. Borrajo, P. C. Blainey, D. J. Irvine, A. K. Shalek, and S. R. Manalis, “A 
Microfluidic Platform Enabling Single-Cell RNA-Seq of Multigenerational Lineages,” Nature Communications, vol. 10220, no. 7,  1-7, 2016.
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3-D Printed Microfluidics for Modelling Tumor Microenvironments
A. L. Beckwith, J. T. Borenstein, L. F. Velásquez-García 
Sponsorship: The Charles Stark Draper Laboratory, Inc.

Microfluidic devices show promise as enablers of the 
exploration, development, and customization of med-
ical treatments beyond traditional capabilities while 
saving time and cost. However, one of the principal 
barriers to broad application of microfluidic technolo-
gies in healthcare is related to the inherent challenges 
in device fabrication. Soft lithography approaches 
are generally restricted to planar, simple geometries 
and a few material options and are prone to large 
device-to-device dimensional variation. Current man-
ufacturing methods for complex microfluidic devices, 
e.g., multi-substrate bonded micromachining, are tech-
nically challenging, time-intensive, and constrained 
by existing microfabrication capabilities that affect 
the fabrication yield. 3-D printing has the potential to 
significantly reduce the cost and time to manufacture 
microfluidics while maintaining a required level of 
device functionality. Additionally, 3-D printing enables 
rapid iteration of device designs and construction of 
complex microchannel features that may otherwise be 
difficult, impractical, or unfeasible to attain.

In this project, we are developing a Tumor 
Analysis Platform (TAP) that mimics interactions 
between tumors and the immune system in the human  
body, providing a microenvironment for testing the 
effectiveness of drugs. This microfluidic system is 
capable of testing treatments on tumors directly 
from the patient in a laboratory model to determine 
which therapies most effectively kill that patient’s 
cancer. We are investigating digital light projection/
stereolithography (DLP/SLA) to fabricate complex 
monolithic microfluidic devices that are transparent, 
non-cytotoxic, compatible with commonly used 
sterilization procedures, and, in general, suitable for 
biological applications. Current research has focused 
on exploring the biocompatibility, optical properties, 
minimum feature size resolution, and manufacturing 
repeatability of different printable materials (Figures 
1 and 2). Future work will focus on implementing and 
characterizing different TAP designs. 

 ▲ Figure 1: SLA 3-D printed channels with rectangular 
cross-sections. Channel widths as small as 275 μm 
were successfully printed and filled with red dye. 

 ▲ Figure 2: Chip of 3-D printed material 
evidencing high transparency to visible light.

FURTHER READING

• L. F. Velásquez-García, “SLA 3-D-Printed Arrays of Miniaturized, Internally-Fed, Polymer Electrospray Emitters,” J. Microelectromechanical 
Systems, vol. 24, no. 6, 2117-2127, 2015.

• D. Olvera-Trejo and L. F. Velásquez-García, “Additively Manufactured MEMS Multiplexed Coaxial Electrospray Sources for High-Throughput, 
Uniform Generation of Core-Shell Microparticles,” Lab Chip, vol. 16, no. 21, 4121-4132, 2016.

• A. P. Taylor and L. F. Velásquez-García, “3-D Printed Miniaturized Diaphragm Vacuum Pump,” Technical Digest 30th IEEE Conference on Micro 
Electro Mechanical Systems (MEMS 2017), Jan. 2017.
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Integration of Nanofluidics in Commercial CMOS
H. Meng, J. Kim, A. Atabaki, R. Ram
Sponsorship: Bose  Corporation

Lab-on-complementary-metal-oxide-semiconductor 
(CMOS) is an emerging platform for bio-sensing 
applications. Integration of various sensors and active 
circuits into a single CMOS chip provides benefits 
including ultra-compact form factor, enhanced signal 
collection efficiency, reduction of noise and massively 
parallel sensing. Nanofluidics offers the ability to engi-
neer systems with comparable complexity and scale to 
biomolecules and opens the door to a new generation 
of molecular tools. A novel approach to leverage the 
precision and scale of CMOS to integrate nanofluidics, 
nanophotonics, and nanoelectronics on the same plat-
form is presented. 

Nanofluidic channels are integrated within 
a modified IBM 65-nm (10LP) CMOS process. The 
nanofluidics are introduced by sacrificial etching of the 
polysilicon typically used for the transistor gate, for 
local interconnection, and for precision resistors. The 
polysilicon can be patterned at the critical dimension 
of the process (65 nm in our case), and the polysilicon 
features are routinely placed with an accuracy of 
approximately 1 nm. This polysilicon can be placed 
either over a gate oxide and silicon or over a silicon 
dioxide isolation layer.

As shown in Figure 1, the devices are fabricated in 
a 300-nm wafer, with a die size around 25mm x 30mm. 
Microelectronic devices are integrated alongside the 
nanochannels. Photolithography and reactive ion 
etching are used to access the polysilicon through the 
metal interconnect stack. Nano-channels are etched 
by gas phase XeF2 through these access holes. Due to 
extreme high extinction ratio of XeF2, it is possible to 
etch high aspect ratio channels. 

SU-8 is used to pattern fluid reservoirs on top of 
CMOS chips. As shown in Figure 1, by loading fluorescent 
dye (Texas Red), it is possible to demonstrate (a) the 
wetting properties of the XeF2 etched channels and (b) 
the relatively low autofluorescence of the inter-metal 
dielectric stack.  

In summary, we present the first attempt to 
fabricate nanofluidic channels in microelectronics 
CMOS chips using the polysilicon in the transistor gate 
as a sacrificial layer. Fluorescent molecules dissolved 
in water can be easily loaded into the channels and 
imaged with signal strength significantly over the 
autofluorescence of the CMOS dielectric stack. 

 ▲Figure 1: Nanofluidics fabricated in a bulk 65-nm CMOS process on the same chip are active optoelectronic devices. The layout uses 
parameterized cells in Virtuoso Cadence. The nanochannel is successfully wetted by water based solution and a clear signal is visible 
above the autofluorescence.

FURTHER READING

• J. Rothberg, et al, “An Integrated Semiconductor Device Enabling Non-Optical Genome Sequencing,” Nature, vol. 475, 348-352, 2011.
• C. Wang, et al, “Wafer-Scale Integration of Sacrificial Nanofluidic Chips for Detecting and Manipulating Single DNA Molecules,” Nature 

Communications, vol. 8, 14243, 2017. 
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Capture and Concentration of Pathogens in Chaotic Flows
M. M. Alvarez, G. Trujillo de Santiago, E. Fernández-Castillo, A. Risso, G. Prakash, P. I. Sánchez-Rellstab,  
A. Khalilpour, A. Khademhosseini
Sponsorship: MIT- Tecnológico de Monterrey Nanotechnology Program

Infectious diseases of both viral and bacterial origin 
continue to be a health threat to millions of people in 
developed and underdeveloped countries. One suc-
cessful treatment strategy for cases of sepsis or viral 
infections is the effective capture and removal of the 
pathogenic agent from the bloodstream. We are pres-
ently developing filter-less technologies for the direct 
capture of bacteria (i.e., Escherichia coli) and eventually 
viruses (i.e., Ebola virus-like particles). 

We use a portable system for the capture 
of pathogens circulating through a microfluidic 
chamber. The system (Figure 1A) is based on the 
specific recognition of proteins on membranes or 
capsids; it integrates the use of (a) anti-pathogen 
polyclonal antibodies, (b) magnetic nanoparticles 
(MNP), (c) a microfluidic chaotic flow system, and (d) 
a neodymium magnet. Anti-pathogen antibodies are 
covalently immobilized within commercial magnetic 
nanoparticles to fabricate nanoparticles that will bind 
pathogens (Figure 1B). Our experiments compare the 

performance of different immobilization strategies 
(amino-carboxylic covalent binding and streptavidin-
biotin binding) and different magnetic nanoparticle 
sizes (range 30 nm - 800 nm). 

The heart and distinctive feature of our system is 
a microfluidic chamber in which the binding particles 
and the pathogen are mixed by the action of a laminar 
chaotic flow produced by the alternating rotation 
of two cylinders (Figure 1C). The intimate contact 
induced by this chaotic laminar flow promotes the 
capture of the pathogen by individual nanoparticles or 
nanoparticle clusters. The trapped pathogens are then 
concentrated by a simple magnet located downstream 
from the microchamber (Figure 2). This platform has 
key advantages over currently available methods, 
which are mostly based on the use of microfluidic 
channels or filtering membranes: (a) it is faster, (b) it 
offers superior capture due to the intimate mixing 
induced by the chaotic flow, and (c) it is easy to use.

 ▲Figure 1: Experimental system. (a) Microfluidic system 
for the capture and concentration of pathogen particles 
(i.e., E. coli expressing green fluorescent protein), (b) NMP 
functionalized with anti-E. coli antibodies, (C) A chaotic 
flow system: the blinking vortex. 

 ▲Figure 2: Fluorescent E. coli bacteria captured and 
concentrated in NMPs.



12 Biological, Medical Devices, and Systems MTL ANNUAL RESEARCH REPORT 2017

3-D Chaotic Printing
G. Trujillo-de Santiago, M. M. Alvarez, M. Samandari, G. Prakash, G. Chandrabhatla, B. Batzaya, P. P. S. S. Abadi, S. Mandla, 
R. Avery, A. Nasajpour, N. Annabi, Y. S. Zhang, A. Khademhosseini
Sponsorship: MIT-Tecnológico de Monterrey Nanotechnology Program, CONACyT, Fundación México en Harvard

Chaos has the ability to create complex and predictable 
structures. We use simple chaotic flows for the fabrica-
tion of complex 3-D microstructures in cross-linkable 
or curable liquids, using a process that we refer to as 
3-D chaotic printing. We inject a drop of ink (i.e., a drop 
of a miscible liquid, fluorescent beads, or cells) into a 
viscous Newtonian liquid and then apply a chaotic 
mixing recipe. This generates a complex microstructure 
in just a few flow applications (Figure 1). This structure 
is then preserved with high fidelity and reproducibility 
by rapid crosslinking or curing of the material. The 
3-D structure is the result of the rapid alignment of 
the injected material to the flow manifold (Figure 2). 

Therefore, its main features are reproducible and the 
overall process of fabrication is quite robust. Moreover, 
since the process is deterministic, it is amenable to 
computational modeling using computational fluid 
dynamics.

We currently explore applications for this 
technology, including the rational reinforcement 
of constructs by the chaotic alignment of cells and 
nanoparticles, the fabrication of cell-laden fibers, the 
development of highly complex multi-lamellar and 
multi-cellular tissue-like structures for biomedical 
applications, and the fabrication of bioinspired 
catalytic surfaces.

 ▲ Figure 1: Scheme of 3-D chaotic printing: a strategy to fabricate 
micro-patterned constructs using cross-linkable polymers and chaotic 
flows (i.e., the Journal Bearing flow), (a) a drop of “ink” (i.e., microparti-
cles, nanoparticles, cells) is dispensed in a chaotic system, (b) after the 
iterative application of a chaotic recipe, a fine and complex microstruc-
ture emerges. Exposure to a curing agent freezes this microstructure.

 ▲ Figure 2: A PDMS construct with pink fluorescent 
miroparticles showing a fine chaotic micropattern using the 
Journal Bearing flow, (a) overall view of the construct, (b & 
c) close-up showing the fine microstructure resulting from 
the application of the chaotic flow.

FURTHER READING

• M. M. Alvarez, F. J. Muzzio, S. Cerbelli, A. Adrover, and M. Giona,“Self-Similar Spatiotemporal Structure of Intermaterial Boundaries in Chaotic 
Flows,” Physical Review Lett., vol. 81, no. 16, 395-3398, 1998.

• P. D. Swanson and J. M. Ottino, “A Comparative Computational and Experimental Study of Chaotic Mixing of Viscous Fluids,” J. Fluid 
Mechanics,  vol. 213, 227-249, 1990.



MTL ANNUAL RESEARCH REPORT 2017 Biological, Medical Devices, and Systems 13

Thin-Film Transistors for Implantable Medical Devices
Y. Hosseini, L. F. Velásquez-García, D. S. Boning 
Sponsorship: TruSpine

Miniaturization and implantation of medical devices 
with the ability to monitor vital body parameters can 
enable new opportunities for medical procedures. The 
implantable medical devices market is estimated to 
grow at 5.5% compound annual growth rate (CAGR) to 
reach a $55B size market by 2025. In this regard, flex-
ible hybrid electronic systems have gained attention 
during the last several years for deployment on various 
platforms such as smart lenses, cardiac implants, and 
brain implants, as well as in wireless modules for com-
munication systems integrated with these implants.

In this project, we are exploring the integration 
of various microsystems such as sensors, thin-film 
transistors (TFTs), silicon microelectronics, and 
radio frequency identification (RFID) modules on 
flexible platforms (Figure 1). The goal of this project 
is to fabricate the essential components of these 

systems in a single process to reduce the integration 
complexity for implementing different technologies. 
Our initial work has focused towards integration of 
TFT electronics and thermal sensors on a polyimide 
substrate for flow sensing applications. The TFT is 
fabricated as a back-gate transistor, with aluminum 
oxide as gate insulator and indium-gallium-zinc-oxide 
(IGZO) as n-type channel. The thermal flow sensor 
consists of a combination of a heater and a resistance 
temperature detector (RTD) system. The thermal flow 
sensor consists of Au electrodes and is the extension 
of one of the transistor metal layers (Figure 2). This 
metal layer can be further extended to serve as a 
signal path, bonding pad, and RFID coil. Current work 
focuses on characterizing, optimizing, and addressing 
the reliability issues related to the operation of these 
TFTs for signal conditioning for sensing applications. 

 ▲ Figure 1: The design outlook for integrated microsystems for sensing applications for 
implantable medical devices. 

 ▲ Figure 2: TFTs on a flexible platform 
with inset image showing the integrated 
thermal flow sensor connection to the 
electronic system.

FURTHER READING

• “$54.28 Billion Implantable Medical Devices Market – Analysis and Trends & Forecasts 2016-2025.” [Online]. Available: https://globenewswire.com/
news-release/2017/01/24/910380/0/en/54-28-Billion-Implantable-Medical-Devices-Market-Analysis-and-Trends-Forecasts-2016-2025.html, Jan. 24, 2017.
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Building Synthetic Cells for Sensing Applications
M. Hempel, E. McVay, J. Kong, T. Palacios 
Sponsorship: AFOSR

Miniaturized sensors equipped with communication 
capabilities enable a new paradigm of sensing in areas 
such as health care and environmental monitoring. For 
example, instead of a patient measuring blood sugar by 
pricking a finger and analyzing a drop of blood exter-
nally, a microscopic sensor platform in the blood stream 
could sense the glucose concentration internally and 
communicate data to the outside world non-invasively.

In this project, we work towards this vision by 
developing a microscopic sensor platform, called 
a synthetic cell (SynCell) that can sense chemical 
substances in liquid media. The concept of our first 
SynCell demonstration is shown in Figure 1. After 
fabrication, the SynCells are lifted off and dispersed 
in water. Upon exposure to a specific substance, the 
chemical sensors onboard the SynCell are designed to 
permanently change their electrical resistance. Later 
on, they will be retrieved by using magnetic pads and 
analyzed externally.

To realize this concept, we designed 100-um-wide 
flexible polymer disk that has three chemical sensors, a 
stored ID number in the form of ROM transistors, and 
integrated magnetic readout pads as shown in Figure 
2. The transistor channels and sensors are made of a 
single atomic layer of molybdenum disulfide (MoS2), 
which is a perfect material for this application because 
it is flexible and easy to integrate into membrane-like 
electronics. Furthermore, it is an excellent material to 
build digital electronics and very sensitive sensors. 

With our first iteration of the SynCells, we 
demonstrated functional transistors and developed a 
process to lift the disks off the fabrication substrate 
and disperse them in solution. We also showed the 
ability to manipulate the SynCells with external 
magnetic fields. In the next steps, we want to show 
fully functional SynCells and demonstrate the ability 
to magnetically retrieve them.

 ▲ Figure 1: SynCell concept of sensing an analyte in a liquid 
environment. After chemical exposure, the SynCell will be 
retrieved by magnetic pads and measured externally.

 ▲ Figure 2: The Syncell consists of 3 chemically sensitive transis-
tors, as well as 6 transistors that give the cell a unique ID number 
for identification.

FURTHER READING

• S. S. Varghese, S. H. Varghese, S. Swaminathan, K. K. Singh, and V. Mittal, “Two-Dimensional Materials for Sensing: Graphene and Beyond,” 
Electronics, vol. 4, no. 3, 651–687, Sep. 2015.

• L. Y. Chen, K. B. Parizi, H. Kosuge, M. Milaninia, M. V. McConnell, H. S. P. Wong, and A. S. Y. Poon, “Mass Fabrication and Delivery of 3-D Multilayer 
µTags into Living Cells,” Scientific Reports, vol. 3, 2295, Jul. 2013.

• L. Yu et al, “Design, Modeling, and Fabrication of Chemical Vapor Deposition Grown MoS2 Circuits with E-Mode FETs for Large-Area 
Electronics,” Nano Lett., vol. 16, no. 10, 6349–6356, Oct. 2016.
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Close-Packed Silicon Microelectrodes for Scalable Spatially Oversampled Neural 
Recording
J. Scholvin, K. Payer, C. G. Fonstad, E. S. Boyden 
Sponsorship: Simons Center for the Social Brain at MIT, Paul Allen Family Foundation, NYSCF, NIH, NSF, CBMM

Two major goals of neuroscience are to understand 
how the activity of individual neurons yields net-
work dynamics and how network dynamics yields 
behavior (and causes disease states). Reaching this 
goal requires innovative neuro-technologies with 
orders-of-magnitude improvements over traditional 
methods. Nanofabrication can provide the scalable tech-
nology platform necessary to record with single-spike 
resolution the electrical activity from a large number of  
individual neurons, in parallel and across different 
regions of the brain. By combining innovations in fab-
rication, design, and system integration, we can scale 
the number of neural recording sites: from traditionally 
a small number of sparse sites, to currently over 1000 
high-density sites, and in the future beyond many thou-
sands of sites distributed through many brain regions.

We designed and implemented close-packed 
silicon microelectrodes (Figure 1) to enable the spatially 

oversampled recording of neural activity (Figure 2) in a 
scalable fashion, using a tight continuum of recording 
sites along the length of the recording shank, rather 
than discrete arrangements of tetrode-style pads or 
widely spaced sites. This arrangement, thus, enables 
spatial oversampling continuously running down the 
shank, so that sorting of spikes recorded by the densely 
packed electrodes can be facilitated for all the sites of 
the probe simultaneously.

We use MEMS microfabrication techniques to 
create thin recording shanks and a hybrid lithography 
process that allows a dense array of recording sites, 
which we connect to with submicron-dimension 
wiring. We have performed neural recordings with our 
probes in the live mammalian brain. Figure 2 illustrates 
the spatial oversampling potential of closely packed 
electrode sites. 

 ▲ Figure 1: Close-up view of the tip section of a recording 
shank, showing the two columns and a dense set of rows. The 
close-packed pads are visible as light squares in the center of 
the shank. Insulated metal wires connect to the individual sites, 
running next to the recording sites along length of the shank, 
visible as dark lines flanking the rows of light squares. The shank 
itself has a width of ~50-60 μm in the region shown (d), and is 
15 μm thick (e).

 ▲ Figure 2: Example of in vivo data from a 2-column 
by 102-row shank. The spatial oversampling enables 
spikes to be picked up by many nearby recording sites 
(9 x 9-µm pads, at a 10.5-µm pitch), to facilitate auto-
mated data analysis. The data shown here is a snapshot 
of data collected by a multi-shank, 1020-channel 
device.

FURTHER READING
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A Portable Bioimpedance Spectroscopy Measurement System for Congestive Heart 
Failure Management
M. K. Delano, C. G. Sodini 
Sponsorship: MEDRC, Analog Devices, Inc.

Congestive heart failure (CHF) is a chronic medical 
condition that causes reduced exercise tolerance; 
shortness of breath; and fluid buildup in the lungs, legs, 
and abdomen. The disease must be managed carefully 
to prevent hospitalizations. While CHF-related mortal-
ity has reduced in recent years, this reduction has been 
accompanied by an increase in hospitalizations and 
readmissions. A home monitoring and management 
system for patients with CHF could help reduce the 
number of CHF-related hospitalizations and reduce the 
impact of CHF on the United States healthcare system. 

We have developed a portable (and eventually 

wearable) bioimpedance spectroscopy system (BIS) to 
monitor fluid status levels of patients at the calf via 
a wearable compression sock. Our system has been 
evaluated in the lab and with healthy volunteers, and 
we are in the process of testing the system alongside 
a commercial BIS system (SFB7) in the hemodialysis 
unit at MGH to measure volume change. A wearable 
CHF home management system that includes our BIS 
system, coupled with self-tracking tools and behavior 
change concepts, could empower patients to more 
easily manage their condition and reduce the likelihood 
of (re)hospitalization.

 ▲Figure 2: Bioimpedance spectra for a dialysis patient 
before (blue) and after (red) their session. Increased 
impedance at low frequencies implies increase Re (extra-
cellular resistance) and decreased edema.

 ▲Figure 1: The portable bioimpedance spectroscopy mea-
surement system inside the enclosure.

FURTHER READING

• M. Delano and C. G. Sodini, “A Long Term Wearable Electrocardiogram Measurement System,” Body Sensor Networks Conference, 1-6, 2013.
• E. Winokur, M. Delano, and C. G. Sodini, “A Wearable Cardiac Monitor for Long-Term Data Acquisition and Analysis,” IEEE Transactions on 
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• D. He, E. S. Winokur, and C. G. Sodini,  “An Ear-Worn Vital Signs Monitor,” IEEE Transactions on Biomedical Engineering, vol. 62, no. 11, 2547-2552, 
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Wearable and Long-Term Subdermal Implantable Electroencephalograms
J. Yang, C. G. Sodini
Sponsorship: CICS

Electroencephalography (EEG) has long been used by 
neurologists to aid in diagnosing and treating neuro-
logical disorders ranging from sleep apnea to epilepsy. 
EEG can also be used as a quantitative measure of 
the depth of anesthesia for intensive care unit (ICU) 
monitoring.  However, inherent difficulties still exist 
in capturing EEG data for extended periods of time on 
the order of days to weeks in humans. Such difficulties 
due to implementation challenges and usability lead to 
patient non-compliance. These challenges also curtail 
EEG use in clinical ICU settings due to the complexity 
of the setup. 

This work aims to address these issues by 
extending the functionality and performance of 
a previously designed EEG ASIC. A design for a 
subdermal, implantable EEG recording system for long-
term EEG monitoring as well as a simplified wearable 
EEG sensor is realized. 

The implantable design is an 8-channel, 250Hz 
bandwidth EEG system in a 14.0mm x 15.5mm package 
that is wirelessly powered by an external device 
through inductively coupled coils with backscattering. 
The device is placed subdermally above the skull 
for continuous patient EEG monitoring for up to a 
month to aid neurologists with epilepsy diagnosis. 
This device is especially important given the severity 
of antiepileptic drugs’ side effects. The performance of 
this device is verified through animal studies in pigs.

This work is also extended to the design of a 
wearable, wireless EEG patch for clinical settings. 
The device is a 20mm x 24mm, 4-channel, 250Hz 
bandwidth, Bluetooth low-energy (BTLE) electronics 
package with adhesive electrodes that can be quickly 
applied. This device is aimed to assist neurologists 
and anesthesiologists to titrate anesthetic drugs as 
well as more accurately monitor depth of anesthesia 
in operating room settings.  Results are verified using 
patient data in clinical settings.

 ▲Figure 1: Subdermal EEG device being implanted into a live pig 
model. The 8 electrodes point towards the nose of the pig; ground 
and reference electrodes point towards the back. 

 ▲Figure 2: Wearable EEG device with programmer inter-
face board attached. The device is adhered to the user’s 
forehead by adhesive electrodes. 
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Continuous and Non-Invasive Arterial Pressure Waveform Monitoring using 
Ultrasound 
J. Seo, C. G. Sodini, H.-S. Lee  
Sponsorship: Samsung Fellowship, MEDRC, Phillips

An arterial blood pressure (ABP) waveform provides 
valuable information for understanding cardiovascu-
lar diseases. The ABP waveform is usually obtained 
through an arterial line in an intensive care unit (ICU). 
Although considered the gold standard, this method 
brings the disadvantage of its invasive nature. Non-
invasive methods based on vascular unloading, such 
as Finapres, are not suitable for prolonged monitoring 
due to their obstructive nature. Therefore, reliable 
non-invasive ABP waveform estimation has long been 
desired by medical communities. Medical ultrasound is 
an attractive imaging modality because it is inexpen-
sive, free of ionizing radiation, and suitable for portable 
system implementation.

The proposed ultrasonic ABP waveform 
monitoring is achieved by observing the pulsatile 
changes of the cross-sectional area and identifying the 
elastic property of the arterial vessel, represented by 
the pulse wave velocity (PWV; the propagation speed of 
a pressure wave along an arterial tree) with a diastolic 

blood pressure measurement as a baseline. The PWV 
can be estimated by obtaining a flow-area plot and 
then measuring the slope of an initial linear region in 
the flow-area plot during a reflection-free period (e.g. 
the early systolic stage). 

A prototype ultrasound device was designed to 
obtain a blood flow waveform and a diameter waveform 
simultaneously to implement the proposed technique 
as shown in Figure 1. A pre-clinical test was conducted 
on nine healthy human subjects to demonstrate the 
proof of concept. Figure 2 presents the comparison 
between the ABP waveform obtained at the middle 
finger with Finapres and the ABP waveform at the 
left common carotid artery from the prototype. The 
sharper ABP peaks from the Finapres are expected 
due to the reflection at the peripheries. Currently, 
the clinical study in comparison to the gold standard 
A-line measurement in the ICU at the hospital is being 
prepared.

 ▲Figure 1: The prototype ultrasound system and transducer 
assembly. The system is capable of a sufficient data rate to 
display blood flow and arterial pulsation simultaneously. Ultra-
sound gel pad is utilized to achieve acoustic coupling between 
the transducer surface and the skin.

 ▲Figure 2: Comparison of the estimated carotid ABP 
waveform to the finger ABP waveform. The finger wave-
form shows a sharper systolic peak due to pulse pressure 
amplification at peripheral arterial sites. Diastolic pressures 
from both methods are aligned.

FURTHER READING

• J. Seo, S. J. Pietrangelo, H.-S. Lee, and C. G. Sodini, “Carotid Arterial Blood Pressure Waveform Monitoring using a Portable Ultrasound System,” 
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Three-Dimensional, Magnetic Resonance-Based Electrical Properties Mapping
J. E. C. Serrallés, A. G. Polimeridis, R. Lattanzi, D. K. Sodickson, J. K. White, L. Daniel 
Sponsorship: NSF

Magnetic resonance imaging (MRI) has proven to be a 
safe and versatile tool in medical practice and clinical 
research. Clinical MRI typically relies on magnetiza-
tion, T1-weighting, and T2-weighting as its contrast 
mechanisms. The dependence on these mechanisms 
is disadvantageous because these quantities are not 
guaranteed to vary from tissue to tissue, potentially 
obscuring the true contrast of the tissues. Additionally, 
the use of magnetization discards valuable informa-
tion that describes how the scatterer interacts with 
fields generated by a scanner. The aim of our research is 
instead to use this extraneous information to generate 
maps of relative permittivity and conductivity, thereby 
significantly increasing contrast in MR images at the 
expense of computation time.

The task of inferring these material properties is 
referred to as inverse scattering, a subclass of what are 

called inverse problems. Inverse scattering problems 
typically suffer from slow convergence rates and 
require several full-wave electromagnetic simulations 
per iteration of the procedure. Our approach, called 
Global Maxwell Tomography, uses a volume integral 
equation suite, MARIE, which is custom-tailored for 
the typical MR setting and which results in runtimes 
that render the inference process tractable. Our 
algorithm is capable of reconstructing the known 
electrical properties of objects, in simulation, with use 
of measured MR data on the horizon. The ability to 
infer electrical property maps rapidly from MR data 
would not only improve the reliability of MRI but also 
pave the way for applications like automated tumor 
identification, patient-specific MR shimming, and real-
time monitoring of heat deposition in tissue by MR 
coils, among others.

 ▲Figure 1: Relative permittivity map of phantom with known 
electrical properties and geometry, along a central slice. This 
constitutes the ground truth to which the algorithm should 
converge.

 ▲Figure 2: Reconstructed relative permittivity map of the 
same phantom, when starting from a completely homogeneous 
initial guess. Reference fields are generated in simulation.

FURTHER READING
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MARIE: A MATLAB-Based Open Source MRI Electromagnetic Analysis Software
J. F. Villena, A. Polimeridis, J. E. C. Serralles, L. Wald, E. Adalsteinsson, J. White, L. Daniel 
Sponsorship: NIH, Skoltech Initiative on Computational Mathematics

Our Magnetic Resonance Integral Equation suite (MARIE) 
is a numerical software platform for comprehensive fre-
quency-domain fast electromagnetic (EM) analysis of MRI 
systems. The tool is based on a combination of surface and 
volume integral equation formulations. It exploits the char-
acteristics of the different parts of an MRI system (coil array, 
shield, and realistic body model), and it applies sophisticated 
numerical methods to rapidly perform all the required EM 
simulations to characterize the MRI design: computing the 
un-tuned coil port parameters, obtaining the current distri-
bution for the tuned coils, and obtaining the corresponding 
electromagnetic field distribution in the inhomogeneous 
body for each transmit channel.

The underlying engine of MARIE is based on integral 
equation methods applied to the different domains that 
exist in traditional MRI problems (for example, except in 
interventional cases, the coil and body occupy separate 
spaces). The natural domain decomposition of the problem 
allows us to apply and exploit the best modeling engine 
to each domain. The inhomogeneous human body model 
is discretized into voxels and modeled by volume integral 
equation (VIE) methods. The homogeneous conductors that 
form the coil design and shield are tessellated into surface 
triangles (that allow the modeling of complex and conformal 
geometries), and modeled by surface integral equation (SIE) 
methods. Both models are coupled by applying standard 
dyadic Green functions. Due to the nature of integral 
equation methods, there is no need to model or discretize 
the surrounding air or non-electromagnetic materials, 
although the solution fields can be computed anywhere 
outside the discretized domain by applying the same free-
space Green functions. No boundary condition needs to be 
defined (integral equations satisfy the radiation condition 
by construction), which simplifies the setting of the problem 
for the user: the inputs are the voxelized definition of the 
inhomogeneous body model, the tessellated geometry of 

the coil design (which the external ports defined), and the 
frequency of operation.

Once the models are generated, fast numerical methods 
are applied to solve the complete system. A set of nested 
iterative methods with the appropriate preconditioning is 
used to solve the effect of each port. Fast Fourier transform 
(FFT) techniques exploit the regularity of the voxelized grid 
and accelerate the matrix vector products. Depending on 
the different scenarios for analysis, some numerical models 
or tasks can be pre-computed to accelerate the solution, and 
many strategies are used to reduce either computational 
time or memory consumption.

The software runs on MATLAB and is able to solve a 
complex scattering problem in ~2-3 min. on a standard single 
GPU-accelerated windows desktop machine. On the same 
platform, it can perform a frequency sweep of a complex coil 
in ~3-5 min. per frequency point. Furthermore, it can solve 
the complete inhomogeneous body and coil system in ~5-10 
min. per port, depending on the model resolution and error 
tolerance required. Intended to be a development platform, 
it includes a simple and intuitive graphic user interface (see 
Figure 1 for a snapshot) for standard analysis and a set of 
well-documented scripts to illustrate how to use the core 
numerical functions to perform more advanced analyses, 
to allow experienced users to create their own analysis by 
using or modifying the existing code. The input of the body 
is voxel-based and can be read from simple files that define 
position and tissue properties. The input of the coil design is 
based on standard triangular geometric descriptions, widely 
popular and with multiple open-source mesh generators 
available. The underlying numerical routines can be used to 
generate standard results, such as the B1+, B1-, and E maps 
presented in Figure 2, or to address other relevant problems, 
such as the generation of ultimate intrinsic SNR and SAR 
on realistic body models, fast coil design and optimization, 
and generation of patient-specific protocols, among others.

 W Figure 1: Snap-
shot of MARIE’s 
graphic user inter-
face with body and 
coil models loaded, 
for which the sim-
ulation results are 
shown in Figure 2.

 W Figure 2: Compar-
ison of the (left) B1+, 
(center) B1-, and 
(right) RMS(E) maps 
for a body model. Top 
maps are with SEM-
CAD (SPEAG), bot-
tom with MARIE.
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Automated Modeling of Large-Scale Arterial Systems 
Y.-C. Hsiao, Y. Vassilevski, S. Simakov, L. Daniel 
Sponsorship: MIT-Skoltech

Diagnosing medical conditions based on non-invasive 
(or minimally invasive) measurements requires simul-
taneous modeling for both local pathological arteries 
and global arterial networks in order to correlate the 
available measurements with the actual pathologies. 
For instance, diagnosing atherosclerosis or an aneu-
rysm requires detailed understanding of the pressure 
and flow inside the bifurcation segments. Such infor-
mation is typically not measurable at pathological sites 
but may still be attainable if it can be inferred from 
other measurements. Therefore, it is crucial to develop 
accurate yet efficient global arterial models such 
that the correlations between the pathologies and 
the available measurements can be established. The 
final diagnosis can be obtained by solving an inverse 
problem for the pathological parameters, for instance, 
aneurysm internal diameter, arterial wall thickness, 
plague stiffness, etc.  

For this strategy to be effective, the model for 
such a large-scale arterial network must be compact, 
computationally tractable, and field-solver-accurate. 

We have proposed an innovative technique to 
automatically generate nonlinear dynamic models 
using measurement data or simulations results from 
partial-differential-equation (PDE) solvers, as shown 
in Figure 1. The generated models are guaranteed 
numerically stable, both when simulated alone 
and when interconnected within a network. This 
stability enables the hierarchical modeling capability, 
generating models for local sub-networks such as 
branches and bifurcations and interconnecting 
them to form a global network. An example of such 
geometry decomposition is demonstrated in Figure 
2. This approach allows full exploitation of artery 
geometries without compromise due to the shape 
complexity. In addition, because the modeling efforts 
are subdivided into local model generations, the 
corresponding finite-element problems for generating 
training data have a tractable size. Therefore, the fluid 
dynamics PDEs, such as viscosity and turbulence, can 
be fully utilized to capture all types of nonlinearities 
without simplification. 

 ▲ Figure 1: Pressure profile (upper) and velocity profile (lower) 
of the human abdominal aorta and iliac arteries. 

 ▲ Figure 2: Arterial network decomposition into local models. 
Each model is automatically generated using our proposed 
algorithm. The simulation of the overall system is accurate, 
efficient, and guaranteed numerically stable.
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Living Materials Library
B. Datta, S. Sharma, N. Oxman, V. M. Bove, Jr. 
Sponsorship: MIT Media Lab Research Consortium

The control of living systems as part of design inter-
faces is of interest to both the scientific and design 
communities due to the ability of living organisms to 
sense and respond to their environments. They may, 
for example, detect and break down harmful envi-
ronmental agents or create beneficial products when 
environmental levels drop below a certain threshold. 
However, it is also important for these systems to be 
reversible so that the biological components are active 
only when their functionality is necessary, and the 
system can remain dormant otherwise. 

The Living Material Library is an exploration of tu- 
nable hybrid systems. Our work in this area demon-
strates the means through which intrinsic material 
properties may be functionally changed through 
environmental factors and, in turn, serve as dynamic 
substrates for living systems. Nearly all organisms have 
highly developed sensing capabilities and have been 
shown to respond behaviorally to changes in substrate 
properties. By creating a tunable and reversible material 

system, we explore how cell behavior such as adhesion, 
patterning, and differentiation may be influenced via 
an active interface.

In this iteration, we propose a reversible material 
system that allows for control of living interactions 
(much like a light switch). We are particularly interested 
in fluid material systems (such as electrorheological 
fluids) that transition from a liquid-like to a solid-like 
state when exposed to electric fields and currents. This 
endeavor brings to light the complex relationship 
between dynamic materials and living systems. While 
other methods of cell intervention often rely on light, 
chemicals, or temperature, here we explore substrate 
material properties as inputs for organisms.  Our 
library may allow for more directed inquiry into 
processes such as collective cell durotaxis, general 
mechanotaxis, and active sensing. This marks an initial 
foray into establishing candidate design methods for 
responsive applications.

 ▲ Figure 1: Candidate material for responsive material substrate  
(helium ion microgram of chitosan).

 ▲ Figure 2: Candidate material for responsive material substrate 
 (helium ion microgram of zeolite 13x).
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An Energy-Efficient, Fully Integrated 1920x1080 H.265/HEVC Decoder  
with eDRAM
M. Tikekar, V. Sze, A. P. Chandrakasan  
Sponsorship: TSMC University Shuttle Program, NSF

Video playback on mobile devices has become extreme-
ly popular in recent years to the extent that video ac-
counts for 55% of all mobile data traffic. In response, 
new video coding standards that efficiently compress 
video without sacrificing quality have been devel-
oped. H.265/ High Efficiency Video Coding (HEVC), the 
state-of-the-art video-coding standard, achieves 2x 
coding efficiency over its predecessor H.264/Advanced 
Video Coding (AVC). However, it comes at the cost of 
increased energy and area for video decoding due to 
computational complexity and memory accesses. In 
particular, data movement to/from off-chip dynam-
ic random-access memory (DRAM) dominates energy 
consumption, consuming 2.8x-6x more energy per pixel 
than the processing itself. Accordingly, the focus of this 
work is to minimize the energy cost of data movement 
for an H.265/HEVC decoder.

Wearable devices such as smartwatches, smart 
glasses, and fitness trackers have stringent budgets 
for power (< 100mW) and form factor. Previous work 

has focused on video specifications of 4K and beyond, 
which are better suited for devices with larger power 
budgets like smartphones, tablets, set-top boxes, etc. 
The large frames need to be stored in DRAM, which 
dominates the overall system power. For example, 
our previous chip uses DDR3 memory which has 
a background power of 92mW. Embedded DRAM 
(eDRAM) helps reduce system power and physical 
footprint but requires more frequent refreshes than 
DRAM.

In this work, we propose several techniques to 
reduce the amount of data movement and optimize 
for overall system energy. The energy cost of data 
movement consists of active power for reading from/
writing to memory and standby power for retaining 
memory contents. Through optimized data storage and 
movement, both active and standby energy cost can be 
minimized. We demonstrate the proposed techniques 
in a fully integrated H.265/HEVC decoder that does not 
require any external components.

 ▲Figure 1: Block diagram of H.265/HEVC video decoder showing main processing blocks and syntax elements. The memory band-
width and chip power are dominated by data access to the frame buffer by the motion compensation unit.
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Ultra-Low-Power, High-Sensitivity Secure Wake-Up Transceiver  
for the Internet of Things
M. R. Abdelhamid, A. P. Chandrakasan 
Sponsorship: Delta Electronics

Nanopower Internet-of-Things (IoT) devices are evolv-
ing yearly and increasing in size to an estimate of 
more than 70 billion devices in just ten years. Such 
devices usually operate at short ranges for personal 
health monitoring, home automation systems, and lon-
ger-range industrial monitoring. Unfortunately, all of 
these nodes consume a huge portion of their energy on 
their wireless communication systems. In this work, we 
propose protocol optimizations for sensor-node driven 
communications. For base-station driven communica-
tion, we propose to achieve power reduction through 
an ultra-low-power wake-up receiver with optimiza-
tions in the protocols as well as the circuits.

Wireless protocols such as Bluetooth low energy 
(BLE) are optimized for short packets with small 
preambles and header sizes. However, low duty-
cycle performance in the default connected-mode 
of operation is limited by periodic beacons and 
the requirement that the node absorbs the timing 
uncertainties. The analysis of a commercial BLE radio 

performance, shown in Figure 1, shows that the average 
power is bounded to tens of microwatts due to the 
protocol overhead. Such consumption would not last 
several years using conventional coin cell batteries.  
Fortunately, the standby power is much less, and an 
optimized protocol can be developed to complete the 
wake-up without a full connection while achieving 
sub-µW consumption. On the wake-up receiver chain, 
the design can exploit the protocol trade-offs as 
well as the wake-up scheme to maintain the system 
specifications. Additionally, the tremendous growth of 
IoT devices allows open communication among all sorts 
of devices. With such a huge amount of data flowing 
through the network, security becomes a critical issue. 
Hence, we propose the wake-up transceiver system 
shown in Figure 2, where a transmitter closes the 
loop by providing small amounts of data sporadically 
upon request and creates a two-way communication 
channel for secure wake-ups and transmissions.  

 ▲Figure 1: Commercial BLE performance analysis.  ▲Figure 2: Block diagram of the proposed wake-up receiver.
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Energy-Efficient Security-Acceleration Core for the Internet of Things 
U. Banerjee, C. Juvekar, A. P. Chandrakasan

The Internet of Things (IoT) has introduced a vision of 
an Internet where all computing and sensing devices 
are interconnected. Digitally connected devices are en-
croaching on every aspect of our lives, including our 
homes, cars, offices, and even our bodies. Researchers 
estimate that there will be over 50 billion wireless con-
nected devices by 2020. On one hand, the IoT enables 
fundamentally new applications, but on the other, 
these devices are attractive targets for cyber attackers, 
thus making IoT security a major concern. According 
to a security survey from 2016, only 10% IoT products 
have adequate security features.

Most commercial IoT transceivers either have 
no security implementations in hardware or only 
support symmetric key primitives like Advanced 
Encryption Standard (AES). To achieve end-to-end 
security in IoT networks, public key algorithms, like 
elliptic curve cryptography (ECC) are indispensable. 
Software implementations of these algorithms 

involve significant computational costs, and the 
power consumption presents a bottleneck in resource-
constrained environments. In this work, we propose 
to design low-power security-acceleration hardware 
that interfaces with a standard micro-processor and 
supports ECC for key exchange and digital signatures, 
along with standard cryptographic components 
like AES (Figure 1), thus alleviating the security and 
efficiency trade-off observed in embedded devices.

Our work also focuses on optimizing network 
security protocols for efficient implementation in 
embedded devices. Standard implementations of 
these protocols tend to have a large communication 
overhead, which becomes an additional concern for 
battery-powered or energy-harvesting IoT devices. 
Therefore, our proposed hardware can not only 
secure private data using low power cryptographic 
computations, but also reduce energy consumption of 
the RF transceiver (Figure 2).

FURTHER READING

• IO Active Press Release, “Less Than 10% of Internet of Things (IoT) Products Have Adequate Security According to Practitioner Survey,” Jun. 
2016. [Online]. Available: http://www.ioactive.com/news-events/iot-products-have-inadequate-security-according-to-practitioner-survey.html

• P. Miranda, M. Siekkinen, and H. Waris, “TLS and Energy Consumption on a Mobile Device: A Measurement Study,” in IEEE Symposium on 
Computers and Communications (ISCC), 983-989, 2011.

 ▲Figure 1:  Security coprocessor for IoT to accelerate crypto- 
graphic primitives like AES, SHA and ECC. The hardware 
accelerator, which interfaces with a micro-processor, can be 
used to implement standard transport layer security protocols.

 ▲Figure 2: Wireless sensor node using the proposed 
security coprocessor to send encrypted data all the way 
to the cloud. Application payloads are fully encrypted so 
that intermediate nodes can process and modify network 
addresses without gaining access to the actual data.

http://www.ioactive.com/news-events/iot-products-have-inadequate-security-according-to-practitioner-survey.html
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An Offset-Cancelling, Four-Phase Voltage Sense Amplifier for Resistive Memories 
in 14-nm CMOS
A. Biswas, U. Arslan, F. Hamzaoglu, A. P. Chandrakasan
Sponsorship: Intel Corporation

Resistive memories are a class of non-volatile embed-
ded memories that have the potential to be a universal 
memory technology by providing the density of dynam-
ic random access memory (DRAM), the speed of static 
random access memory (SRAM), and the non-volatility 
of Flash. Resistive memories typically consist of a 1T-1R 
structure, i.e., a resistive storage device, e.g., a magnetic 
tunnel junction (MTJ) for spin-transfer-torque random 
access memory (STT-RAM) and an access transistor. 
There are two resistance states: high-resistance (RH ‘1’) 
and low-resistance (RL ‘0’), where RH = (1+TMR)*RL. For 
MTJ devices the tunnel-magneto-resistance ratio (TMR) 
is typically around 100%-200%, depending on technol-
ogy, temperature, etc., which makes it challenging to 
distinguish the two resistance states correctly. On the 
other hand, due to increasing variations in sub-32-nm 
complementary metal-oxide semiconductor (CMOS) 
processes along with variation in MTJ resistance, it 
becomes challenging to design a read-sensing scheme 
that achieves low read disturbance and high yield. 

In this work, we try to address these issues to design 
a robust read-sensing circuit for resistive memories 
that would work for yield >5.5 and reduce power 
consumption. The robustness to variations is achieved 
mainly in two ways. First, due to the pseudo-differential 
nature of the sensing scheme (comparing data to two 
references ‘ref1’ and ‘ref0’), we get 2x the signal margin 
as compared to a single reference scheme. Second, the 
offset-cancellation of the sense-amplifier (SA) makes 
it more suitable to tolerate variation from the array 
due to MTJ resistance variation. The proposed SA was 
implemented in a 14-nm CMOS process. It achieved 
correct operation with 20mV input and a DC offset- 
of 1.9mV. This shows that the SA can tolerate large 
variations from the memory array to achieve a high 
yield. On the other hand, due to the offset-cancellation 
technique, the SA can be designed using small devices 
to achieve low area and power. Hence it benefits from 
CMOS technology scaling.

 ▲Figure 1: (a) Proposed resistive-divider based pseudo-
differential read sensing technique for resistive memories, 
(b) Proposed 4-phase sense amplifier with full offset-
cancellation.

 ▲Figure 2: Measured sense amplifier offset distribu-
tion for data ‘0’ and data ‘1’. DC offset is shown at the 
bottom.
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A Pipelined ADC with Low-Gain, Low-Bandwidth Op-amps
T. Jeong, A. P. Chandrakasan, H.-S. Lee 
Sponsorship: Korea Foundation for Advanced Studies, CICS, STMicroelectronics

Among various analog-to-digital converter (ADC) ar-
chitectures, pipelined ADCs are well suited for appli-
cations that need medium to high resolution above 
hundreds-of-megahertz sampling rate. In order to ob-
tain good linearity, conventional pipelined ADCs must 
minimize MDAC charge-transfer error by employing 
high-gain, fast-settling op-amps (Figure 1).  However, 
such op-amp design has become increasingly difficult 
due to the reduced intrinsic gain and voltage headroom 
in a fine-line complementary metal-oxide semiconduc-
tor (CMOS) technology. With low intrinsic gain devices, 
either gain-boosting technique or multi-stage topology 
is necessary to make the op-amp meet the gain require-
ment. Using a decreased power supply demands larg-
er capacitance to maintain the same level of SNR. As 
a result, the power consumption of op-amps becomes 
prohibitively large. 

In order to address this issue, numerous 
techniques have been proposed. Digital calibration has 
been one of the popular ways to use low-performance 
op-amps in pipelined ADCs. By taking advantage of 

digital computation, op-amp-induced MDAC charge-
transfer errors are measured and removed in the 
digital domain. More specifically, dithering injection or 
the least-mean-square algorithm has been exploited to 
model the MDAC nonlinearity and digitally calibrate 
the error. In the same context of relaxing op-amp 
performance requirements, novel analog circuit 
techniques have also been developed. Virtual ground 
reference technique and correlated level shifting 
are techniques that improve MDAC performance 
without using high-performance op-amps. In some 
approaches, op-amps are completely replaced by other 
circuitries that are more amenable to the scaled CMOS 
technologies. A zero-crossing-based pipelined ADC is a 
representative example of such approaches.

 In this project, we propose a digital calibration 
scheme for op-amp-based pipelined ADCs. To validate 
the functionality of the proposed calibration technique, 
a proof-of-concept ADC has been designed in 28-nm 
CMOS technology and is currently being fabricated. 

 ▲Figure 1: Settling behavior of MDAC during charge-transfer phase.
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Data-Dependent SAR ADC
H. S. Khurana, H.-S. Lee, A. P. Chandrakasan 
Sponsorship: CICS

This work on successive-approximation-register (SAR) 
analog-to-digital converters (ADCs) (Figure 1) aims at 
improving data-dependent savings in energy in key 
components of a SAR ADC by leveraging the informa-
tion available from the signal’s immediate past samples 
and the signal type. The dominant energy consuming 
components are the DAC and comparator.

Energy expenditure in DAC per sample conversion 
depends on the DAC topology and sequence of steps 
taken during successive approximations. Energy in a 
comparator is directly proportional to the number of 
comparisons done per sample conversion. A design 
with data-dependent savings takes advantage of the 
correlation between successive samples in completing 
the conversion in fewer bit-cycles and also operate 
DAC energy-efficiently.

Previous work presents data-dependent savings 
by doing least-significant-bit (LSB) first successive 
approximation to convert an input sample. By 
starting with a previous sample and doing LSB-first, 
the algorithm converges in a fewer number of cycles 
than conventional most-significant-bit (MSB) first 
SAR conversion. Fewer cycles translate into energy 
savings in the comparator and DAC. Another work 
developed successive approximation algorithms to 
find a sub-range from the full range in a few cycles 
before carrying on a binary search in this small range. 
In this work, we investigate a SAR ADC with a search 
algorithm based on the statistical characteristics of 
the signal for optimum energy expenditure.
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 ▲Figure 1: SAR ADC.
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High-Performance GaN HEMT Track-and-Hold Sampling Circuits  
with Digital Post-Correction
S. Chung, P. Srivastava, X. Yang, T. Palacios, H.-S. Lee
Sponsorship: MIT/MTL GaN Energy Initiative, ONR

The performance limit of integrated systems for 
emerging high-performance applications such as ultra-
fine imaging and sensing, advanced wireline communi-
cation, and data server optical networks often comes 
from analog-to-digital converters (ADCs) whose perfor-
mance is, in turn, limited at least partly by a track-and-
hold sampling circuit (THSC). The low supply voltage 
of deeply scaled complementary metal-oxide semicon-
ductor (CMOS) transistors determines the THSC input 
signal range, therefore becoming a fundamental barrier 
to the signal-to-noise ratio (SNR) of CMOS circuits. 

This research ultimately aims to design ultra 
high-performance THSCs in GaN-on-Si technology, 
which monolithically integrates GaN high-electron-
mobility transistors (HEMTs) with Si-CMOS transistors. 
Operating GaN HEMTs at a high voltage (>30 V) allows a 
very large input swing (>16 V) and provides performance 
beyond the limit of CMOS THSCs. As a first step, we 
designed two GaN HEMT THSCs. The first THSC was 
fabricated in a commercial GaN foundry technology on 
SiC substrate, providing 98-dB SNR at 200-MS/s (Figure 
1). The second THSC design was fabricated in a GaN 
technology that was developed at MTL on Si substrate, 
which operates at 1 GS/s thanks to a higher current-gain 

cutoff frequency fT and external gate-bootstrapping 
clock (Figure 2). 

While these two GaN THSCs achieved very 
high SNR at a given input frequency, they suffered 
from nonlinearity. We characterized how the static 
nonlinearity and dynamic memory effects of GaN 
HEMT THSCs affect the sampled output; we observed 
that the GaN HEMT dynamic on-resistance does not 
significantly degrade the THSC linearity because the 
capacitive load does not suffer from on-resistance 
variation on the sampled voltage. We identified that 
most of the dynamic nonlinearity originates from 
the GaN HEMT source-follower buffers for gate-
bootstrapping sampling clock generation. Although 
dynamic nonlinearity correction techniques are 
mature with RF power amplifiers (PAs) and improve 
PA linearity typically by 20-40 dB depending on signal 
bandwidth and modeling accuracy, these pre-distortion 
techniques cannot be directly applied to THSCs. To 
overcome this challenge, we are developing a digital 
post-correction technique, which will demonstrate 
improved linearity of GaN HEMT THSCs without 
using a dedicated reference ADC.

FURTHER READING
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 ▲Figure 1: Pseudo-differential two-stage track-and-hold sam-
pling circuit in 0.25-μm GaN HEMT technology on SiC sub-
strate, which demonstrates 200-MS/s 98-dB SNR and 240-
MHz track-mode bandwidth.

 ▲Figure 2: Track-and-hold sampling circuit with external 
gate-bootstrapping clock in a GaN technology developed at 
MTL on Si substrate, which provides over 700-MHz track-mode 
bandwidth and operates at 1 GS/s.



32 Circuits & Systems MTL ANNUAL RESEARCH REPORT 2017

A CMOS Flash ADC for a GaN/CMOS Hybrid Continuous-Time Δ∑ Modulator
X. Yang, H.-S. Lee 
Sponsorship: ONR

High-speed and low-resolution flash analog-to-digital 
converters (ADCs) are widely used in applications such 
as 60-GHz receivers, serial links, and high-density disk 
drive systems, as well as in quantizers in delta-sigma 
modulators. In this project, we propose a flash ADC 
with a reduced number of comparators by means of 
interpolation. One application for such a flash ADC 
is a hybrid gallium-nitride (GaN) and complementary 
metal-oxide semiconductor (CMOS) delta-sigma mod-
ulator. The GaN first stage exploits the high-voltage 
property of the GaN while the CMOS backend employs 
high-speed, low-voltage CMOS. This combination may 
achieve an unprecedented signal-to-noise ratio (SNR)/
bandwidth combination by virtue of its high input sig-
nal range and high sampling rate. 

One key component of the hybrid modulator 
is a flash ADC. To take advantage of the high signal-
to-thermal-noise ratio of the proposed system, the 
quantization noise must be made as small as possible. 

Therefore, a high-speed, 8-bit flash ADC is proposed for 
this system. Sixty-five comparators are used to achieve 
the six most significant bits. Sixty-four interpolators 
are inserted between the comparators to obtain two 
extra bits. The input capacitance of this design is 
¼ of the conventional 8-bit flash ADC. Therefore, a 
higher operating speed can be achieved. We introduce 
gating logic so that only one interpolator is enabled 
during operation, which reduces power consumption 
significantly. A high-speed, low-power comparator 
with low noise and low offset requirements is a key 
building block in the design of a flash ADC. We choose 
a two-stage dynamic comparator because of its fast 
operation and low power consumption. With the 
scaling of CMOS technology, the offset voltage of the 
comparator keeps increasing due to greater transistor 
mismatch. In this project, we also propose a novel 
offset compensation method that eliminates the speed 
problem.

 ▲Figure 1: Flash ADC architecture, with 65 compara-
tors and 64 2-bit interpolators.

 ▲Figure 2: Schematic of the two-stage 
dynamic comparator.

FURTHER READING

• M. Miyahara, Y. Asada, D. Paik, and A. Matsuzawa, “A Low-Noise Self-Calibrating Dynamic Comparator for High-Speed ADCs,” in Proc. IEEE 
Asian Solid-State Circuits Conf. (A-SSCC), 269-272, Nov. 2008.

• Y.-S. Shu, “A 6b 3GS/s 11mW Fully Dynamic Flash ADC in 40nm CMOS with Reduced Number of Comparators,” in Symp. on VLSI Circuits Dig. 
Tech. Papers, 26-27, 2012.

• M. Miyahara, I. Mano, M. Nakayama, K. Okada, and A. Matsuzawa, “A 2.2GS/s 7b 27.4mW Time-Based Folding-Flash ADC with Resistively 
Averaged Voltage-to-Time Amplifiers,” IEEE Int. Solid-State Circuit Conf. (ISSCC) Dig. Tech. Papers, 388-389, 2014.



MTL ANNUAL RESEARCH REPORT 2017 Circuits & Systems 33

Terahertz Beam-Steering Imager Using a Scalable 2D-Coupled Architecture and 
Multi-Functional Heterodyne Pixels
G. Zhang, C. Wang, J. Holloway, R. Han 
Sponsorship: CICS, IHP Germany

Terahertz (THz) imaging has increasing potentials in 
industrial quality control, security screening, and ac-
curate distance mapping for short-range applications 
such as robots, augmented reality, and virtual reality 
sensing. With the development of a high-power THz 
illumination source, future deployment of THz imag-
ing in autonomous vehicles is also possible in order to 
complement lidar, which fails to operate under foggy 
and dusty conditions, as well as microwave/mmWave 
radar, which does not provide high resolution. An ideal 
imager calls for high spatial/ranging resolution, high 
sensitivity, fast scanning speed, and low SWaP-C (size, 
weight, power, and cost). A THz imager formed by a 
large-scale heterodyne sensing array in a silicon inte-
grated circuit provides the opportunity to achieve all 
these requirements at once.

In this project, we develop a multi-functional design 
of heterodyne pixel and a scalable array architecture. 
Shown in Figure 1, a compact electromagnetic structure  
simultaneously performs voltage-controlled 140-GHz  

local oscillation, 280-GHz-signal receiving, sub-harmonic  
mixing, and intermediate-frequency (IF) signal extraction.  
Each pixel consumes 10-mW power and achieves a 
sensitivity of 2.9 pW in simulation. The local oscillator 
(LO) of the pixel is phase coupled with its neighbors; 
the whole oscillator array is then stabilized by an 
on-chip THz phase-locked loop (PLL, Figure 2).  This 
architecture gives excellent array scalability. First, the 
LO power is evenly distributed and does not degrade in 
a larger array scale as a normal centralized array does. 
Second, the phase noise of the coupled LO network 
improves linearly with the array size. The simulated 
phase noise at 1-MHz frequency offset is -90 dBc/Hz for 
an 8x8 array and -101 dBc/Hz for a 32x32 array. This chip 
is capable of digital beam steering, too.  The simulated 
response of a steered beam direction for a 32x32 array 
is shown in Figure 3. A chip prototype with 10x10 array 
is currently under fabrication using a 130-nm SiGe 
BiCMOS process.
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 ▲Figure 1: The design of the pixel: (left) the LO oscillation, (mid) 280 GHz signal receiving 
and sub-harmonic mixing, (right) and IF signal extraction. 

 ▲Figure 2: The architecture of the chip with LO coupling 
and control by an on-chip PLL.

 ▲Figure 3: Beam steering result of a 32x32 array.
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Broadband Inter-Chip Link Using a Terahertz Wave on a Dielectric Waveguide
J. Holloway, Z. Hu, R. Han 
Sponsorship: ONR, MIT Lincoln Laboratory, Analog Devices, Inc.

The development of data links between different micro- 
chips of an on-board system has encountered a speed 
bottleneck due to the excessive transmission loss and 
dispersion of the traditional inter-chip electrical inter-
connects. Although high-order modulation schemes 
and sophisticated equalization techniques are normally 
used to enhance the speed, they also lead to significant 
power consumption. Silicon photonics provide an alter-
native path to solve the problem, thanks to the excel-
lent transmission properties of optical fibers; however, 
the existing solutions are still not fully integrated (e.g., 
an off-chip laser source is used) and normally require 
process modification to the mainstream complemen-
tary metal-oxide semiconductor (CMOS) technologies. 

Here, we aim to utilize a modulated THz wave 
to transmit broadband data. Similar to the optical 
link, the wave is confined in dielectric waveguides, 
with sufficiently low loss (~0.1dB/cm) and bandwidth 
(>100GHz) for board-level signal transmission (Figure 
1). In commercial CMOS/BiCMOS platforms, we have 
previously demonstrated high-power THz generation 
with modulation, frequency conversion, and phase-
locking capabilities. In addition, a room-temperature 

Schottky-barrier diode detector (in 130-nm CMOS) 
with <10pW/Hz1/2 sensitivity (antenna loss excluded) 
is also reported. The proposed data link will leverage 
these techniques to achieve a >100Gbps/channel 
transmission rate with <1pJ/bit energy efficiency. As 
the first step of this project, we have designed a new 
broadband chip-to-fiber THz wave coupler. In contrast 
to previous couplers using off-chip antennas, our 
THz coupler is entirely implemented using the metal 
backend of a CMOS process and requires no post-
processing (e.g., wafer thinning). The structure is also 
fully shielded, which prevents THz power leakage into 
the silicon substrate. Conventional on-chip radiators 
using ground shield work are the resonance type 
(e.g., patch antenna) and have only <5% bandwidth. 
In comparison, our design is based on a traveling-
wave, tapered structure, which supports broadband 
transmission. A proof-of-concept is shown in Figure 
1: two on-chip couplers are connected with a 2-cm 
waveguide using Rogers 3006 dielectric material. The 
entire back-to-back setup exhibits only ~11dB insertion 
loss across over 60-GHz bandwidth (Figure 2).

 ▲Figure 1: (Top) High-speed, energy-efficient inter-chip transmission 
using guided terahertz wave. (Bottom) A test structure including a pair 
of back-to-back THz integrated couplers separated by a 2-cm dielectric 
waveguide using Rogers 3006. 

 ▲Figure 2: The measured back-to-back insertion 
loss using a two-port network analyzer in the WR-3 
band. 
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Bilateral Dual-Frequency-Combs-Based 220-to-320GHz Spectrometer in 65-nm 
CMOS for Gas Sensing
C. Wang, R. Han 
Sponsorship: NSF, MIT Lincoln Laboratory, CICS 

Millimeter-wave/terahertz rotational spectroscopy 
offers an ultra-wide detection range of gas molecules 
for chemical and biomedical sensing. The linewidth of 
the absorption spectrum, limited by the Doppler effect 
of molecules, has a quality factor near 106, indicating 
absolute specificity for molecule identification. There-
fore, broadband, energy-efficient, and high-precision 
complementary metal-oxide semiconductor (CMOS) 
spectrometers are in high demand. Spectrometers us-
ing narrow-pulse sources and electromagnetic scatter-
ing, although broadband, fail to provide resolution that 
meets the requirement for absolute specificity. Alter-
natively, spectrometers using a single tunable tone not 
only exhibit significant trade-off between bandwidth 
and performance, but also have a low speed limited by 
molecular saturation, which sets an upper bound for 
the single tone power. Given a typical 10-kHz resolution 
and 1-ms integration time, scanning a 100-GHz band-
width with a single signal tone takes as long as 3 hours. 

We report a rapid, energy-efficient spectrometer 
based on a bilateral, dual-frequency-comb architecture. 

This architecture generates and detects multiple 
comb lines by using cascaded continuous frequency 
conversion. Due to the narrow band operation of 
each conversion stage, it significantly increases the 
performance and energy efficiency of the system. A 
220-to-320GHz CMOS spectrometer prototype based 
on this architecture is demonstrated with a total 
measured radiated power of 5.2 mW, which is evenly 
distributed among 10 comb lines. It also serves as a 
10-channel heterodyne receiver with a noise figure of 
14.6 to 19.5 dB within the 220-320GHz band. Through 
the bi-directional parallel operation, this spectrometer 
increases the scanning speed by 20×.  In addition, the 
improved signal-to-noise ratio reduces the integration 
time at each frequency point, so the scanning speed 
and energy efficiency are thus further improved. 
A fraction of rotational absorption spectrum of 
acetonitrile (CH3CN) is measured, and it agrees with the 
JPL molecule catalog and demonstrates the absolute 
specificity of the spectrometer.

 ▲Figure 1: System architecture and measured spectrum of CH3CN using the wideband THz CMOS spectrometer.
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High-Stability, Miniature Terahertz Molecular Clock on CMOS
C. Wang, J. P. Mawdsley, R. Han 
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Frequency reference is an essential component in most 
electronic systems. Applications such as communica-
tion, navigation, and reconnaissance in portable plat-
forms or under GPS-denied environments demand 
highly stable frequency references (Allan deviation 
1×10-12, =1s), which exceed the capability of widely used 
temperature or oven-compensated crystal oscillators. 
Currently, chip scale atomic clocks (CSACs), which rely 
on hyperfine states of alkali atoms, are used at high cost. 
In this work, we develop a low-cost miniature clock on 
a complementary metal-oxide semiconductor (CMOS), 
which relies on rotational energy state transitions of 
gaseous molecules at low-THz range.  The spectral line 
probed by the spectrometer inside our molecular clock 
has a slightly lower quality factor Q compared to that 
in CSACs but a much higher signal-to-noise ratio (SNR). 
The short-term frequency stability, determined by 
the product of Q and SNR, is therefore improved. The 
chemically stable gas molecules used in this clock also 
provide frequency robustness against environmental 

variations (temperature, pressure, Stark effect, and 
Zeeman effect), leading to excellent long-term stability.

An experimental system of molecular clock has 
been demonstrated. The spectral line at 279.865GHz 
of carbonyl sulfide (OCS) is chosen for its strong 
absorption and simple molecular structure. The system 
probes the spectral line using frequency modulated 
terahertz waves and dynamically adjusts a crystal 
oscillator to synchronize the output center frequency 
of the terahertz transmitter with the spectral line. 
The preliminary measured Allan deviation (frequency 
stability) with t=30s is 5×10-11. To achieve ultra-low 
size, weight, power consumption, and cost (SWaP-C), 
a CMOS molecular clock is under development. On 
the transmitter side, it adopts a 40-bits Δ∑ fractional 
PLL with integrated FSK modulation function. On the 
receiver side, a homodyne detector along with lock-in 
detection is used. In simulation, an Allan deviation of 
2×10-12 (t=100s) and DC power consumption of 50 mW 
are obtained.

 ▲ Figure 1: System architecture and measured Allan deviation of the molecular clock.
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2D Quasi-Optical Power Combining at 1 THz: An 80-μW Source in Silicon
Z. Hu, R. Han 
Sponsorship: Analog Devices, Inc., Leibniz-Institut für innovative Mikroelektronik, SMART

Generating high-power signal in the mid terahertz 
(THz) range is a challenge since this frequency band 
lies beyond the fmax of all silicon-based transistors and 
below the typical operation range of quantum cascaded 
lasers. Nevertheless, unique properties of waves in this 
band are highly beneficial for several research fields: (i) 
high-resolution real-time THz imaging, (ii) vibrational 
spectroscopy of large bio-molecules, (iii) sub-μm-pre-
cision vibrometry, etc. The total radiated power of 
previously reported radiator chips near-1 THz was be-
low 10 µW. In addition, there is no prior research on 
quasi-optical power combining in this band, since two 
challenges remain unsolved: (i) maintenance of strong 
coupling across a large-scale array and (ii) high-density 
placement of radiator structures with the integration 
of oscillator, antennas, and couplers, within a limited 
area of (/2 by /2). In this work, we have successfully 
addressed these issues and built a high-power 2D-scal-
able 1THz radiator array in silicon.

Figure 1 shows a conceptual diagram of our design: 
the chip consists of oscillator units coupled in a 2D 
fashion. Coupling is achieved by slotlines on the four 
edges of each unit, which strongly lock the phase (and 
hence frequency) with its four adjacent counterparts. 
Inside each unit, there are two self-feeding oscillators, 

coupled in the differential mode, generating 250-GHz 
fundamental (f0) oscillation and resultant harmonics. 
Among all harmonics, only 4f0 signal at 1 THz is 
radiated while other lower harmonics are re-injected 
into transistors for up-mixing to 4f0. This critical 
function is achieved by forming the standing-wave 
patterns inside the slotlines of the unit so that near-
field radiations at f0 and 3f0 are cancelled between 
horizontally adjacent slots while the radiation at 2f0 is 
cancelled between vertically adjacent slots. 

Lastly, the standing waves at 4f0 in all horizontal 
slotlines are in phase, which leads to efficient coherent 
radiation. Due to the compactness of the design, the 
spacing between neighboring dipole slot antenna 
structures is 1THz/2 in both horizontal and vertical 
directions, permitting large array scale (91 antennas 
in total) and high radiation directivity (24 dB). Figure 
2 shows the setup and results for radiated power 
and pattern measurements using a zero-biased diode 
detector. The measured total radiated power is 80 μW, 
which is 10× higher than the prior state-of-the-arts, 
and the equivalent isotropically radiated power is 13 
dBm. The chip was fabricated using IHP 0.13-μm SiGe 
BiCMOS technology.

        

 ▲Figure 1: The architecture of the radiator array: (top) 
overview of the array and (bottom) 3-D view of a single 
unit.

 ▲Figure 2: Radiation measurement using zero-biased 
diode: (left) measurement setup and (right) measured 
E-/H-plane radiation pattern.

FURTHER READING

• Z. Hu and R. Han, “Fully-Scalable 2D THz Radiating Array: A 42-Element Source in 130-nm SiGe with 80-μW Total Radiated Power at 1.01 THz,” IEEE 
Radio Frequency Integrated Circuits Symposium, Honolulu, HI, Jun. 2017.

• T. Globus et al., “Sub-Terahertz Vibrational Spectroscopy for Microrna Based Diagnostic of Ovarian Cancer,” Convergent Science Physical Oncology, 
2016.

• O. Momeni and E. Afshari, “High-Power Terahertz and Millimeter-Wave Oscillator Design: A Systematic Approach,” IEEE J. Solid-State Circuits, 2011.



38 Circuits & Systems MTL ANNUAL RESEARCH REPORT 2017

uVIO: Energy-Efficient Accelerator for Microdrone Navigation in GPS-Denied 
Environments
A. Suleiman, Z. Zhang, L. Carlone, S. Karaman, V. Sze 
Sponsorship:  Air Force Office of Sponsored Research

Drones are getting increasingly popular nowadays; 
it is reported that their sales have tripled in the last 
year. Microdrones specifically are easily portable and 
can fit in a pocket. Equipped with multiple sensors 
like cameras and inertial measurement unit (IMU), 
the functionality of drones is getting more powerful 
and smart, e.g., they track objects, build accurate 3-D 
maps, and even avoid obstacles. These capabilities are 
enabled by powerful computing platforms like CPUs 
and GPUs, which consume a lot of energy, installed 
on the drones. Both the size of these platforms as well 
as the battery's weight and limited energy make it 
prohibitive to deploy to microdrones, which can be as 
small as two inches and operate on very small batteries 
as shown in Figure 1.

In this project we present uVIO, an energy-
efficient hardware accelerator for microdrone 
navigation in GPS-denied environments. The hardware 
is co-optimized with the algorithm and the drone 
design to enable a lightweight drone (~100 grams). 

The microdrone is equipped with a stereo camera 
and an IMU and can operate in real time without any 
external communications. The accelerator is designed 
to be energy-efficient to operate on a small battery, 
satisfying the overall payload weight of the drone.

The proposed accelerator implements a robust and 
optimized visual inertial odometry (VIO) algorithm, 
shown in Figure 2. It combines the visual information 
and the IMU measurements to estimate the position, 
orientation, and velocity of the microdrone as well as 
the 3-D environment via Gauss-Newton algorithm. 
The implementation is highly parallelized and 
pipelined to achieve real-time performance and energy 
efficiency. This accelerator gives a microdrone the 
smart sensing capability, which now only exists in 
large drones with bulky batteries. It enables numerous 
applications where large drones do not fit, such as 
indoor exploration and surveillance as well as rescue 
operations in collapsed buildings.

 ▲Figure 1: Visual-inertial odometry output of localization and 
mapping are the first steps to enable autonomous navigation. 
With microdrones, this is extremely challenging with both 
power and weight limitations.

 ▲Figure 2: VIO pipeline takes the visual 3-D point cloud 
and the IMU data over a time horizon and solves a global 
optimization problem to refine the drone pose (also called 
“state”).
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Depth Estimation for Low-Power Time-of-Flight Imaging
J. Noraky, V. Sze
Sponsorship: Analog Devices, Inc.

Depth sensing is used in a variety of applications that 
range from augmented reality to robotics. One way to 
measure depth is with a time-of-flight (TOF) camera, 
which obtains depth by emitting light and measuring 
its round trip time. TOF cameras are appealing because 
they are compact, have no moving parts, and require 
minimal computation to obtain depth. However, the 
illumination source of TOF cameras requires a signifi-
cant amount of power and limits the application time 
for mobile and battery-operated devices. To reduce 
the power for TOF imaging, we propose an algorithm 
that leverages images, which can be efficiently collect-
ed alongside the TOF camera, to estimate depth maps 

without the need of continuously illuminating the 
scene (Figure 1). 

Our technique is best suited for estimating 
the depth of rigid objects and uses the temporal 
correspondences between images to estimate the 
3-D motion of objects in the scene, from which a 
new depth map can be obtained.  Our algorithm is 
computationally simple and produces 640 × 480 depth 
maps at 30 FPS on a low power embedded platform. We 
evaluated our technique on a RGB-D dataset, where it 
estimated depth maps (Figure 2) with a mean relative 
error of 0.85% while reducing the total power required 
for depth sensing by 3×. 

 ▲Figure 1: Minimize the power of TOF imaging by minimizing its usage and estimate new depth maps using images.

 ▲Figure 2: Example of the estimated depth map obtained using our approach. Pixel-wise relative error is shown in the third column.
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Phase-Shift Impedance Modulation for Fast Response Dynamic Impedance 
Matching
A. S. Jurkov, D. J. Perreault 
Sponsorship: MKS Instruments Inc.

Accurate, rapid, and dynamically-controlled impedance 
matching offers significant advantages to a wide range 
of present and emerging radio-frequency (RF) power 
applications such as software-defined radios, frequen-
cy-agile and adaptive RF transmitters and receivers, 
the design of new types of highly-efficient RF power 
amplifiers, plasma drivers, generators, wireless power 
transfer, and many other industrial processes.

For high-frequency (HF) and very-high-frequency 
(VHF) applications, e.g., 3-300 MHz, a tunable impedance 
matching network (TMN) is typically implemented as 
an ideally lossless, lumped-element reactive network, 
in which some of its reactive elements are realized 
as variable (tunable) components. Conventional 
techniques for implementing variable reactances for 
high power RF applications often impose limitations 
on tuning resolution or speed. 

This work proposes an approach to TMNs that 
allows for a combination of much faster and more 
accurate impedance matching than is available with 
conventional techniques and is suitable for use at 
high-power levels. This implementation is based on a 
narrow-band technique, termed here phase-switched 

impedance modulation (PSIM). The notion of phase-
switched variable reactances relies on the ability 
to modulate the effective impedance of a switched 
reactive element (capacitor, inductor, or some combi-
nation of both) at the switching frequency (i.e., the RF 
frequency). In essence, it is a narrow-band technique 
for controlling the effective impedance seen looking 
into the terminals of a reactive element at the 
frequency at which this element is switched (including 
either by a shunt or a series switch) by appropriately 
adjusting the phase and/or duty-cycle of the switch 
(Figure 1).

A TMN prototype that demonstrates the perfor-
mance of a PSIM-based implementation is designed 
to provide a 50 - Ω match over a load impedance 
range associated with inductively-coupled plasma 
processes and operate in a narrow frequency band 
centered around 13.56 MHz (Figure 2). Ongoing work 
aims to further explore PSIM-based design of both 
variable and fixed-frequency matching networks and 
a new class of switching RF power amplifiers that can 
operate efficiently over wide load and frequency range.

 ▲ Figure 1: PSIM allows modulation of the effective capaci-
tance CEFF (at the switching frequency) by varying the con-
duction angle  of the switch. Zero-voltage switching can be 
ensured by appropriately synchronizing the switch to the cur-
rent in the PSIM element.

 ▲ Figure 2: Load impedance matching range (5% and 10% 
frequency modulation) of a PSIM-based prototype. This 
design employs modulation of both switch conduction angle 
and frequency to achieve a 50-Ω impedance match.
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Dynamic Matching System for Radio-Frequency Plasma Generation
A. Al Bastami, A. S. Jurkov, P. Gould, M. Hsing, M. A. Schmidt, J. Ha, D. J. Perreault
Sponsorship: MIT

 ▲ Figure 1: The proposed plasma drive system with O2 being ion-
ized during a plasma ashing process. The orthogonal coils on the 
plasma chamber can be seen in the center of the photograph, 
with the single-input two-output matching system in the sealed 
enclosure to its right.

 ▲ Figure 2: Results showing the ratio of reflected power to input 
power, plotted across the entire range of plasma operation.

The use of plasma in the processing of materials has 
become prevalent in a wide range of industries. A 
commonly used means of generating these plasmas is 
to inductively couple energy from a radio-frequency 
(RF) power amplifier into the chamber containing the 
gas to be ionized (e.g., by driving RF current through a 
coil wound around the chamber). Key challenges in RF 
plasma generation include efficiently generating and 
controlling the RF power delivered into the plasma 
while maintaining acceptable loading of the associated 
RF power amplifier under the high operating frequen-
cy (e.g., 13.56 MHz) and the highly-variable conditions 
in a plasma system. Inductively coupled plasma (ICP) 
loads represent a dynamically variable load impedance 
that depends on gas type and pressure, operating mode, 
power level, and other features. The effective load im-
pedance can vary substantially in both its real and re-
active components, making matching challenging.

Because the effective loading provided by the 
plasma coil varies greatly across operating conditions, 
a tunable matching network is typically utilized 
between the power amplifier and the plasma coil. 
However, this tends to be costly and bulky, and it 
exhibits a slow response to load changes. We introduce 
a dynamic matching system for ICP generation that 
losslessly maintains near-constant driving point 
impedance (for low reflected power) across the entire 
plasma operating range. This new system utilizes a 
resistance compression network (RCN), an impedance 
transformation stage, and a specially-configured set 
of plasma drive coils to achieve rapid adjustment to 
plasma load variations. As compared to conventional 
matching techniques for plasma systems, the proposed 
approach has the benefit of relatively low cost and 
fast response and does not require any moving 
components. We develop suitable coil geometries for 
the proposed system and treat the design of the RCN 
and matching stages, including design options and 
tradeoffs. A prototype system is implemented (Figure 
1) and its operation is demonstrated with low pressure 
ICP discharges with O2, C4F8, and SF6 gases at 13.56 
MHz and over the entire plasma operating range of up 
to 250 W (Figure 2).
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Magnetic Field Sensing for Smart Industrial Infrastructure
C. Zhang, D. Pan, J. H. Lang
Sponsorship: Harting Technology Group

This newly initiated project seeks to develop hardware 
and algorithms to support the contactless measure- 
ment of currents in connectors. A natural future  
extension of this project is to develop hardware and 
algorithms to support the contactless measurement of 
voltages. Such measurements in turn will support the 
development of smart industrial infrastructure that 
monitors the power and signals passing through them. 
In concert with signal processing and machine learning 
algorithms, the electrical data might be used to further 
monitor upstream sources and downstream loads. For 
example, it might be possible with enough “intelligence” 
to learn normal operation from prior transmitted power  
and signals and then recognize future signatures that 
predict subsequent failures, making the power and 
data infrastructure truly smart.

During the initial part of this project, we have 
developed a random-walk algorithm to find the best 
layout of magnetic-field sensors around a connector 
for measuring the internal connector currents in the 
presence of external magnetic field disturbances, 
nearby magnetizable materials, and conductors. 
The objective is to reduce the error of the measured 
currents to the same level as the inevitable noise 
in the magnetic field measurements. In parallel, we 
are building an experimental system to validate and 
demonstrate the ability to detect connector current.
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Subthreshold Swing Improvement in MoS2 Transistors by the Negative-Capacitance 
Effect
A. Nourbakhsh, A. Zubair, S. Joglekar, M. Dresselhaus, T. Palacios
Sponsorship: ONR PECASE, ARO, NSF

Obtaining a subthreshold swing (SS) below the thermi-
onic limit of 60 mV/dec by exploiting the negative-ca-
pacitance (NC) effect in ferroelectric (FE) materials is a 
novel effective technique to allow the reduction of the 
supply voltage and power consumption in field-effect 
transistors (FETs). At the same time, two-dimensional 
layered semiconductors, such as molybdenum disul-
fide (MoS2), have been shown to be promising candi-
dates to replace silicon MOSFETs in sub-5-nm-channel 
technology nodes. In this work, we demonstrate NC-
MoS2 FETs by incorporating a ferroelectric Al-doped 
HfO2 (Al:HfO2), a technologically compatible material, 
in the FET gate stack. Al:HfO2 thin films were deposited 
on p+Si wafers by atomic layer deposition. X-ray photo-
electron spectroscopy (XPS) analysis was performed on 
the Al:HfO2 films after varying the cycle ratio of Al and 

Hf precursors  (Figure 1 a–c). The linear fit with near 
unity slope shows that the Al content can be precisely 
controlled in the range 0%–16.7%. Moreover, the X-ray 
diffraction (XRD) analysis suggests a phase transition 
from the monoclinic phase to the orthorhombic phase 
upon doping. This noncentrosymmetric transition 
phase is a prerequisite for ferroelectric characteristics. 
(Figure 1d).  Voltage amplification up to 1.25 times was 
observed in a FE bilayer stack of Al:HfO2/HfO2 with Ni 
metallic intermediate layer. The NC-MoS2 FET built on 
the FE bilayer showed a significant enhancement of 
the SS to 57 mV/dec, compared with SSmin = 67 mV/dec 
for the MoS2 FET with only HfO2 as a gate dielectric. 
The absence of hysteresis showed the effective stabili-
zation of the NC by using the HfO2/Al:HfO2 bilayer.

 ▲ Figure 1: (a & b) XPS analysis of Al-doped HfO2 films 
with different Al contents deposited on Si wafers with TMA/
TEMAH cycle ratios ranging from 0 to 16.7%, (c) Al content 
of the Al:HfO2 films extracted from the XPS spectra shown 
in (a) and (b) as a function of the TMA/TEMAH cycle ratio, 
(d) XRD patterns of undoped and 7.3% Al-doped HfO2.

 ▲ Figure 2: Schematic of the NC-MoS2 FET with a HfO2/
Al:HfO2 bilayer stack with Ni used as the intermediate 
metal, (b) schematic of a reference regular MoS2 FET with 
a HfO2 gate dielectric. In both (a) and (b), a highly doped 
Si wafer is used as the back gate, (c) transfer characteristics 
and transconductance of the NC-MoS2 FET and reference 
MoS2 FET at room temperature, (d) comparison of the SS 
of the NC-MoS2 FET with that of the reference MoS2 FET.
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Frequency Response of Graphene Electrolyte-Gated Field-Effect Transistors 
(EGFETs)
C. Mackin, E. McVay, T. Palacios
Sponsorship: ISN

Graphene consists of an atomically thin layer of 
sp2-bonded carbon atom arranged in a hexagonal lat-
tice. Graphene exhibits a number of promising electri-
cal, optical, mechanical, and chemical properties mak-
ing it well suited for a range of chemical and biological 
sensing applications.  Graphene is chemically stable 
and does not form a native oxide, which enables a di-
rect interface with many chemical and biological envi-
ronments and allows graphene to take full advantage 
of ultrahigh interface capacitance resulting from the 
electric double layer phenomenon.  This high interface 
capacitance, however, also raises the concern of im-
paired frequency response due to parasitics. 

Two highly accurate models have been developed 
to study and predict the DC behavior of graphene 
electrolyte-gated field-effect transistors (EGFETs). 
Little work, however, has been reported on the 
AC capabilities of graphene EGFETs.  An accurate 

frequency response model is critical for developing 
high-speed chemical and biological sensor applications. 

This work develops a frequency-dependent small-
signal model for graphene EGFETs.  Graphene EGFETs 
are microfabricated to experimentally determine 
intrinsic voltage gain and frequency response and to 
develop a frequency-dependent small-signal model.  
Graphene EGFETs’ small-signal model transfer 
functions are found to contain a unique pole due to 
an additional resistive element, which stems from the 
electrolyte gating of these devices. Intrinsic voltage 
gain, cutoff frequency,  and transition frequency for the 
microfabricated graphene EGFETs are approximately 
3.1 V/V, 1.9 kHz, and 6.9 kHz, respectively. This work 
marks a critical step in the development of high-
speed chemical and biological sensors using graphene 
EGFET technology for a variety of applications such as 
electrophysiology.

 ▲ Figure 1: Intrinsic voltage gain as a function of drain-source 
voltage and gate-source voltage as calculated from DC char-
acterization.

 ▲ Figure 2: Fit of experimental graphene EGFET mag-
nitude response with newly developed small-signal model 
for graphene EGFETs (common-source amplifier con-
figuration inset).
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Graphene-on-GaN Hot Electron Transistor with van der Waals Heterojunction  
Base-Collector Junction
A. Zubair, A. Nourbakhsh, J.-Y, Hong, M. Qi, D. Jena, J. Kong, M. Dresselhaus, T. Palacios 
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The hot electron transistor (HET) is a promising device 
concept that can potentially overcome the limitations 
of heterojunction bipolar transistors (limited by the 
diffusion of the minority carriers across the base) and 
high-electron- mobility transistors (limited by the sat-
uration velocity of carriers and the lithography of the 
gate) in ultra-high frequency applications. The HET is a 
unipolar and majority carrier device in which the base-
to-emitter voltage controls the transport of ballistic hot 
electrons through a transit layer smaller than the mean 
free path of the carriers. Single layer graphene is an ide-
al material for the base layer of HETs for potential THz 
applications. The ultra-thin body (~0.34 nm) and excep-
tionally long mean free path maximize the probability 
for ballistic transport across the base of the HET.

The existing graphene-base HETs with SiO2/Si 
as an emitter stack suffer from low current density. 
In this work, we use 3-nm MBE-grown AlN on bulk 
ammonothermal n-GaN substrate. The GaN/AlN 
heterostructure has a higher tunneling current than 
Si/SiO2 due to smaller conduction band offset at the 
junction. The epitaxial nature of the AlN/GaN also 
provides a high quality trap-free interface.  The output 
current density and gain of the device depends on 
the extraction efficiency of the collector. The use of 
ALD dielectrics with large conduction band offset as 
collector barriers in existing HETs not only reduces 
the current density but also creates defect on the 
graphene surface during deposition.  However, the 
atomic layers of two-dimensional materials (i.e. WSe2) 
can be mechanically transferred onto any arbitrary 
substrate or paired with another atomic layer (i.e. 
graphene) to form a van der Waals heterojunction 
with a defect-free, sharp interface.  

We demonstrate, for the first time, the operation 
of a high performance HET using a graphene/WSe2 as 
a base-collector barrier. The resulting device, with a 
GaN/AlN heterojunction as emitter, exhibits a current 
density of 50 A/cm2, current gain above 3, and 75% 
injection efficiency, which are record values among 
graphene-base HETs. These results not only provide 
a scheme to overcome the limitations of graphene-

base HETs toward THz operation but are also the 
first demonstration of a GaN/vdW heterostructure in 
HETs, revealing the potential for novel electronic and 
optoelectronic applications.

 ▲ Figure 1: Schematic on-state energy band diagram of an HET 
with GaN/AlN emitter stack and graphene/WSe2 base-collector 
stack when VCB > 0V (dotted line) and VCB < 0V (solid line).

 ▲ Figure 2: Injection efficiency as function of VCB at differ-
ent constant emitter injections in common-base mode. Inset 
shows the Gummel plot of the same device at VCB = 3V.
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High Linearity GaN-Transistors for RF and High Power Amplification
S. Joglekar, U. Radhakrishna, T. Palacios
Sponsorship: RUAG, ONR PECASE

The recent proliferation of mobile devices and the surge 
in the demand for internet of things (IoT) is promoting 
the need for efficient wireless data communication. Key 
emergent applications ranging from 5G-LTE, WIMAX, 
Sat-Com, and CAT-TV to radar, space applications, D2D, 
and other communication protocols in the range of 
L-band to millimeter-wave must operate within strin-
gent constraints on the spectral bandwidth and adja-
cent-channel interference. In addition, the base station 
accounts for 56% of the total power consumed in a typi-
cal end-to-end cellular network; the RF power amplifier 
(PA) in the base station contributes a significant portion 
of this power budget. As a result, there is a strong need 
to achieve high-linearity high-efficiency PAs to avoid in-
termodulation distortion and channel interference.

In this work, we exploit the properties of the AlGaN/
GaN heterostructure system, along with a new device 
architecture to attain device-level implementation of 

high linearity. The proposed device, seen in Figure 1, is 
based on a nano-ribbon (NR) structure. Numerous NRs 
with varying width form the channel of the transistor 
and are connected in parallel to form the device. In 
comparison to a planar AlGaN/GaN transistor of the 
same effective width, the NR-GaNFET displays a 
lower g”m (double derivative of transconductance, an 
important measure of linearity), as seen in Figure 2a. 
In addition, large signal linearity improvement has 
been demonstrated in these NR-based devices.  Figure 
2b shows that use of this approach improves the 
fundamental output power and delays the saturation 
in output power Pout at 6 GHz. Simultaneously, the 
harmonic outputs at 12 and 18 GHz are reduced 
considerably compared to a planar device, as seen in 
Figures 2c and d. In conclusion, high linearity in GaN 
transistors is demonstrated by both DC and large signal 
measurements using the new device architecture.

 ▲  Figure 1: Schematic of NR structure device.  ▲Figure 2: Device data for planar and NR device showing (a) 
g”m vs. gate voltage, showing lowering of g”m for NR device, (b) 
delayed output power saturation for an NR device; (c) and (d) 
lower first and second harmonic outputs, respectively, for a NR 
device.
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Novel Device Design for High Linearity GaN Power Amplifier
J. Hu, D. Piedra, U. Radhakrishna, J. Grajal, T. Palacios 
Sponsorship: RUAG

Gallium nitride (GaN)-based high-electron-mobility 
transistors (HEMTs) have been an emerging technology 
for the use in next-generation wireless communication 
systems. The combination of high-electron-mobility and 
critical electric field allows unprecedented power levels, 
power-added-efficiency (PAE), and breakdown voltage 
in GaN power amplifiers (PAs). Despite the advances in 
GaN radio frequency technology, the non-linearity char-
acteristics of GaN PAs and the impact on the circuit per-
formance have not been thoroughly investigated. 

The goal of this project is to understand the key 
device design parameters and their impact on the 
amplifier linearity, eventually to improve the gm and 
fT linearity characteristics of GaN PAs by means of 

device-level and thermal design without compromising 
the aforementioned figures of merit. 

From the results based on the MIT Virtual Source 
GaNFET-RF model, we understand that the primary 
non-linear content in gm occurs in the region of 
transition from weak to strong accumulation. This 
causes significant higher-order harmonic components 
and intermodulation distortion in power amplification. 
To solve this problem, we propose several new 
approaches to engineer the transition between weak 
and strong accumulation in GaN multi-finger power 
amplifiers. In this way, we are able to tailor the overall 
transconductance characteristics, and thus the IMD 
due to higher order transconductance can be minimized.
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Vertical GaN Power FinFETs on Bulk GaN Substrates
M. Sun, Y. Zhang, T. Palacios 
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Lateral GaN transistors on Si substrates with operat-
ing voltage up to 650 V are now commercially available. 
However, for high-voltage high-current applications, 
a vertical structure is preferred because 1) its die area 
does not depend on the breakdown voltage; 2) the sur-
face is far from the high electric field regions, which 
minimizes trapping effects; and 3) high current levels 
are typically possible, thanks to the easier current ex-
traction when the source and drain contacts are posi-
tioned vertically on opposite sides of the wafer. The 
most studied vertical GaN transistor structures, the 
current aperture vertical electron transistor (CAVET) 
and trench metal–oxide–semiconductor field-effect 
transistors (MOSFETs), have made significant progress 
in performance, but they still face great challenges. 
One of the major challenges for these two structures 
is the p-GaN layer. A GaN vertical power Fin field-
effect transistor (FinFET) with only n-type GaN epi-
layers is demonstrated, as shown in the cross-sectional 
scanning electron microscope (SEM) image in Figure 

2. The current is controlled through a sub-micron fin-
shape vertical channel, which is surrounded by gate 
metal electrodes.

An enhancement-mode GaN vertical power 
FinFET with sub-micron channels is demonstrated. 
Combining dry/wet etching achieves a smooth 
vertical fin profile. The fabricated transistor showed a 
threshold voltage of 1 V and specific on resistance of 
0.089 mΩcm2 (Figure 1) with a highly doped n+ GaN cap 
layer. The Ion/Ioff ratio is up to 1011. The subthreshold 
swing is 75 mV/dec; the hysteresis is very small, which 
demonstrates the excellent material quality of the 
wet-etched sidewall. By proper engineering, the peak 
electric field distribution, a blocking voltage of 800 
V was achieved (Figure 2). These results make this 
vertical GaN power FinFET very promising for high-
voltage, high-current, low-cost, high-performance 
power electronics applications. Detailed information 
about this technology appears in the third reading.

 ▲ Figure 1: Output characteristics of the power FinFET 
with channel length 250 nm. The current density 
is calculated by averaging the active fin areas of the 
transistor.

 ▲ Figure 2: Off-state leakage curves of three transistor 
edge termination designs: 1) without field plate, 2) with 
field plate, and 3) with both field plate and field oxide. The 
inset shows the cross-sectional SEM image of the power 
FinFET.
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Local Stress and Electric Field Measurements in GaN HEMTs  
with Micro-Raman Spectroscopy
K. R. Bagnall, C. E. Dreyer, D. Vanderbilt, E. N. Wang 
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Gallium nitride (GaN) high electron mobility transis-
tors (HEMTs) are one of the most promising compound 
semiconductor technologies for high power amplifi-
ers and high voltage power conversion systems. How- 
ever,   elevated channel temperatures and high electric 
fields in critical areas of these devices are believed 
to cause performance degradation and premature  
failure through structural damage and electrochem-
ical reactions. Thus, achieving the full potential of 
GaN-based transistors requires state-of-the-art exper-
imental characterization techniques with high spatial 
resolution and multiphysics modeling of self-heating,  
thermoelastic, and piezoelectric effects.

In this work, we have developed an experimental 
technique for simultaneously measuring the vertical  
electric field along the c-axis and the inverse 
piezoelectric (IPE) stress in the c-plane with ≈1 µm 
spatial resolution via micro-Raman spectroscopy. In 
collaboration with computational material scientists at 
Rutgers University, we discovered the correct electric 

field dependence of the optical phonon frequencies 
of wurtzite GaN, which are strongly affected by the 
Ez field component through the internal structural 
r parameter. We found that the vertical electric field 
shown in Figure 1 more strongly shifts the optical 
phonon frequencies in GaN HEMTs measured by 
micro-Raman spectroscopy than the in-plane stress 
does. For the first time, we demonstrated experimental 
measurement of the electric field in a semiconductor 
device with micro-Raman spectroscopy and gained 
detailed insight into the role of impurities in the GaN 
buffer on the electrostatic behavior of the transistor. 
This work represents a new opportunity to perform 
simultaneous electrical, thermal, and mechanical 
measurements in semiconductor devices with a single 
experimental technique. We anticipate that our work 
will enable unprecedented insight into the complex 
electro-thermo-mechanical physics of GaN transistors 
and enable the development of GaN HEMTs with 
record performance and reliability.

 ▲ Figure 1: (a) Optical microscope image of the GaN HEMT under test. (b) The average vertical electric field in the gate-
drain access region derived from the experimental micro-Raman measurements and the 3-D electro-mechanical model of 
the HEMT, which agree quantitatively to within 35%.
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Reliability of GaN-Based Devices Integrated with Silicon
W. A. Sasangka, G. J. Syaranamual, R. I. Made, C. L. Gan, C. V. Thompson
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There is strong interest in monolithic integration of Al-
GaN/GaN high electron mobility transistors (HEMTs) 
and light emitting diodes (LEDs) with Si complemen-
tary metal-oxide semiconductor (CMOS) circuits. Also, 
the use of Si substrates for fabrication of GaN-based 
HEMTs and LEDs allows less expensive large-scale 
production and also opens up many new applications. 
However, the constraints on the reliability of these de-
vices are still not fully understood

Dislocations are known to be associated with both 
physical and electrical degradation mechanisms of 
AlGaN/GaN-on-Si HEMTs. We have observed evidence 
for threading dislocation movement toward the gate-
edges in AlGaN/GaN-on-Si HEMT under high reverse 
bias stressing (Figure 1). Stressed devices have higher 
threading dislocation densities (i.e., ~5 × 109/cm2) at 
the gate-edges, as compared to unstressed devices (i.e., 

~2.5 × 109/cm2). Dislocation movement correlates well 
with high tensile stress (~1.6 GPa) at the gate-edges, as 
seen from inverse piezoelectric calculations and X-ray 
synchrotron diffraction residual stress measurements. 
Based on Peierls stress calculations, we believe that 
threading dislocations move via glide in 11-20/{1-100} 
and 11-20/{1-101} slip systems. This result illustrates 
the importance of threading dislocation mobility in 
controlling the reliability of AlGaN/GaN-on-Si HEMTs.

We have also investigated the influence of the 
two-dimensional electron gas (2DEG) in AlGaN/GaN 
HEMTs on their reliability under ON-state conditions. 
Devices stressed in the ON-state showed a faster 
decrease in the maximum drain current (IDmax) 
compared to identical devices stressed in the OFF-
state with a comparable electric field and temperature. 
Scanning electron microscope (SEM) images of 
ON-state stressed devices showed pit formation at 
locations away from the gate-edge in the drain-gate 
access region. Cross-sectional transmission electron 
microscope (TEM) images also showed dark features 
at the AlGaN/SiN interface away from the gate edge 
(Figure 2). Electron energy loss spectroscopy (EELS) 
analysis of the dark features indicated the presence 
of gallium, aluminum and oxygen. These dark features 
correlate with pits observed in the SEM micrographs. 
We propose that in addition to causing joule heating, 
energetic electrons in the 2D electron gas contribute 
to device degradation by promoting electrochemical 
oxidation of the AlGaN.

In ongoing research we are investigating the effects 
of density of SiN passivation layers on the reliability of 
AlGaN/GaN-on-Si HEMTs and characterizing defects 
generated during constant current stressing of InGaN-
on-Si LEDs.

 ▲ Figure 1: Threading dislocation density as a function 
of distance from the center of the gate for devices 
stressed at different gate voltages (VG). 

 ▲ Figure 2: Electrochemical oxidation mecha-
nism of AlGaN under on-state stressing.
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Gate Current Degradation of InAlN/GaN HEMTs under Electrical Stress
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InAlN/GaN high-electron-mobility-transistors (HEMTs)  
have emerged as promising candidates for high-power 
millimeter wave applications due to their excellent gate-
length scaling potential. This potential stems from the 
high spontaneous polarization of InAlN that yields a 
large 2DEG density at the InAlN/GaN interface even with 
a very thin barrier layer. However, in nanometer-scale 
InAlN/GaN HEMTs, the use of a very thin barrier layer 
brings gate leakage current and reliability concerns. Our 
work focuses on studying the degradation mechanisms 
of the gate leakage current under both ON-state stress 
and VDS = 0 stress. 

Under simultaneous high-power conditions 
(simultaneously high VDS and ID), besides drain current 
drop and a positive threshold voltage shift, we have 
observed an unusual leakage path being created 
between the gate and the source, as shown in Figure 

1. We have proposed that under these conditions, the 
gate-source diode is strongly forward biased and 
there is significant gate current. The combination 
of high gate current, high temperature, and strong 
electric field across the AlN barrier on the source side 
generates defects, which increase gate leakage on that 
side of the device. In addition, local heating produces 
gate sinking and a positive VT shift. 

To further prove our hypothesis, we have 
conducted a room temperature VDS = 0 V stress 
experiment with positive VG increasing from 0.1 V to 
2.5 V. Similar permanent electrical degradation was 
produced but this time on both the source and drain 
sides, as demonstrated by Figure 2. This degradation is 
consistent with our hypothesis that high forward VG 
under high temperature leads to an anomalous gate 
leakage current increase.
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 ▲ Figure 1: IG-VG characteristics (measured at 25°C) at 
VDS=0 before (solid lines) and after (dashed lines) con-
stant stress at VDSstress = 25 V and IDstress = 400 mA/mm. 
IS and ID are also indicated. After stress, IG and IS increase 
by several orders of magnitude. In contrast, ID shows a 
much smaller increase.

 ▲ Figure 2: IG-VG characteristics (measured at 25°C) at 
VDS=0 before (solid lines) and after (dashed lines) posi-
tive VG step-stress-recovery experiment with VDS=0. IS 
and ID are also indicated. After stress, IG roughly splits 
in half between ID and IS, indicating degradation on both 
source and drain sides of the device.

FURTHER READING

• Y. Wu and J. A. del Alamo, “Electrical Degradation of InAlN/GaN HEMTs Operating under ON Conditions,” IEEE Transactions on Electron 
Devices, vol. 63, no. 9, 3487-3492, Sep. 2016.

• Y. Wu and J. A. del Alamo, “Anomalous Source-Side Degradation of InAlN/GaN HEMTs under ON-State Stress,” presented at International 
Workshop on Nitride Semiconductors (IWN), Orlando, FL, 2016.

• Y. Wu and J. A. del Alamo, “Gate Current Degradation in W-band InAlN/AlN/GaN HEMTs under Gate Stress,” presented at IEEE International 
Reliability Physics Symposium (IRPS), Monterrey, CA, 2017.



54 Electronic Devices MTL ANNUAL RESEARCH REPORT 2017

OFF-State TDDB in High-Voltage GaN MIS-HEMTs
S. Warnock, J. A. del Alamo  
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With the promise of higher-frequency, higher-tempera-
ture, and more efficient operation, GaN-based transis-
tors show enormous potential for high-voltage power 
management applications. The AlGaN/GaN metal-in-
sulator-semiconductor high electron mobility transis-
tor (MIS-HEMT) is the most suitable device structure 
for power switches, offering lower gate leakage than 
its HEMT counterpart. GaN devices show great prom-
ise, but several reliability challenges remain to be ad-
dressed before these devices can achieve widespread 
commercial deployment. Time-dependent dielectric 
breakdown (TDDB), a catastrophic condition arising af-
ter prolonged high-voltage gate stress, is a particularly 
important concern. 

In this work, we explore TDDB under OFF-state 
conditions; that is, a negative gate bias is used to turn 
off the channel, and a high positive bias is applied to 
the drain terminal. This is the most common state of 
a power switching transistor in a power management 
circuit. In the OFF state, there is a high electric field 
through the gate dielectric at the gate edge on the 
drain side, as shown in Figure 1. Under prolonged stress, 
this will inevitably result in dielectric defect formation 

and eventual dielectric breakdown. It is uncommon to 
think of TDDB under OFF-state conditions; although 
there is limited work on this topic in GaN HEMTs, this 
reliability concern in MIS-HEMTs has thus far been 
overlooked. 

 We find that in OFF-state stress, the presence 
of transient instabilities such as current collapse and 
threshold voltage (VT) shift have a dramatic impact 
on the device TDDB statistics, as seen in Figure 2. 
The statistics in blue result from OFF-state TDDB 
experiments in the dark: they do not follow the 
expected linear distribution, and the breakdown times 
span many orders of magnitude. By using ultraviolet 
(UV) light during stress to prevent pervasive trapping-
related effects, we can observe intrinsic TDDB 
behavior, as shown by the data in red. The use of UV 
light highlights the fact that trapping effects during 
stress cause significant overestimation of device 
breakdown voltage under OFF-state stress conditions. 

In order to develop accurate lifetime models for 
GaN MIS-HEMTs, much care must be taken to ensure 
that a device’s lifetime does not become distorted by 
transient trapping-related degradation effects.

 ▲ Figure 1: Sketch of a GaN MIS-HEMT illustrating the 
electric field distribution across the gate dielectric during 
OFF-state stress. Electric field lines in white yield the 
electric field profile in blue. 

 ▲ Figure 2: Weibull plot of time-to-breakdown tBD 
for OFF-state stress experiment without UV light in 
blue, and under illumination by 3.5 eV UV light, in red. 
VDS,stress=89 V for UV data and 118 V for measurements 
in the dark. VGS,stress= VT0-5 V.
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Time-Dependent Dielectric Breakdown in High-Voltage GaN MIS-HEMTs: The Role 
of Temperature
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There is a large demand for energy-efficient power 
electronics, for which silicon-based devices – the cur-
rent market standard – are not ideal. GaN, however, has 
material properties (such as its large band gap of 3.4 eV) 
well-suited for power efficiency. GaN-based transistors 
offer a promising solution for these applications, but 
several reliability challenges remain. The motivation 
of our work is to address a specific reliability concern 
and failure mode known as time-dependent dielec-
tric breakdown (TDDB). We study GaN metal-insula-
tor-semiconductor high-electron-mobility transistors 
(MIS-HEMTs), sketched in Figure 1, which have a low-
er gate leakage than HEMTs, as necessary for power 
switches.

Time-dependent dielectric breakdown (TDDB) 
is a catastrophic event that occurs in field-effect 
transistors under prolonged high-voltage gate bias 
stress. This results in defect formation in the device 

dielectric, which facilitates current flow between the 
gate and its conductive channel. Eventually, a highly 
conductive path will suddenly form in the dielectric. 
The instantaneous power dissipation through the path 
creates a short that destroys the device. Our interest is 
in exploring how this TDDB mechanism occurs in GaN 
devices and how it is affected by temperature.

We choose to conduct our TDDB experiments at 
several different temperatures under constant positive 
gate voltage stress. We observe a negative correlation 
between temperature and the breakdown time of our 
devices, as Figure 2 shows. However, we also found 
that the activation energy for TDDB in these devices 
is rather small. In fact, it is significantly smaller than 
other reported values in the GaN MIS-HEMT system. 

This research ultimately aims to contribute to the 
understanding of TDDB in GaN MIS-HEMTs towards 
the goal of developing a TDDB lifetime model.

 ▲ Figure 1: Structure of GaN MIS-HEMT used for this 
TDDB study.

 ▲ Figure 2: Weibull distribution for time to hard break-
down (tHBD) for devices at four different temperatures. 
Hard breakdown occurred sooner in devices tested at 
higher temperatures.

FURTHER READING

• S. Warnock and J. A. del Alamo, “Stress and Characterization to Assess Oxide Breakdown in High-Voltage GaN Field-Effect Transistors,” 
presented at Compound Semiconductor Manufacturing Technology Conference (CS MANTECH), 2015. 

• S. Warnock and J. A. del Alamo, “Progressive Breakdown in High-Voltage GaN MIS-HEMTs,” presented at the IEEE International Reliability 
Physics Symposium (IRPS), 2016.

• S. Warnock, A. Lemus, and J. A. del Alamo, “Time-Dependent Dielectric Breakdown in High-Voltage GaN MIS-HEMTs: The Role of Temperature,” 
presented at International Workshop on Nitride Semiconductors (IWN), Orlando, FL, 2016.



56 Electronic Devices MTL ANNUAL RESEARCH REPORT 2017

Gate Dielectric Reliability under AC Stress in High-Voltage GaN Field-Effect 
Transistors
E. S. Lee, S. Warnock, J. A. del Alamo 
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Energy-efficient electronics have been gaining atten-
tion as a solution to meet the growing demand for en-
ergy and sustainability. GaN field-effect transistors 
(FET) show great promise as high-voltage power tran-
sistors due to their ability to withstand a large voltage 
and carry large current. However, at the present time, 
the GaN metal-insulator-semiconductor high-electron- 
mobility-transistor (MIS-HEMT), the device of choice for 
electric power management, is excluded from commer-
cialization due to many challenges, including gate dielec-
tric reliability. Under continued gate bias, the dielectric 
ultimately experiences a catastrophic breakdown that 
renders the transistor useless, a phenomenon called 
time-dependent dielectric breakdown (TDDB).

Our research aims to understand the physics 
of TDDB in GaN MIS-HEMTs.  So far, efforts have 
been focused on constant stress due to the ease of 
experimental and instrumental setup. In contrast, 
our research aims to study the effects of applying 
AC stress to the gate. This mimics the real-world 
operating environment of FETs in power conversion 
circuits where they experience rapid transitions 
between different conducting states. In Si metal–

oxide–semiconductor FETs (MOSFETs), a marked 
difference in TDDB time for AC stress and DC stress 
has been demonstrated. However, to our knowledge, 
similar studies have not yet been carried out in GaN 
MIS-HEMTs.

Figure 1 shows a comparison between the 
statistical distribution of dielectric hard breakdown 
times (T HBD) for DC stress and AC stress under positive 
gate bias stress in transistors from our industrial 
collaborator. The statistical distribution of breakdown 
times follows the Weibull distribution. The plot graphs 
ln(-ln(1-F)) versus time to yield a linear fit, where F is 
the cumulative device failure fraction. We can see that, 
for the same conditions, AC stress at 10 kHz yields a 
statistical distribution with a longer hard breakdown 
time. Figure 2 shows that increasing the AC frequency 
beyond 10 kHz is of minimal relevance. These results 
may imply that the different voltages in AC stress may 
contribute to the recovery of the device.

While we are still in the very early stages of 
experimentation, we aim to show whether AC stress 
TDDB and DC stress TDDB in GaN MIS-HEMTs shows 
the clear difference observed in Si devices.
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 ▲ Figure 1: Weibull plot of T HBD for DC stress and AC 
stress at 10 kHz. DC: V GS,stress = 12.7 V, VDS,stress  = 0 V. 
AC: VGS Hi,stress = 12.7 V, V GS LO, stress=0 V, V DS,stress = 0 V,  
duty cycle = 50%, f = 10 kHz. There is a clear increase in 
THBD for AC stress.

 ▲ Figure 2: Weibull plot of T HBD for AC stress at 10 
kHz and 100 kHz. In both cases, VGS Hi,stress = 12.7 V,  
V GS LO, stress=0 V, V DS,stress = 0 V, duty cycle = 50%. There 
is no significant change in T HBD for the two frequencies.
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Effect of Doping on Self-Aligned InGaAs FinFETs
A. Vardi, J. A. del Alamo 
Sponsorship: DTRA, Lam Research

InGaAs is a promising candidate as channel material 
for complementary metal-oxide semiconductor (CMOS) 
technologies beyond the 7-nm node. In this dimensional 
range, only high aspect-ratio (AR) 3-D transistors with a 
fin or nanowire configuration can deliver the necessary 
performance. Impressive InGaAs Fin field-effect tran-
sistor (FinFET) prototypes have been demonstrated re-
cently. However, as the fin width is scaled down to 10 nm, 
severe On-current degradation is observed. The origin 
of this performance degradation is still unclear.

In this work, we study the effect of -doping 
on the performance of self-aligned InGaAs FinFETs. 
We closely follow the fabrication process of self-
aligned planar InGaAs quantum-well metal–oxide–
semiconductor FETs (MOSFETs) realized previously 
but added a dry-recess process for the n+ InGaAs cap. 
The starting material used for this study is shown 
in Figure 1(a). Low- resistivity Mo is first sputtered 
as contact metal, followed by SiO2 chemical vapor 
deposition. The gate pattern is defined by electron-
beam lithography. The SiO2 and Mo layers are then 
etched by reactive ion etching (RIE). After this, the 
top n+ InGaAs cap is dry-etched in a well-controlled 
manner (Figure 1b).  Fins are then patterned in the 
recessed area using 60-nm-thick HSQ and E-beam 
lithography, and RIE etched. This process yields fins 
as narrow as 20 nm with an aspect ratio of 8. The fins 
are highly vertical in the top ~70 nm. After fin etching, 
several cycles of digital etching are applied to further 

reduce the fin width down to as low as 7 nm and reduce 
the sidewall roughness. Gate dielectric composed of 
3-nm HfO2 is deposited by atomic layer deposition and 
sputtered Mo is used as a gate metal and patterned 
by RIE. The device is finished by via opening and pad 
formation. In this process, the HSQ that defines the fin 
etch is kept in place. This makes our FinFETs double-
gate transistors with carrier modulation only on the 
fin sidewalls (Figure 1c). 

The electrical characteristics normalized to gate 
periphery (2xHc), where Hc is the channel thickness 
defined in Figure 1a of a device with Wf=10 nm, Lg=50 
nm (AR= Hc/Wf=5) for the structure w/ (red) and w/o 
(blue) -doping are shown in Figure 2a–b. Well-behaved 
characteristics and good sidewall control are obtained. 
Ron are 540 and 960 Ω∙μm, and a peak transconductance, 
gm, of 630 and 430 μS/μm are obtained at VDS=0.5 V for the 
doped and undoped structures, respectively. Although 
the doped sample shows superior On performance, the 
Off current and subthreshold swing of the undoped 
sample are better. The saturated Smin is 88 and 74 mV/
dec for doped and undoped samples, respectively. The 
reason for this performance difference is related to 
electrostatics within the fins. While in the undoped 
sample, carriers accumulate along the fin sidewalls, 
in the doped fins there are also carriers in the body 
of the fins. This enhances the conductivity of doped 
fins; however, it takes a larger negative gate voltage to 
deplete those fins, and the Off performance degrades. 

 ▲ Figure 1: (a) Schematic diagram of doped and undoped 
epi structure. SEM image of (b) device with Lg=40 nm 
after dry recess and (c) fins in a finished device.

 ▲ Figure 2: Electrical characteristics of FinFET with Lg=50 nm and 
Wf=10 nm fabricated on doped (red) and undoped (blue) structures. (a) 
output and (b) subthreshold.
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High-Resolution Transmission Electron Microscopy of III-V FinFETs
L. Kong, W. Lu, A. Vardi, J. A. del Alamo
Sponsorship: Lam Research, UROP

III-V materials have great potential for integration into 
future complementary metal-oxide semiconductor  
technology due to their outstanding electron trans-
port properties. InGaAs n-channel metal-oxide  
semiconductor field-effect transistors have already 
demonstrated promising characteristics, and the an-
timonide material system is emerging as a candidate 
for p-channel devices. As transistor technology scales 
down to the sub-10-nm regime, only devices with a 
3-D configuration can deliver the necessary perfor-
mance. III-V Fin field-effect transistors (FinFETs) have 
displayed impressive characteristics but have shown 
degradation in performance as the fin width is scaled 
to the sub-10-nm regime. In this work, we use high-res-
olution transmission electron microscopy (HRTEM) in 
an effort to understand how interfacial properties be-
tween the channel and high-k dielectric affect device 
performance. 

At the interface between the channel material, 
such as InGaSb or InGaAs, and the high-k gate 
dielectric, properties of interest include defect 

density, interdiffusion between the semiconductor 
and dielectric, and roughness of the dielectric- 
semiconductor interface. Using HRTEM, we can 
directly study this interface and try to understand 
how it is affected by different processing conditions 
and its correlation with device characteristics. 

We have analyzed both InGaSb and InGaAs 
FinFETs. In electrical characteristics, InGaSb p-channel 
FinFETs with thinner fins display inadequate gate 
control of the channel current. HRTEM images of 
the InGaSb FinFETs reveal non-uniformity in the  
dielectric as well as interdiffusion between the InGaSb 
and  (Figure 1). We are exploring different passivation 
techniques to improve this interface. 

We have also performed HRTEM on novel InGaAs 
FinFETs with sub-10-nm fins that display superior 
electrical characteristics. HRTEM images show a 
clean interface between the dielectric and the channel 
(Figure 2). We are using HRTEM to further analyze the 
electrostatics and quantum behavior by analyzing fin 
width, shape, and crystallographic orientation.

 ▲ Figure 1: HRTEM image of InGaSb fin. The interface between 
the dielectric and channel is not sharp due to interdiffusion between 
InGaSb and Al2O3. 

 ▲ Figure 2: HRTEM image of InGaAs fin. The interface between 
the dielectric and channel is sharp and well defined. 

FURTHER READING
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Digital Etching for Sub-10-nm III-V Multi-Gate MOSFETs
W. Lu, X. Zhao, J. A. del Alamo 
Sponsorship: DTRA, Korea Institute of Science and Technology, Lam Research, NSF, Samsung

As complementary metal-oxide semiconductor (CMOS) 
technology keeps advancing, new materials are under 
active research in the hope of replacing Si in future 
generations. III-V multi-gate transistors such as InGaAs 
Fin field-effect transistors (FinFETs) or nanowire gate-
all-around metal–oxide–semiconductor field-effect 
transistors (MOSFETs) are regarded as some of the 
most promising candidates. As the physical size of Si 
FinFETs is shrinking, it is critical to develop the tech-
nology to fabricate III-V 3-D devices in the sub-10-nm 
range. In this dimensional regime, precise etching 
control is the key challenge.

Digital etching is an etching technique that 
separates the oxidation and oxide removal steps 
characteristic of chemical etching. It makes both 
the oxidation and oxide removal self-limiting, thus 
enabling nanometer-scale control of the etching 
process. In the last few years, the use of digital 
etching has enabled demonstrations of aggressively 
scaled III-V FinFETs and nanowire MOSFETs. 
However, so far digital etching has been applied only 
to arsenide-based III-Vs. It is not applicable to highly 
reactive compounds such as antimonides. In addition, 
the mechanical yield of digitally etched vertical 

nanowires dramatically degrades at and below 10 nm 
in diameter.

In this project, we have developed a novel non-
aqueous digital etching technique that enables the 
fabrication of sub-10- nm vertical fins and nanowires. 
The new approach uses acids dissolved in alcohol, 
which has less surface tension than water and 
therefore exerts smaller mechanical forces against 
the nanowires. We obtain a consistent 1 nm/cycle 
etching rate on both InGaAs- and InGaSb-based 
heterostructures. We show an over 97% yield in the 
fabrication of sub-10-nm vertical nanowires. We have 
also demonstrated a record 5-nm diameter nanowire 
with a height of 230 nm and an aspect ratio of 46. 
Finally, we fabricated InGaAs vertical single nanowire 
MOSFETs using this technique. Those transistors have 
a linear subthreshold swing of 70 mV/dec, one of the 
best values reported in such devices. The subthreshold 
swing shows that the new digital etching technique is 
effective in yielding a high-quality surface in InGaAs 
nanowires. We are now working towards applying this 
technique to demonstrate InGaAs and InGaSb FinFETs 
and vertical nanowire MOSFETs with sub-10-nm fin 
width and nanowire diameter.

 ▲ Figure 1: InGaAs vertical nanowire with 5-nm diameter, 
230 height obtained after 10 cycles of digital etch in H2SO4: 
methanol.

 ▲ Figure 2: Subthreshold characteristics of single vertical 
nanowire transistors with 40- and 20-nm diameter, with 
lowest subthreshold swing of 70 mV/dec. The inset shows 
S vs. ID of these devices.
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III-V Vertical Nanowire Transistors for Ultra-Low Power Applications
X. Zhao, A. Vardi, J. A. del Alamo 
Sponsorship: NSF E3S STC, Lam Research, SRC

In future logic technology for the Internet of Things 
and mobile applications, reducing transistor power con-
sumption is of paramount importance. Beyond Si com-
plementary metal-oxide semiconductors (CMOS), tran-
sistor technologies based on III-V materials are widely 
considered as a leading solution to lower power dissipa-
tion by enabling dramatic reductions in the transistor 
supply voltage. Vertical nanowire (VNW) transistor tech-
nology holds promise as the ultimately scalable device 
architecture. VNW metal–oxide–semiconductor field-ef-
fect transistors (MOSFETs) have been predicted to offer 
significant advantages compared to their lateral counter-
part in terms of density-performance-power tradeoffs. 
The VNW transistor architecture also fully unleashes 
the advantage of III-V materials by enabling bandgap 
engineering along the transport direction, opening the 
door for the tunnel-FET (TFET), a quantum device that 
potentially break the power limits of MOSFETs. 

This work demonstrates InGaAs-based VNW 
MOSFETs and TFETs fabricated via a top-down 
approach. Record performance has been achieved 

in our latest InGaAs VNW MOSFETs in terms of the 
trade-off between subthreshold swing (S) and ON 
current, as benchmarked in Figure 1. The performance 
improvement over an earlier generation of MOSFETs 
comes mainly from a much better oxide/semiconductor 
interface enabled by improved atomic-layer-deposition 
chamber conditioning and rapid thermal annealing. 

Stemming from the same reasons, our latest VNW 
TFETs have also shown state-of-the-art performance, 
delivering room-temperature sub-thermal S over 
two orders of magnitude of current (Figure 2). The 
current level of the steep slope region was also among 
the highest ever reported. The improved oxide/
semiconductor interface also greatly suppressed the 
significant temperature dependence of our previous 
generation of TFETs, which was attributed to a 
tunnel-assisted generation process through a high 
concentration of interface traps. In our newest devices, 
the subthreshold swing appears to saturate at a very 
low level at low temperatures, highlighing the potential 
of the NW geometry.
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 ▲ Figure 1: Benchmark of peak transconductance and 
minimum subthreshold swing at drain bias of 0.5 V for 
InGaAs and InAs VNW MOSFETs. A record Ion of 200 
μA/μm is obtained at an Ioff = 100 nA/μm and Vdd = 0.5 V.

 ▲ Figure 2: Subthreshold swing vs. Id characteristics of 
an InGaAs/InAs heterojunction VNW TFET demon-
strated in this work, revealing sub-thermal behavior over 
two orders of magnitude of current. Inset shows the TFET 
schematic cross section.
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A Compact Tunnel Field-Effect Transistor Model Including the Impacts of Non-
Idealities
R. N. Sajjad, U. Radhakrishna, W. Chern, D. A. Antoniadis
Sponsorship: NSF E3S, NSF/SRC NEEDS

The tunnel field-effect transistor (TFET) has the prom-
ise of low power switching due to its tunneling-depen-
dent steep subthreshold swing (Figure 1a). Because 
of non-idealities such as the oxide-semiconductor in-
terface traps and non-abrupt band edges (Figure 1b), 
practical TFETs produce higher leakage currents and 
higher subthreshold swing than ideal. We develop 
a physics-based compact model that captures these 
non-idealities. Our model also contains the details of 
TFET device physics such as the drain-voltage influence 
on the quantum capacitance, the superlinear output 
characteristics, negative differential resistance, etc. The 

model is tested against multiple TFET data. Figure 1c-d 
shows the model fits of two sets of experimental data. 
The minimum leakage current that originates from 
the trap assisted tunneling depends strongly on tem-
perature in the experiments. The subthreshold swing 
decreases with reduced temperature since the contri-
bution from the trap assisted tunneling decreases. Our 
model allows prediction of performance in the absence 
of interface traps and provides guidance for future ma-
terial growth and device fabrication. Based on the com-
pact model, we also developed a Verilog-A model that 
allows us to simulate circuits based on TFETs. 

 ▲Figure 1: (a) Ideal band to band tunneling in a TFET causes a steep switching in current under ideal conditions. The switching 
rate is steeper than in a MOSFET. (b) However, in practice, the OFF state current can still flow via surface traps and phonon 
emission, yielding a non-negligible source-drain current. (c-d) The compact model is applied to two different experiments, 
showing good agreement with the data at different temperatures. 
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Metal Oxide Thin-Films as the Basis of Memristive Nonvolatile Memory Devices
T. Defferriere, D. Kalaev, J. L. M. Rupp, H. L. Tuller
Sponsorship:  CMSE, NSF

The design of silicon-based memory devices over the 
past 50+ years has driven the development of increas-
ingly powerful and miniaturized computers with the 
demand for increased computational power and data 
storage capacity continuing unabated. However, fun-
damental physical limits are now complicating fur-
ther downscaling. The oxide-based memristor, a sim-
ple M/I/M structure, in which the resistive state can 
be reversibly switched by application of appropriate 
voltages, promises to replace classic transistors in the 

future. It has the potential to achieve an order-of-mag-
nitude-lower operation power than existing RAM tech-
nology and paves the way for neuromorphic memory 
devices relying on non-binary coding. Our studies 
focus on understanding the mechanisms that lead to 
memristance in a variety of insulating and mixed ionic 
electronic conductors, thereby providing guidelines for 
material selection and for achieving improved device 
performance and robustness.
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Solution-Processed High-Voltage Organic Thin-Film Transistor
A. Shih, A. I. Akinwande 
Sponsorship: DARPA 

Organic-based thin-film transistors (OTFTs) have been 
identified as excellent candidates for flexible electron-
ics due to the weak van der Waals forces between small 
molecules. Electronics and sensors based on OTFTs can 
be made on arbitrary curved surfaces, allowing for the 
development of wearable electronics such as artificial 
skin. However, enabling truly ubiquitous electronics 
through OTFTs demands not only a high performance, 
but also a wide range of operating voltages. There are 
many applications that demand a high operating volt-
age beyond that capable of a typical thin-film transis-
tor. For example, ferroelectric liquid, electrophoretic 
or electro-optic displays, digital X-ray imaging, poly-Si 
cold cathodes, and other sophisticated integrated  
microelectromechanical systems (MEMS) all require 
large operating voltages to function.

In this work, we are developing a solution-
processed high-voltage organic thin-film transistor 
(HVOTFT) based on the organic semiconductor TIPS-
pentacene, operable at over a hundred volts. The 
design of the HVOTFT is shown in Figure 1a. We have 

employed a bottom contact architecture along with 
the dielectrics Parylene-C and BZN (Bi1.5Zn1Nb1.5O7). 
The TIPS-pentacene is dissolved in a high boiling 
point solvent, and the solution is then drop-casted 
on top of the contacts to form the active thin-film. 
The key design structure is to introduce an ungated 
region in series with the traditional gated region. The 
gated region allows for standard transistor switching 
behavior, while the ungated region enables the high 
voltage operation by acting as a non-linear resistor.

The device has been successfully fabricated on 
glass substrates as well as on flexible polyimide wafers, 
as shown in Figure 1b. Currently, devices exhibit good 
performances with charge carrier mobility of ~0.05 cm2/
V∙s, Ion/Ioff of 104 and operating voltages beyond 100 V, 
as shown in Figure 2. Although mobility, Ion/Ioff ratio, 
and breakdown voltage are relatively low compared 
to our pentacene evaporated devices, recent efforts 
to have a self-patterned crystal growth for better 
thickness control as well as transistor isolation have 
proven promising.

 ▲ Figure 2: High-voltage output characteristics of 
HVOTFTs made from TIPS-pentacene via drop-
casting. The channel length is 5 μm with a 10-μm 
ungated region. The channel width is 250 μm. ▲ Figure 1: (a) Cross-sectional view of the HVOTFT, (b) 

OTFTs made on flexible polyimide substrates.
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Energy Harvesting Footwear
H. Akay, R. Xu, S.-G. Kim
Sponsorship:  SUTD

Most portable electronic devices are power-limited by 
battery capacity, and recharging these batteries often 
interrupts the user’s experience with the device. This 
product presents an alternative to powering portables 
by converting regular human walking motion to elec-
tricity. The shoe design harvests electric power using 
rubber lungs, distributed in the sole of a running shoe, 
to drive a series of micro-turbines connected to small 
DC motors. 

The number and position of lungs are optimized 
to harvest the maximum airflow from each foot-
strike. The rubber lungs exhale when compressed and 
inhale during decompression. The turbine enclosure 
is designed symmetrically so that regardless of the 
direction of flow, the turbines continue to spin in the 
same direction. Therefore, energy is harvested during 
both stepping and lifting-off of the foot. 

A prototype shoe was fitted on the right foot of a 
75-kg test subject and produced an average continuous 
power of 90 mW over a 22.4 Ω load during walking at 
3.0 mph. Ongoing research includes applying this 
design to a fully functional boot that transmits GPS 
coordinates, powered solely by the user’s footsteps.

 ▲ Figure 1: Exploded view of dual-turbine air harvester assembly.

 ▲ Figure 2: MIT Logo illuminated by a single footstep.

 ▲ Figure 3: Pump system inhales and exhales, driving turbines 
continuously
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MEMS Energy Harvesting from Low-Frequency and Low-Amplitude Vibrations
R. Xu, H. Akay, S.-G. Kim
Sponsorship: MIT-Singapore University of Technology and Design International Design Center

Vibration energy harvesting at the micro-electri-
cal-mechanical system (MEMS) scale will promisingly 
advance exciting applications such as wireless sensor 
networks and the Internet of Things by eliminating 
troublesome battery-changing or power wiring.  On-
site energy generation could be an ideal solution to 
powering a vast number of distributed devices usually 
employed in these systems. To enable the envisioned 
battery-less systems, a fully assembled energy harvest-
er at a size of a quarter-dollar coin should generate ro-
bustly 101~102µW of continuous power from ambient 
vibrations (mostly less than 100 Hz and 0.5 g accelera-
tion) with wide bandwidth. We are inching close to this 
goal in terms of power density and bandwidth, but not 
in terms of low-frequency and low-amplitude opera-
tions. Our previous research with nonlinear resonating 
bridge-structure-based energy harvesters achieved 2.0 
mW/mm3 power density with >20% power bandwidth. 
However, they were operated with input vibrations of 
>1 kHz at 4 g, which practically limits the use of this 
technology for harvesting energy from real environ-
mentally available vibrations. Many believed this is an 
inherent limitation imposed on the MEMS-scale struc-
tures.

We approached this problem with a buckled-
beam-based bi-stable nonlinear oscillator. Compared 

to mono-stable nonlinear oscillations, we found 
bi-stable oscillations could bring more dynamics 
phenomena to help reduce the operating frequency. 
An electromechanical lumped model has been built 
to simulate the dynamics of the clamped-clamped 
buckled beam based piezoelectric energy harvesters. 
A meso-scale prototype verified the theoretical 
prediction, showing that the same energy harvester in 
a bi-stable configuration generated more power than 
the mono-stable configuration at lower frequencies. 
Residual stress-induced buckling was proposed and 
implemented through micro-fabrication to build 
the MEMS energy harvester. The multi-layer bridge 
structure has employed compressive residual stress 
in the micro-fabricated thin-films to reach overall 
compression and balanced stress distribution with 
respect to the neutral axis. As a main control parameter, 
the total compression can be tuned to exceed the critical 
buckling load and induce buckling. The buckled beam 
oscillates nonlinearly at large amplitude to maintain 
a wide bandwidth at much lower frequencies. The 
MEMS prototype of a quarter-dollar coin size (Figure 
1) has been built and is being tested. The preliminary 
testing shows an order-of-magnitude-lower operating 
frequency range than the same sized mono-stable 
device we previously developed (Figure 2).  

 ▲ Figure 1: The quarter-dollar coin-sized MEMS energy 
harvester (18mm × 18mm). The harvester consists of arrays of 
buckled beams coupled with a central proof mass.

 ▲ Figure 2: Frequency response (open-circuit voltage) of 
the MEMS prototype. The input vibrations from the elec-
tromagnetic shaker swept from 20Hz to 1000Hz at 0.5g.

FURTHER READING
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Systems, 2016. 
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Broadband Acoustic Energy Harvesting via Synthesized Electrical Loading
N. M. Monroe, J. H. Lang, A. P. Chandrakasan 
Sponsorship: Ferrovial, S. A.

With the rise of the Internet of Things and connect-
ed devices, the need for self-powered wireless sensor 
nodes is ever increasing. One promising technology for 
self-powered sensor nodes in noisy environments is 
acoustic energy harvesting: deriving energy from am-
bient sound. Current acoustic energy harvester designs 
have limited performance; they are typically based on 
resonant structures, yielding narrowband energy col-
lection and therefore low energy collection from broad-
band noise sources. In addition, current acoustic ener-
gy harvesters tend to the micro-electro-mechanical 
scale (square microns), with consequently low power 
outputs.  This work addresses the size and bandwidth 
limitations of such harvesters. A large-scale acoustic 
energy harvester is designed based on piezoelectric 
polyvinylidene fluoride (PVDF) film tens of square cm 
in size, with the potential to scale further. 

An energy-based dynamics analysis of such 
a system driven by an acoustic source yields an 
equivalent electromechanical resistor-inductor-
capacitor (RLC) circuit model and subsequently 
a Thévenin equivalent model, looking into the 

piezoelectric element’s terminals. Optimal broadband 
energy harvesting is achieved with a conjugate 
matched load over broad a frequency range. Such 
a load is realized as a combination of resistive and 
negative capacitive impedances. We realize this load 
initially with operational amplifier circuitry and later 
losslessly (in theory) using power factor correction-like 
switched H-bridge circuitry, with control algorithms 
to force a transfer function impedance of voltage 
and current. Essentially reactive power is invested in 
exchange for an increase in real power.

The harvester prototype has been fabricated 
(see Figure 1) and electromechanical model validated 
experimentally (see Figure 2).  The load circuitry is in 
initial stages of testing, with a focus on broadband 
energy harvesting between 50-1000 Hz.

A successful result could pave the path towards 
acoustically powered sensor nodes, particularly in the 
case of broadband noisy environments such as airports 
and highways. There is also potential for application in 
the context of noise isolation. 

 ▲ Figure 1: Assembled acoustic energy harvester with active 
collection area of 100 cm2.

 ▲ Figure 2: Modeled (black) and measured (red) open circuit 
voltage of harvester with 85 dB acoustic input. Model considers 
only first mode of film motion.

FURTHER READING
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MEMS-Based Energy Harvesting System for Machine Health Monitoring 
A. Shin, U. Radhakrishna, J. H. Lang, A. P. Chandrakasan
Sponsorship: Analog Devices, Inc.

Vibration-based machine health monitoring provides 
an effective method of tracking the real-time perfor-
mance of machines to enable predictive maintenance 
and avoid machine downtime. Sensors are attached to 
the vibrating parts that can provide data indicative of 
machine health. The key challenges to powering such 
systems are building sensors that can operate at low 
vibration signals, tolerance to manufacturing varia-
tions, a small form-factor, designing low-power elec-
tronics for battery-less operation, and efficient power 
extraction.

To support such systems, a Lorentz-force-
based micro-electrical-mechanical (MEMS) energy 
harvesting system is proposed that can extract 50 
uW from machine vibrations around 50 Hz with 
external acceleration in the range of 0.2-1 g.  The 
harvester consists of a spring-mass system fabricated 
using a standard Si-MEMS process that oscillates 
under external vibrations. Magnets embedded in the 
mass create time-varying magnetic flux during their 
translational motion. Voltage is induced in windings 
placed above and below the plane of motion of the 
spring-mass system in accordance with Faraday’s 
Law. The harvester is designed to have a matched 
translational resonance frequency of 50 Hz to 
maximize power extraction, with higher-frequency 
alternate resonant modes.   The geometry parameters 
are optimized to achieve a power output of 100 uW, 
while retaining compactness and mechanical stability. 
The associated power electronics is designed to deliver 
50 uW to the load at a 1.8-V regulated output voltage.  
A boost converter based on an H-bridge topology 
is implemented to perform impedance tuning and 
reactive power conditioning for maximizing power 
extraction under 5% variation in harvester-resonant 
frequency due to manufacturing tolerances.  The 
circuit also achieves cold-startup using a Meissner-
oscillator topology that can start from low voltages 
of ~100 mV under 5% off-resonance conditions.  The 
integrated circuit implemented in the TSMC 180-nm 
process can be co-packaged with the harvester and 
forms a compact energy harvesting system solution 
for machine health monitoring.

 ▲ Figure 1: System architecture for a MEMS-based energy har-
vester and power-conditioning circuit targeted for machine health 
monitoring. The electronics includes battery-less startup, fre-
quency tuning, and boost conversion to a 1.8-V output voltage.

 ▲ Figure 2: (a) A cross-sectional schematic of the MEMS elec-
tromagnetic harvester showing the magnet as a proof mass and 
the MEMS springs that support magnet motion during exter-
nal vibrations. (b) The circuit architecture showing the H-bridge 
topology to achieve impedance matching and efficient charge 
transfer to the load battery.

FURTHER READING
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Use of the Bias Flip Technique in Vibration Energy Harvesting
S. Zhao, D. Buss, J. H. Lang 

Harvesting ambient vibration energy through piezo-
electric (PZ) energy harvesting devices (EHDs) can 
provide power for low-power wireless sensor nodes. In 
order to maximize harvested power at a single frequen-
cy, a high-Q resonator is required.  However, in most 
practical applications, the source vibration frequency 
varies with time, and output power drops dramatical-
ly as the source vibration frequency deviates from the 
resonant frequency. 

Our research shows that the resonant frequency 
can be tuned using an electronic circuit called bias 
flip (BF). Figure 1 shows the diagram of the PZ energy 
harvesting system with the BF technique. The BF 
circuit adiabatically flips the voltage across the output 
capacitor of the EHD in such a way that it cancels 
the reactive impedance of the mechanical circuit and 
achieves phase alignment between the output current 
and voltage. The BF technique was first used to improve 
the harvested power at resonant frequency. In this 
research, we explore ways that the BF technique can be 

used to cancel the internal reactive impedance of the 
EHD away from the resonant frequency. The goal of 
this research is to achieve near-optimum output power 
from a single frequency even when the frequency 
deviates from the mechanical resonance frequency of 
the EHD. If the BF were completely adiabatic, we could 
achieve optimum output power away from resonance.  
However, parasitic resistances in the switch and the 
inductor of the BF circuit lead to loss.  We have been 
able to achieve 90% BF efficiency, and this gives some 
improvements.  As shown in Figure 2, we can improve 
the 3dB bandwidth by ~3x and improve power by ~10x 
at frequencies 30% above resonance (150 Hz) or below 
resonance (80 Hz).

The future work is improving harvested power 
by reducing the influence of circuit parasitics, such 
as developing alternative BF topologies, redesigning 
the PZ EHD, and combining BF technique with other 
approaches.

 ▲ Figure 1: Diagram of the PZ energy harvesting system based 
on BF technique and associated operation waveforms at res-
onant frequency.

 ▲ Figure 2: Simulation and experiment results with 
MIDE V20W PZ EHD for harvested power as a func-
tion of vibration frequency with different BF efficiencies 
under 1-g acceleration.
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High-Performance Low-Cost Integrated Micro-Scale Photovoltaics
T. Gu, L. Li, D. Li, B. Jared, G. Keeler, B. Miller, W. Sweatt, S. Paap, M. Saavedra, C. Alford, J. Mudrick, U. Das, S. Hegedus,  
A. Tauke-Pedretti, J. Hu
Sponsorship: ARPA-E

High-efficiency, low-cost photovoltaics (PV) techniques 
beyond Si are critical for new price learning curves 
and further market penetration of solar technology.  
By dramatically scaling down the dimensions of 
multijunction cells to the 100s of microns regime and 
accordingly concentrating micro-optics, emerging 
micro-scale PV technologies potentially offer several 
unprecedented benefits, such as enhanced cell perfor-
mance, reduced module costs, superior interconnect 
flexibility, improved heat dissipation, and a thin 
module form factor. 

To fully exploit the PV cell/optic size scaling effects, 
a novel wafer integrated micro-scale photovoltaic 
(WPV) approach is developed. Employing low-cost 
fabrication and integration techniques, such a PV+ 
technology seamlessly combines the high performance 
of concentrator PV (CPV) and the low costs of flat 
panel Si PV.  The key notion is a multifunctional Si 
cell platform that is hybrid-integrated with high-
performance multijunction micro-cell arrays and 
simultaneously provides optical micro-concentration, 
hybrid photovoltaics, and mechanical micro-assembly 

functionalities (Figure 1). The Si cell embeds micro-
fabricated reflective cavity structures at wafer level 
to serve as efficient non-imaging micro-optics for 
concentrating direct sunlight onto III-V cells as well 
as mechanical alignment features.  It also collects 
diffuse sunlight, a considerable portion of the global 
radiation that cannot be captured by conventional 
CPV systems. Our baseline prototypical module 
(Figure 2) demonstrates a >100% improvement of 
the concentration-ratio x acceptance-angle product, 
compared to state-of-the-art CPV technologies, 
leading to dramatically reduced III-V cell and module 
fabrication costs, sufficient angular tolerance for low-
cost trackers, and an ultra-compact form factor as thin 
as Si panels, which makes the WPV module compatible 
with commercial flat panel infrastructures. Analyses 
and industrial-scale cost modeling indicate that the 
PV+ approach is able to provide 40-50% and 20-40% 
more annual energy production per unit area across 
the USA than conventional Si PV and CPV, respectively, 
while fully leveraging the module- and system-level 
cost benefits of low-cost Si PV.  

 ▲ Figure 1: A novel wafer-integrated PV+ concept: (a) 
multi-functional Si cell platform integrated with multi-
junction micro-cells, (b & c) a baseline WPV consists of 
a molded lens array layer, a multi-functional Si cell, and 
an integrated array of high concentration multijunction 
micro-cells, (d) comparison of WPV with traditional 
Si-PV and CPV.  

 ▲ Figure 2: WPV prototypical module: (a) Si platform with 
etched cavity arrays, (b) III-V micro-cell; (c) packaged molded 
PDMS primary lens array, (d) self-aligned ball-lens concentrator 
positioned on a Si cavity.
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        Stored Energy as a Measurable Unit of Radiation Damage in Materials
C. A. Hirst, R. C. Connick, L. Abel, K. Carter, S. Lowder, P. Cao, M. P. Short 
Sponsorship: MIT-Singapore University of Technology and Design Collaboration Office, International Design Centre

When particle radiation passes through a material, it 
can knock host atoms off their lattice sites. This leads 
to the formation of defects that change the material’s 
properties. The unit currently used to describe radia-
tion damage is the average number of displacements 
per atom (dpa) in the material. However, this value 
overestimates the defect population as it does not ac-
count for recombination and annihilation of defects 
following their formation. 

The atoms in these defects have an associated 
energy that is greater than that of atoms in a perfect 
crystal. We propose to measure the stored energy of the 
defects through fast differential scanning calorimetry 
(DSC) and correlated molecular dynamics simulations. 
This stored “Wigner” energy is determined by the size, 
number, and type of defects present in the material, 
thereby accounting for any recombination that has 
occurred. Knowledge of the true distribution of defects 
will allow accurate predictions of a material’s properties 
to be made over practical lengths and timescales.

Samples were prepared using electron beam phys-
ical vapor deposition (ebeam PVD) of pure Al onto the 
SiN-based chip. A shadow mask was utilized to restrict 
the deposition to a 50-µm-spot size within the analysis 
region of a Mettler Toledo UFS1 twin calorimeter chip 
(see Figure 1). The chip and sample were then irradiated 
with 3.4MeV He2+ ions to a fluence of 3.5 x 1018 ions/cm2 
in the CLASS tandem ion accelerator.

These were then analyzed by heating from room 
temperature to 450°C at 10,000Ks-1 in a Mettler Toledo 
Flash DSC. The difference between the first (irradiated) 
and subsequent (baseline) heating curves is the differ-
ence between defected and “perfect” material. This rep-
resents the stored energy released by the sample during 
heating, i.e., the annealing out of the irradiation induced 
defects (see Figure 2). These initial results are proof of 
the concept with further work including a systematic 
investigation of irradiation dose versus stored energy 
and an evaluation of heating rate, irradiation dose rate, 
and sample preparation effects.

 ▲Figure 1: Bright field optical image showing the successful 
deposition (ebeam PVD) of a 1-µm-thick, ø 50 µm, pure Al 
sample within the analysis region of a Mettler Toledo UFS1 
twin calorimeter chip.

 ▲Figure 2: Consecutive heating curves showing the release of 
energy from the sample during the first (irradiated) heating ramp 
compared to subsequent (baseline) ramps. Run time is directly 
proportional to temperature from 30oC to 450oC, with the 
heating rate 10,000Ks-1.
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Interdigitated Electrodes for in situ Measurements of Electrochemical Devices
J. G. Swallow, T. Defferriere, H. L. Tuller, K. J. Van Vliet  
Sponsorship: U.S. Department of Energy Office of Science

Solid oxide fuel cells (SOFCs) and lithium ion batteries 
are electrochemical energy conversion and storage de-
vices that rely heavily on materials known as non-stoi-
chiometric oxides. This class of oxides can tolerate 
very large point defect concentrations that enable 
useful properties including ionic conductivity or gas 
exchange reactivity. For SOFCs, ionic conductivity is 
enabled by transport of oxide ions through a vacan-
cy-mediated mechanism, while oxygen gas exchange 
operates through incorporation of oxide ions into ex-
isting oxygen vacancy sites. Thus, the electrochemical 
transport and reactivity properties of non-stoichio-
metric oxides are highly dependent on oxygen vacancy 
concentration and kinetics, which depend on environ-
mental conditions including temperature, T, and oxy-
gen partial pressure, pO2.

In order to understand the electrochemical 
performance of oxide materials in the range of 
environments that might be present in operating 
devices (e.g., T > 600°C, pO2 between 0.2 and 10-15 
atm), it is necessary to measure these properties in 
situ. Thin-films are excellent model systems for this 
purpose, due to their well-controlled compositions and 

simple geometries that are optimal for rapid testing 
with electrochemical impedance spectroscopy (EIS). 
To measure the electronic and ionic conductivity of 
such films, electrodes that maximize signal to noise are 
required. Specifically, interdigitated electrodes (IDEs) 
like those shown in Figure 1 can significantly improve 
the signal-to-noise ratio over that of simple electrodes 
and may be fabricated with extreme reproducibility 
and precision using photolithography.

To fabricate devices like the one shown in Figure 
1, photolithography was used to pattern 40-μm IDE 
photoresist masks onto the surface of an oxide film 
grown by pulsed laser deposition on a single crystal 
substrate. Platinum electrodes were then sputtered 
onto these masks. This was followed by chemical lift-
off to remove the remaining photoresist. Such devices 
may be tested using EIS under a range of conditions, 
including varied temperatures or gas atmospheres. 
Spectra like the one shown in Figure 2 can be used to 
understand how the ionic and electronic transport 
characteristics of the oxide film are affected by 
environmental conditions of temperature and oxygen 
partial pressure. 

 ▲ Figure 1: IDEs fabricated by photolithography on oxide 
films grown by pulsed laser deposition. The inset shows a low 
magnification view of device geometry.

 ▲ Figure 2: EIS of a non-stoichiometric oxide film taken 
using IDEs like those shown in Figure 1 at 640°C. IDEs 
provide large effective electrode area that enhances sig-
nal-to-noise.
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Controlling the Phase and Properties of Functional Oxides by Electrochemical Potential
Q. Lu, S. R. Bishop, G. Vardar, H. L. Tuller, B. Yildiz
Sponsorship: NSF

Functional oxides play an important role in the perfor-
mance of novel electronic devices and energy-storage 
technologies owing to their highly tunable properties, 
which can be largely altered via external stimuli. The 
change of physical properties, including electrical con-
ductivity and magnetism, induced in a controlled and 
non-volatile fashion can potentially enable emerging 
information-storage devices. We have developed a new 
means of tuning the crystal structure and electronic 
structure by using electrochemical potential to control 
the oxygen content in the oxide. The aim is to trigger 
phase transition electrochemically and obtain distinctly  
different physical and chemical properties. We employed  
advanced in situ material characterization tools to re-
veal the mechanism of electrochemically induced oxide 
phase transitions. Our findings can potentially guide 
the design of new types of electronic devices based on 
this mechanism.

We implemented this novel method of controlling 
oxide properties in model system of SrCoOx, which 
can take two different crystal structures depending 
on the oxygen stoichiometry, i.e., oxygen-deficient 
layered brownmillerite-structured SrCoO2.5, which 
is a semiconductor, and oxygen-rich perovskite-
structured SrCoO3, which is metallic. By using in situ 

X-ray diffraction, we could probe the electrochemically 
triggered phase transition between these two crystal 
structures. We found that an electrochemical bias 
of merely 25 mV was sufficient to trigger the phase 
transition, while it is very difficult to obtain this 
phase transition by conventional chemical methods. 
We further utilized in operando synchrotron-based 
X-ray spectroscopic tools to depict the evolution of 
the electronic structure of SrCoOx during the phase 
transition. The transition allows for a large change in 
the electronic structure and electronic conductivity. 

This electrochemical method of controlling 
phase and properties is applicable to a wide range of 
oxides that have multivalancy and associated distinct 
phases. We have recently applied this strategy to 
another functional oxide of importance to electronic 
devices, i.e., vanadium oxide, VOx. We revealed a 
new, electrochemically controlled branch of metal-
to-insulator transition between two VOx phases. 
The transition can be triggered at a wide range of 
temperatures, from room temperature to several 
hundreds of Celsius degrees. This approach opens a 
new route for designing new “ionotronic” (i.e., “ionic + 
electronic”) devices based on VOx.

 ▲Figure 1: Schematic showing the electrochemically con-
trolled phase change and property control (exemplified by 
SrCoOx). Oxygen ions are incorporated or removed from 
the oxide structure depending on the polarity of the biases 
applied. Soft X-ray spectroscopy is used to probe the 
phase and electronic structure change during this process. 

 WFigure 2: In situ X-ray 
diffraction pattern on 
SrCoOx. Electrochem-
ical bias was applied to 
alter the phase and crystal 
structure from SrCoO2.5 
to SrCoO3-x, which leads 
to the change in the 
shown peak position.
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Electro-Chemo-Mechanical Studies of Perovskite-Structured Mixed Ionic-Electronic 
Conducting SrSn1-xFexO3-x/2+

C. S. Kim, S. R. Bishop, N. H. Perry, H. L. Tuller
Sponsorship: Skolkovo Foundation

High efficiency and fuel flexibility make solid oxide 
fuel cells (SOFCs) attractive for conversion of fuels to 
electricity. Reduced operating temperatures, desirable 
for reduced costs and extended operation, however, 
result in significant losses in efficiency. This loss has 
been traced primarily to slow cathode surface reaction 
kinetics. In this work, we extend previous studies on 
the promising mixed ionic and electronic conducting 
perovskite-structured SrTi1-xFexO3-x/2+ (STF) materials 
system, whose exchange kinetics were correlated with 
the minority electron charge density by replacing Ti 
with Sn, due to its distinct band structure and higher 
electron mobility. 

Oxygen nonstoichiometry and the defect 
chemistry of the SrSn1-xFexO3-x/2+ (SSF) system were 
examined by thermogravimetry as a function of 
oxygen partial pressure in the temperature range of 
973-1273 K. Marginally higher reducibility was observed 
compared to corresponding compositions in the STF 
system. The bulk electrical conductivity was measured 

in parallel to examine how changes in defect chemistry 
and electronic band structure, associated with the 
substitution of Ti by Sn, impact carrier density and 
ultimately electrode performance. Bulk chemical 
expansion was measured by dilatometry as a function 
of oxygen partial pressure, while surface kinetics were 
examined by means of AC impedance spectroscopy. 
The electro-chemo-mechanical properties of SSF were 
found not to differ significantly from the corresponding 
composition in STF. Key thermodynamic and kinetic 
parameters for SrSn0.65Fe0.35O2.825+ (SSF35) were derived, 
including the reduction enthalpy, electronic band gap, 
anion Frenkel enthalpy, oxygen vacancy migration 
energy, and electron and hole mobilities. Though 
slightly shifted by the larger size of Sn, the defect 
equilibria and the cathode area specific resistance 
differed only in a limited way from that in STF. This 
small difference was attributed to properties being 
largely dominated by Fe and not by the substitution of 
Ti with Sn.

 ▲ Figure 1: Oxygen nonstoichiometry  as a 
function of pO2 and temperature for SSF35.

 ▲ Figure 2: Comparison of temperature dependence of 
area specific resistance of SSF35 and STF35 thin-film 
electrodes.
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Controlling Concentration and Nature of Oxygen Defects in Layered Cuprate-Based 
Materials by Electrical Bias
C. S. Kim, H. L. Tuller
Sponsorship: Skolkovo Foundation

Both the nature and concentration of oxygen defects 
in oxide materials can have a significant impact on 
their physical and chemical properties as well as key 
interfacial reaction kinetics such as oxygen exchange 
with the atmosphere, important of sensor, fuel cell 
and electrolysis cell operation. Most commonly, the 
desired oxygen defect concentration, or equivalently 
oxygen nonstoichiometry, is attained in a given 
material by controlling the oxygen partial pressure 
and temperature in which it is equilibrated or annealed. 
This approach, however, is limited by the range of 
oxygen partial pressures readily experimentally 
achievable and requires knowledge of the applicable 
defect chemical model. In this study, we fine-tune 

oxygen defect concentrations in promising rare earth 
cuprate (RE2CuO4: RE = rare earth) solid oxide fuel 
cell cathode materials by application of electrical 
potentials across an yttria-stabilized zirconium 
supporting electrolyte. These layered perovskites can 
incorporate both oxygen interstitials and vacancies, 
thereby broadening the range of investigations. 
Oxygen nonstoichiometry values are determined by 
in-situ measurement of chemical capacitance and are 
compared with corresponding information available 
for bulk specimens. These studies are expected to 
provide further insight into the defect and transport 
mechanisms that support enhanced SOFC cathode 
performance.
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Utilization of BaSnO3 and Related Materials Systems for Transparent Conducting 
Electrodes
M. Campion, S. R. Bishop, H. L. Tuller 
Sponsorship: NSF 

Efficient transparent electrode materials are vital for 
applications in smart window, LED display, and solar 
cell technologies.  These materials must possess a wide 
band gap for minimal optical absorption in the visible 
spectrum while maintaining a high electrical conduc-
tivity.  Tin-doped indium oxide (ITO) has been the in-
dustry standard for transparent electrodes, but the use 
of the rare element indium has led to a search for better 
material alternatives.  BaSnO3 represents a promising 
alternative due to its high electron mobility and resis-
tance to property degradation under oxidizing condi-
tions, but the mechanisms by which processing con-
ditions and defect chemistry affect the final material 
properties are not well understood.  

This work seeks to better understand the 
relationships between processing, defect chemistry, 
and material properties of BaSnO3, in order to better 
establish the consistent and controllable use of BaSnO3 

as a transparent electrode. To accomplish these goals, 
methods such as in-situ resistance and impedance 
monitoring during annealing will be applied. In 
addition, a variety of novel methods such as the in 
situ monitoring of optical transmission (shown in 
Figure 1) during annealing and the in-situ monitoring 
of resistance during physical vapor deposition will be 
utilized to investigate BaSnO3. Direct measurements 
of the key constants for the thermodynamics and 
kinetics of oxidation in donor-doped BaSnO3 will be 
experimentally determined for the first time. This 
increase in understanding will provide a predictive 
model for determining optical properties, carrier 
concentrations, and electron mobilities in BaSnO3, 
which may be become increasingly important due to 
its high electron mobility, high temperature stability, 
and favorable crystal structure.

 ▲ Figure 1: Schematic of experimental setup to be used for simultaneous in-situ measurement of the optical transmission 
and electrical conductivity of thin-film BaSnO3 samples during annealing under controlled atmosphere and temperature.

FURTHER READING

• D. O. Scanlon, “Defect Engineering of BaSnO3 for High-Performance Transparent Conducting Oxide Applications,” Phys. Rev. B, vol. 87, no. 16, 
161201, Apr. 2013. 

• J. J. Kim, S. R. Bishop, N. J. Thompson, D. Chen, and H. L. Tuller, “Investigation of Nonstoichiometry in Oxide Thin Films by Simultaneous in situ 
Optical Absorption and Chemical Capacitance Measurements: Pr-Doped Ceria, a Case Study,” Chemistry of Materials, vol. 26, no.3, 1374-1379, 2014.
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Understanding Mechanisms and Optimizing Capacity for Lithium-O2 Batteries
T. Batcho, D. Kwabi, Y. Shao-Horn, C. V. Thompson  
Sponsorship: Skoltech Center for Electrochemical Energy Storage

Lithium-O2 batteries hold promise for the next gener- 
ation of electric vehicles and other applications. By 
reacting oxygen directly with lithium ions to form 
Li2O2 on discharge, they can achieve energy densities 
3-5 times higher than current lithium-ion batteries. 
Because Li2O2 forms an electrically insulating film 
during discharge that passivates the electrode surface,  
obtaining optimal volumetric capacities requires an 
understanding of the mechanisms that control Li2O2 
film formation.

High volumetric capacities can be achieved by 
promoting the growth of large toroidal deposits 
of Li2O2 as opposed to thin-films, which cut off cell 
discharge prior to full void space filling of the electrode. 
Li2O2 can form by a surface pathway involving 
two-electron transfers into a film or by a solution 
pathway involving a one-electron transfer to create 
solvated LiO2 that chemically forms toroidal Li2O2. 
We study the mechanisms of nucleation and growth 
by the surface pathway to promote more efficient 
void filling. Potentiostatic discharges provide useful 
information about the kinetics of the film formation 
as the driving force for Li2O2 is fixed, which allows the 

application of existing models for electrodeposition to 
our system to extract rates of surface nucleation and 
growth. Our initial efforts have focused on performing 
potentiostatic discharges on carbon paper in a standard 
cell. This method shows that potential determines the 
rate of film growth (Figure 1), but it provides no means 
to separately characterize the mechanisms of the 
surface and solvent processes.

To distinguish current that forms Li2O2 in solution 
from current that forms Li2O2 on the electrode, we 
use the rotating ring disk electrode technique (RRDE). 
RRDE reduces oxygen at an inner disk electrode to 
form insoluble Li2O2 on that electrode or soluble LiO2 
that is swept to an outer ring electrode by a convection 
current created by rotating the setup (Figure 2). Since 
we directly measure the amount of soluble species at 
the ring, we can calculate the amount of Li2O2 formed 
by the surface pathway. This allows us to model 
the nucleation and growth kinetics of the surface 
film formation. We use RDDE to study how solvent 
properties and potential govern surface film growth 
kinetics, which will be key in achieving high void-
filling high volumetric capacity Li-O2 batteries.

 ▲ Figure 1: Current transients for potentiostatic  
discharges at a range of potentials in 0.1 M LiClO4 
DMSO on carbon paper. Peaks occur at longer times 
at higher potentials (lower overpotentials), suggesting 
slower nucleation/growth rates.

 ▲ Figure 2: Disk current transient (blue) and 
corresponding ring current transient (red) for 
a 2.4V discharge in 0.1 M LiClO4 DMSO. The 
ring current gives a measure of the amount of 
soluble species produced on the disk.

FURTHER READING

• R. R. Mitchel, B. M. Gallant, Y. Shao-Horn, and C. V. Thompson, “Mechanisms of Morphological Evolution of Li2O2 Particles during 
Electrochemical Growth,” J. Physical Chemistry Lett., vol. 4, no. 7, 1060, Mar. 2013.
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Kinetic Studies of the Initial Lithiation Si Thin-Film Anodes
J. Miao, C. V. Thompson 
Sponsorship: SMART, Skoltech Center for Electrochemical Energy Storage

Li-ion batteries are the most widely used secondary bat-
teries. Researchers have been aiming for larger capaci-
ty and energy density, better cycling performance, and 
safer operation. Also, in response to the trend toward 
miniaturized device development in the electronic and 
health industries, all-solid-state planar microbatteries 
have received special attention because they can be 
integrated with complementary metal-oxide semicon-
ductor (CMOS) technology and offer improved safety 
since no liquid electrolyte is used. Among known anode 
materials, Si is a promising candidate for applications 
in microbatteries. It has extraordinarily high volumet-
ric and gravimetric capacities (8375 Ah/cm3, 3579 Ah/kg), 
along with a low discharge potential and thus a high 
energy density. The reason that Si exhibits such high 
capacities is related to its alloying mechanism during 
lithiation and delithiation. Quite different from con-
ventional intercalation anodes, the lithiation of amor-
phous Si proceeds by bond breakage and formation of 
new atomic scale structures in a series of phase trans-
formations. Unfortunately, this mechanism also leads 
to a large volume expansion and can lead to battery 
failure. To explore the alloying lithiation process of Si 
thin-films and better understand the reaction mecha-
nisms and the potential for material optimization, elec-
trochemical methods and material analysis were used 
to study the irreversible phase transition that occurs in 
the first lithiation cycle and the change in transforma-
tion mechanisms between cycles.

It was found that the current vs. time plot for 
the first lithiation in the first charge-discharge cycle 
(Figure 1, black curve) during potentiostatic lithiation 
shows a step feature that cannot be explained using the 
single phase diffusion model that is often envisioned 
for the lithiation process. The time at which the 
step occurs increases with increasing film thickness, 
suggesting a transformation mechanism involving the 
motion of a planar interface, as shown in Figure 2(a).  
The behavior leading to the step can be divided into 
two regimes, with the curve before the step showing 
a square root of time dependence and the curve after 
the step fitting an exponential decay. This division is 
consistent with diffusion limited thickening of the 
lithiated phase (Figure 2a), followed by elimination of 
the Li concentration gradient in the fully transformed 
film.  In the second lithiation cycle, the step feature 
is absent (Figure 1, red curve). This absence suggests 
that after the transformation in cycle 1, the single 
phase diffusion model applies (Figure 2b). Therefore, 
it is concluded that the two-phase coexistence and 
interface propagation process that occurs in cycle 1 
leads to an at least partly irreversible expansion of the 
Si structure during cycle 1. Modification of this process 
might allow optimization of battery performance in 
subsequent cycles.

 ▲ Figure 1: Current density vs. time plots for a 
315- nm-thick amorphous Si (a-Si) thin-film 
in cycle 1 and cycle 2 in potentiostatic tests. 

 ▲ Figure 2: (a) Cycle 1 and (b) Cycle 2 lithiation models under a constant 
potential for a 315-nm- thick a-Si thin-film.
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Integrated All-Solid-State Supercapacitors for Si Microsystems
W. Zheng, Q. Cheng, D. Wang, C. V. Thompson
Sponsorship: SMART

Autonomous microsystems require devices for energy 
storage.  Thin-film microbatteries store energy at high 
density but typically operate at low power, while ca-
pacitors can operate at high power but do not provide 
high density storage.  Autonomous microsystems, such 
as autonomous sensors, require both high energy den-
sity storage for efficient use of space and high power 
for broadcast of data.  We are developing all-solid-state 
thin-film microbatteries, discussed elsewhere, and 
nanowire-array supercapacitors that can be fabricat-
ed using the tool set for complementary metal-oxide  
semiconductor (CMOS) processing.

Solid-state on-chip supercapacitors based on 
ruthenium oxide coated silicon nanowires were 
fabricated. Ordered arrays of silicon nanowires were 
made using metal-assisted anodic etching (MAAE), as 
in Figure 1. Atomic layer deposition (ALD) was used 
to form a uniform coating of ruthenium oxide on 

high-aspect-ratio silicon nanowires at a moderate 
temperature of 290°C. Coated nanowire electrodes 
were studied using cyclic voltammetry and charge-
discharge tests in a neutral Na2SO4 electrolyte, and 
a specific capacitance of 19 mFcm-2 was achieved at 
5 mVs-1. Solid-state nanowire capacitors were then 
fabricated with symmetric face-to-face nanowire 
arrays separated by a polymer-based solid electrolyte. 
This device exhibited a specific capacitance as high as 
6.5 mFcm-2 at 2 mVs-1, as Figure 2 shows. The full device 
was tested over 10,000 cycles under galvanostatic 
charge/discharge at 0.4 mAcm-2 and showed a 
retention of 92% of the specific capacitance. The 
specific capacitance was found to scale with the total 
nanowire surface area, by controlling the aspect ratios 
of the wires. The solid-state nanowire-based device 
also achieved high specific energies without sacrificing 
power performance.

 ▲ Figure 2: Specific capacity versus scan rate for all-solid-
state planar capacitors with and without RuOx coatings and 
silicon nanowire capacitors with two different NW aspect 
ratios.

 ▲ Figure 1: Schematic of the symmetric solid-state 
on-chip supercapacitor based on RuOx- coated arrays of 
silicon nanowires (SWNs).

FURTHER READING
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Development of a Tabletop Fabrication Platform for MEMS Research, Development, 
and Production
M. D. Hsing, P. A. Gould, M. A. Schmidt 
Sponsorship: MTL

A general rule of thumb for new semiconductor fabrica-
tion facilities (Fabs) is that revenues from the first year 
of production must match the capital cost of building 
the fab itself. With modern fabs routinely exceeding $1 
billion to build, this rule serves as a significant barrier 
to entry for research and development and for groups 
seeking to commercialize new semiconductor devic-
es aimed at smaller market segments and requiring 
a dedicated process. To eliminate this cost barrier, we 
are working to create a suite of tools that will process 
small (~1”) substrates and cumulatively cost less than 
$1 million. This suite of tools, known colloquially as the 
1” Fab, offers many advantages over traditional fabs. By 
shrinking the size of the substrate, we trade high die 
throughputs for significant capital cost savings, as well 
as substantial savings in material usage and energy con-
sumption.  This substantial reduction in the capital cost 
will drastically increase the availability of semiconduc-
tor fabrication technology and enable experimentation, 
prototyping, and small-scale production to occur locally 
and economically. 

To implement this suite of 1” Fab tools, our current 
research has primarily been focused on developing a 1” 
Fab deep reactive ion etcher (DRIE). DRIE tools are used 
to create highly anisotropic, high aspect-ratio trenches 
in silicon—a crucial element in many MEMS processes 

that will benefit from a 1” Fab platform. In 2015-2016 
we completed the development of the tool, and in this 
past year, our focus has been on optimizing its design 
for manufacturability. We ultimately demonstrated 
the manufacturability of the tool by setting up a 
satellite laboratory in Beijing, China with our research 
collaborators at the General Research Institute for 
Nonferrous Metals (GRINM). (See Figure 1 for a photo of 
the system set up in China). Our GRINM colleagues are 
helping develop etch recipes and providing feedback on 
the operation of the tool.  We have also been working 
with the Perreault group at MIT to develop a low-cost, 
resistance-compression-based impedance matching 
network for use with this DRIE system and other 
plasma-based processing tools

In addition to the optimization of the DRIE tool, we 
are currently developing novel PECVD and magnetron 
sputtering tools. In the PECVD research, we are 
exploring the use of inductively coupled plasma sources 
and non-pyrophoric mixtures of silane gas for Si-based 
film depositions. For sputtering, we are looking at novel 
techniques for creating low cost multi-layer film stacks. 
These two new systems will leverage the pre-existing 1” 
Fab modular infrastructure and will be fully compatible 
with the common base assembly that was developed for 
the 1” Fab DRIE system, as shown in Figure 2.  

 ▲ Figure 1: View of the basic components of the 
1” Fab DRIE system.

 ▲ Figure 2: 1” Fab tools utilizing a common base assembly.

FURTHER READING
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Development of in-situ Depth Profiler for Real-Time Control  
in a Deep Reactive Ion Etcher
C. Teale, M. A. Schmidt, G. Barbastathis 

Standard process development for micro and nanofab-
rication etching cycles rely on open-loop trial and error 
testing of recipes to achieve optimal etch depths and 
uniformities. This strategy is non-optimal for research 
and fabrication of novel devices where one-of-a-kind 
experiments can not justify lengthy process develop-
ment times. As an alternative, we are developing an 
in-situ depth measurement device for real-time feed-
back of etch depth and uniformity. This will facilitate 
far shorter process development times, ideally enabling 
the desired etch to be achieved on the first process run.

Many system constraints make this very difficult 
and preclude the use of existing technology. We are 
pursuing an optical measurement approach based on 
a parallelized confocal design. The measurement must 
be done at a distance of around 8” through an aperture 

of around 2” in diameter, significantly limiting the 
numerical aperture. We are currently investigating 
the fundamental resolution limits of a confocal depth 
measurement under these conditions. We expect the 
dominant noise source to be laser speckle which will 
result from coherent illumination of the rough surface 
left by the plasma etching process. Calculations 
and simulations indicate that the confocal depth 
measurement is significantly corrupted by this 
speckle noise, severely limiting the depth resolution to 
around 100 μm. The desired depth resolution is around 
1 μm which should be achievable if the specke noise 
could be removed. By measuring and characterizing 
the statistical properties of the rough surface’s height 
distribution, we hope to remove the speckle noise and 
significantly improve the achievable depth resolution.

 ▲ Figure 1: (top, left) Smooth surface simulated confocal intensity response at detector plane, (top, right) rough surface simulated 
confocal instensity response at detector plane, and (bottom) simulated confocal intensity response through pinhole.

FURTHER READING
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Resonant Body Transistor with MIT Virtual Source (RBT-MVS) Compact Model
B. Bahr, D. Weinstein, L. Daniel 
Sponsorship: NSF NEEDS

High-Q mechanical resonators are crucial components 
for filters and oscillators that are essential for radio 
frequency and analog circuits. It is highly desirable 
for resonators to scale to GHz-frequencies and beyond 
to meet today’s challenging requirements in terms of 
speed and data rates. Furthermore, aggressive scal-
ing requirements call for monolithic integration with 
complementary metal-oxide semiconductor (CMOS) 
circuits to allow for a smaller footprint and reduced 
parasitics and power consumption. Micro-electro- 
mechanical (MEM) resonators represent a potential 
solution for frequency and footprint scaling, along 
with monolithic integration in CMOS.

A resonant body transistor (RBT) is a MEM resonator 
with a field-effect transistor (FET) incorporated into 
the resonator structure. The FET is intended for 
active sensing of the mechanical vibrations through 
piezoresistive modulation of the channel mobility. 
RBTs also rely on electrostatic internal dielectric 
transduction for actuation, by means of metal–oxide–
semiconductor capacitors (MOSCAPs). Such sensing 
and actuation enable these devices to easily scale to 
multi-GHz frequencies while being compatible with 
CMOS manufacturing technologies.

Compact modeling for these devices is essential to 
gain a deeper insight into the tightly coupled physics of 
the RBT while emphasizing the effect of the different 
parameters on the device performance. It also grants 
circuit designers and system architects the ability 
to quickly assess the performance of prospective 
RBTs while minimizing the need for computationally 
intensive coupled-multiphysics finite element method 
(FEM) simulations.

The RBT compact model is developed as a set of 
modules, each representing a physical phenomenon. 
Mechanical resonance, FET sensing, MOSCAP driving, 
and thermal modules are the most notable. The modules 
are interconnected through a set of nodes (namely, 
mechanical nodes and a thermal node) to represent the 
coupling between the different physics. This modular 
approach enables the seamless expansion of the RBT 
model either by incorporating new physics, adding 
driving or thermal sources, or mechanically coupling 
multiple RBTs together. A modified version of the 
MIT Virtual Source (MVS) model is used to implement 
both the electrostatic driving (as a MOSCAP) and the 
piezoresistive active FET sensing. The full model is 
developed in Verilog-A and available on nanohub.org.

 ▲ Figure 1: The first RBT, developed by D. Weinstein and S. 
Bhave in 2009 at Cornell University.

 ▲ Figure 2: Modular RBT model, with each 
physical phenomenon represented by a module. 
Different modules are connected through a 
mechanical node (M) and thermal node (T).
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Shielded, Flexible, and Stretchable Tactile Pressure and Shear Sensors Based on 
Deformable Microwave Transmission Lines
M. E. D’Asaro, D. B. Sheen, J. H. Lang 
Sponsorship: NSF CSNE

Tactile sensors and skins aimed at replicating the 
human sense of touch are an active topic of research 
with numerous potential applications in areas includ-
ing robotics, healthcare, and prosthetics. Current skin 
technology is limited by mechanical fragility, complex 
fabrication, and the need for large numbers of connec-
tions to external electronics. We have developed a new 
sensing technology based on microwave transmission 
lines that address these challenges.

The pressure sensor (Figure 1) consists of a shielded 
flexible and stretchable 3-mm-thick transmission line 
constructed with conductors made of stretchable 
conductive cloth and a dielectric made of silicone 
rubber. Where pressure is applied, the dielectric 
deforms causing a change in the local characteristic 
impedance of the line. We have developed an algorithm 
that can reconstruct the deformation of the line as a 
function of position, based on the terminal impedance 
of the line measured across a wide frequency range 

(30 MHz to 6 GHz). This algorithm can also correct for 
resistive loss in the transmission line. To demonstrate 
this sensor, three different pressure deformations were 
applied at each of three locations, and the responses 
were combined to create Figure 1. Due to the shielding, 
the sensor performs correctly even when tied in a knot 
(with updated baseline subtraction).

We have also developed a shear sensor (Figure 
2) capable of measuring deformation due to applied 
pressure, and separately, deformation due to the force 
applied parallel to the surface of the sensor. This 
device consists of two independent transmission lines, 
which are constructed so that pressure causes equal 
impedance change but shear causes unequal change, 
allowing pressure to be differentiated from shear. 
Shear sensors are rare in the field of tactile skins; 
this technique, requiring only two connections, has 
promise for inexpensive and simple wide-area flexible 
and stretchable pressure and shear sensors.

 
 ▲ Figure 1, top: Diagram of shielded pressure sensor. 

Main: Loss-corrected response of sensor to pressure of 
various magnitudes and at various locations. Inset: Sensor 
on testing apparatus shown tied in a knot with no signifi-
cant effect on response.

 ▲ Figure 2, top: Cross-section of shear sensor show-
ing conductors and dielectric. Main: Sensor response to 
various magnitudes of simultaneous pressure and shear. 
(Actual applied pressure and shear plotted for compar-
ison.)

FURTHER READING
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Micro-Engineered Pillar Structures for Pool-Boiling CHF Enhancement
M. Rahman, G. Saccone, M. Bucci, J. Buongiorno 
Sponsorship: Exelon Corporation, MISTI

Increasing the performance of phase-change heat 
transfer phenomena is key to the development of 
next-generation electronics as well as power gener-
ation systems and chemical processing components. 
Surface-engineering techniques could be successfully 
deployed to achieve this goal. For instance, by engineer-
ing micro/nano-scale features, such as pillars, on the 
boiling surface, it is possible to attain 100% enhance-
ment in pool boiling critical heat flux (CHF). Research-
ers have been working on several CHF enhancing micro- 
and nano-structured surfaces for years. However, due 
to the complexity of CHF phenomena, there is still no 
general agreement on the enhancement mechanism. 
An investigation of the effect of micropillar height 
on surface capillary wicking and the associated pool- 
boiling CHF enhancement has been conducted. Several  
silicon micropillar structures have been fabricated  
using MTL photolithography and DRIE facilities.

The surfaces were characterized using MTL’s scan-

ning electron microscope (SEM), as shown in Figure 1a.  
The surfaces were then characterized by measuring 
the capillary wicking rate as presented in Figure 1b. A 
mechanistic capillary wicking estimation has been 
provided and compared with experimental wicking 
results (Figure 1c). Finally, the performance of such 
structures was characterized through traditional pool 
boiling experiments (Figure 1d). The results demonstrate 
the benefits of wicking promoted by these structures in 
terms of CHF enhancement. 

The microstructured surfaces fabricated at MTL 
have also been tested in pool-boiling with an electric field 
applied to replace for low gravity in space applications. 
A further increase in CHF has been observed due to the 
application of the electric field, on both flat and micro-
structured silicon heaters. Notably, the combined use of 
passive (micro-structured surfaces) and active (electric 
field) CHF enhancement techniques has produced the 
maximum CHF enhancement.

 ▲Figure 1: Microstructured surfaces for CHF enhancement, (a) SEM image of a fabricated 
surface, (b) high speed images wicking experiment, (c) comparison of analytical and experi-
mental wicking, (d) pool boiling result of a microstructured surface compared to flat silicon 
reference surface.
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An Ultra-Thin Nanoporous Membrane Evaporator
Z. Lu, K. L. Wilke, D. J. Preston, I. Kinefuchi, E. Chang-Davidson, E. N. Wang
Sponsorship: AFOSR

Evaporation is a ubiquitous phenomenon found in 
nature and widely used in industry. Fundamental un-
derstanding of the interfacial transport during evap-
oration remains limited to date as it is generally chal-
lenging to characterize the heat/mass transfer at the 
interface level, especially when the heat flux is high 
(> 100 W/cm2). In this work, we were able to accurate-
ly monitor the temperature of the liquid-vapor inter-
face, reduce the thermal-fluidic transport resistance, 
and mitigate the clogging risk due to contamination. 
This was done with an ultra-thin (≈ 200-nm thickness) 

nanoporous (≈ 130-nm pore diameter) membrane evap-
orator, Figure 1 a, b, and c. At a steady state, we demon-
strated high heat fluxes across the interface (≈ 500 W/
cm2) with pure evaporation into an air ambient over 
a total evaporation area of 0.20 mm2. In the high flux 
regime, we showed the breakdown of Fick’s first law 
of diffusion and the importance of convective trans-
port caused by evaporation itself (Figure 2). The pres-
ent work improves the fundamental understanding of 
evaporation and paves the way for applications of high 
flux phase change devices.

 ▲Figure 1: (a) Image of the ultra-thin nanoporous evaporator from 
an optical microscope: two Au contact pads are connected by a sus-
pended membrane (~ 200-nm thick); the active part is nanoporous 
and coated with Au (≈ 40-nm thick) while the inactive part is imper-
meable and non-metallic, (b) image of the nanopores patterned in 
the active part of the membrane from a scanning electron micro-
scope, (c) image of the test rig with a liquid feed-through and elec-
trical connections.

 ▲Figure 2: Heat flux ·q"in vs. surface temperature Ts over a 
large range of evaporative heat fluxes: the red triangles, black 
squares, and purple diamonds are the experimental data from 
Samples 1, 2, and 3, respectively. The blue dash line and the 
pink solid line represent the model prediction from Fick’s law 
and the Maxwell-Stefan equation, respectively.
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Thin-Film Evaporation from Nanoporous Membranes for Thermal Management
K. L. Wilke, B. Barabadi, Z. Lu, T. J. Zhang, E. N. Wang 
Sponsorship: The Masdar Institute of Science and Technology, MIT

Performance and lifetime of emerging electronics are 
often dictated by the ability to dissipate heat generated 
in the device. In fact, a number of advanced electronics 
can generate heat fluxes exceeding 1000 W/cm2, such as 
gallium nitride high electron mobility transistors, and 
pump lasers. To put that in context, the heat flux of 
a typical electric stovetop is more than 100x less. The 
large heat fluxes generated in these devices, coupled 
with the negative impact on the device’s performance, 
has created the need for new thermal management 
techniques. Thin-film evaporation from nanopores 
has emerged as a promising candidate by reducing 
the thermal transport resistance across the liquid film 
while simultaneously providing capillary pumping.  
The combination of low resistance and large capillary 
pumping allows large heat fluxes to be dissipated with 
minimal temperature rise in the device.

In this work, we study the dependence of 
evaporation from nanopores on a variety of geometric 
parameters, including pore diameter, membrane 
porosity, and the location of the meniscus within the 
pore. Anodic aluminum oxide membranes were used 
as an experimental template. A bi-philic treatment was 

used to create a hydrophobic section of the pore to 
control meniscus location. This membrane was sealed 
in a text fixture shown in Figure 1. Heat was supplied 
to the membrane, and the resulting temperature was 
monitored. 

We demonstrated different heat transfer regimes 
and observed more than an order-of-magnitude 
increase in dissipated heat flux by confining fluid 
within the nanopore, as seen in Figure 2. Similar 
tests were run systematically varying pore diameter, 
porosity, and meniscus location within the pore. We 
were able to show that pore diameter had little effect on 
evaporation performance at these pore diameters due 
to the negligible conduction resistance from the pore 
wall to the evaporating interface. The dissipated heat 
flux scaled linearly with porosity as the evaporative 
area increased. Furthermore, it was demonstrated that 
moving the meniscus as little as 1 μm into the pore could 
decrease performance significantly. The results of this 
study provide a better understanding of evaporation 
from nanopores and provide guidance in future high 
heat flux thermal management device design.

 ▲Figure 1: Test fixture seen from a viewport in the experimen-
tal vacuum chamber. Insets show scanning electron microscopic 
images of the anodic aluminum oxide membranes used for evap-
oration tests. Scale bars: 1µm

 ▲Figure 2: Surface temperature vs. heating power for 
samples of different pore diameter and porosity.
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Suppressing High-Frequency Temperature Oscillations in Microchannel Heat Sinks 
with Surface Structures
Y. Zhu, D. S. Antao, J. D. Sircar, T. J. Zhang, E. N. Wang 
Sponsorship: ONR

Thermal management of high performance electron-
ic devices such as gallium nitride (GaN) power ampli-
fiers and solid-state lasers is critical for their efficient 
and reliable operation. Two-phase microchannel heat 
sinks are attractive for thermal management of high 
heat flux electronic devices, yet flow instability, which 
can lead to thermal and mechanical fatigue, remains 
a significant challenge. Much work has focused on 
long-timescale (~seconds) flow oscillations, which are 
usually related to the compressible volume in the loop. 
However, the rapid growth of vapor bubbles, which 
can also cause flow reversal, occurs on a much shorter 
timescale (~tens of milliseconds). While this high-
frequency oscillation has often been visualized with 
high-speed imaging, its effect on the instantaneous 
temperature has not been fully investigated due to the 
typical low sampling rates of the sensors. 

We propose to suppress this high-frequency 
temperature oscillation using surface microstructures 
that promote capillary wicking during flow boiling. We 
fabricated microchannels with micropillar arrays on 

the bottom heated surface (Figure 1). The geometries of 
the micropillars were optimized based our previously 
developed numerical model that maximizes the 
capillary flow. We then investigate the temperature 
response as a result of the high-frequency flow 
oscillation in microchannel heat sinks with smooth 
and microstructured surfaces with a measurement 
data acquisition rate of 1000 Hz. For smooth surface 
microchannels, the fluid flow oscillated between a 
complete dry-out and a rewetting annular flow due to 
the short-timescale flow instability, which caused high-
frequency and large amplitude temperature oscillations 
(10 °C in 25 ms, Figure 2a). In comparison, hydrophilic 
surface structures on the microchannel promoted 
capillary flow, which delayed and suppressed dry-out 
in each oscillation cycle, and thus significantly reduced 
the temperature oscillation (Figure 2b) at high heat 
fluxes. This work suggests that promoting capillary 
wicking via surface structures is a promising technique 
to reduce thermal fatigue in high heat flux, two-phase, 
microchannel thermal management devices.

 ▲ Figure 1: Scanning electron micrograph of the cross-
sectional view fabricated microchannel (width = height = 
500 µm) with microstructures investigated in this study. 
Magnified view shows the micropillar arrays (diameter  
d=10 μm, pitch l=30 μm, and height h=25 μm).

 ▲ Figure 2: Time-resolved temperature measurement of 
(a) a smooth surface microchannel and (b) a structured 
surface microchannel (mass flux = 100 kg/m2s, heat flux = 
400 W/cm2). T1-T4 are the measured temperatures along 
various locations at the backside of the microchannel.
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EWOD Actuation of a Vertical Translation and Angular Manipulation Stage
D. J. Preston, A. Anders, B. Barabadi, E. Tio, Y. Zhu, D. A. Dai, E. N. Wang 
Sponsorship: ONR

Adhesion and friction during physical contact of sol-
id components in microelectromechanical systems 
(MEMS) often lead to device failure.  Translational stag-
es that are fabricated with traditional silicon MEMS 
typically face these tribological concerns. Meanwhile, 
electrowetting, a phenomenon whereby the contact 
angle of a fluid can be changed with an applied volt-
age, allowing control of droplet shape, has had a limited 
role in MEMS applications.  We show through modeling 
and experimental demonstration that the electrowet-
ting-on-dielectric (EWOD) technique has the potential 
to eliminate solid-solid contact during MEMS stage 
operation by actuating via deformable liquid droplets 
placed between the stage and base to achieve stage dis-

placement as a function of applied voltage (Figure 1).
Our EWOD stage is capable of linear spatial 

manipulation with resolution of 10 μm over a 
maximum range of 130 μm and angular deflection 
of approximately ±1°, comparable to piezoelectric 
actuators (Figure 2). We demonstrate with our model 
that a higher intrinsic contact angle on the EWOD 
surface can further improve the translational range, 
which was validated experimentally by comparing 
different surface coatings.  The capability to operate 
the stage without solid-solid contact offers potential 
improvements for applications in micro-optics, 
actuators, and other MEMS devices.

 ▲Figure 1: (a) Tops of the droplets contact the underside of 
the stage at hydrophilic copper pinning sites surrounded by a 
superhydrophobic surface, and bottoms of the droplets rest on 
the EWOD-actuated base, (b & c) device actuation is mod-
eled for a single axisymmetric droplet, with expected stage 
height shown for a 2-μL droplet on a surface with a Young 
contact angle of 110°.

 ▲Figure 2: (a) Combining the Lippmann-Young equation with 
the axisymmetric droplet model shown in Figure 1 b & c allows 
prediction of the stage height as a function of applied voltage, 
which is in good agreement with the experimental results for 
stage deflection, (b) experimental images show the stage verti-
cal translation at an applied voltage of 150 V, which resulted in a 
deflection of 130 μm.
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Additively Manufactured Miniature Diaphragm Vacuum Pumps
A. P. Taylor, L. F. Velásquez-García 
Sponsorship: Edwards Vacuum

Miniaturized pumps supply fluids at precise flow rates 
and pressure levels in a wide variety of microfluidic sys-
tems. In particular, microfabricated positive displace-
ment pumps that exploit gas compressibility to create 
vacuum have been reported as a first pumping stage in 
non-zero flow, reduced-pressure miniaturized systems, 
such as mass spectrometers. Compared to standard 
microfabrication, additive manufacturing offers the 
advantages of rapid prototyping, larger displacements 
for better vacuum generation and larger flow rate, 
freeform geometries, and a broader material selection 
while attaining minimum feature sizes on par with mi-
crofluidic systems (out-of-plane features in the 10-300-
μm range and in-plane features in the 25-500-μm range). 
In addition, a number of 3-D printing techniques make 
possible the definition of leak-tight, closed channels 
or cavities, sometimes involving a second sacrificial 
material that is removed after printing. 

Using polyjet 3-D printing technology with 42-μm 
XY pixelation and 25-μm layer height, a single-stage 
vacuum pump design with active valves and a total 
pumping volume of 1 cm3 with 5% dead volume was 
implemented (Figure 1a).  Devices were printed in the 
acrylate based, UV curable photopolymer TangoBlack 
Plus® (Shore 27A) in one piece (Figure 1b) or in two 
halves for ease in removing the sacrificial material. The 
pumps were pneumatically actuated and consistently 
pumped down a 1 cm3 volume from atmosphere to 330 
Torr in under 50 seconds operating at 3.27 Hz (Figure 2); 
from the data, the effective flow rate of the device is 
estimated at 8.7 cm3/min.

The compression chamber diaphragms exhibited 
lifetimes approaching 20,000 cycles, while the valves’ 
membranes have not leaked after >1-million cycles. 
Current work focuses on increasing the diaphragm 
lifetime, reducing the ultimate pressure, and improving 
the mass flow rate vs. pressure pump characteristics.

 ▲ Figure 1: (a) Design of the miniature  
diaphragm pump, and (b) image of a pump 
printed in one piece. 

 ▲ Figure 2: Vacuum port pressure vs. time for  
several pump downs and average pump down  
characteristic, 3.27 Hz actuation. 
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Evaluation of Lost-Wax Micromolding for Additive Manufacturing of Miniaturized 
Metallic Vacuum Components
Z. Sun, L. F. Velásquez-García 
Sponsorship: MIT, Skoltech Program

In contrast to traditional subtractive methods, additive 
manufacturing (AM) is a process of joining materials 
layer by layer to generate solid structures from comput-
er-aided design (CAD) data. Benefits of AM include the 
reduction of the raw materials required to make the part, 
fast manufacturing speed, versatility, and adaptabili-
ty. Furthermore, AM has the potential to enable novel 
designs that could not be fabricated with conventional 
machining practices and to enhance the capability of 
true 3-D micromanufacturing. Standard 3-D printing of 
metallic parts is done via selective laser sintering, where 
a coherent photon beam is used to create a solid from the 
melting of metal powders. However, the printed struc-
tures are coarse and porous with profusely outgassing 
surfaces and have electrical conductivity and mechanical 
strength less than those of the bulk material. Therefore, 
there is a need for better AM technologies to fabricate 
vacuum-compatible miniaturized metallic structures. 

In this project, we are exploring lost-wax micromolding 
as an alternative AM technology for metal parts. Wax 

masters printed via stereolithography were duplicated 
in sterling silver by encasing the master in a ceramic 
mold, removing the wax by melting it, and filling-in 
with metal the cavities left within the mold after wax 
removal; finally, the parts are extracted from the mold 
and polished. An array of pillars (Figure 1) with diameter 
varying from 350 μm to 500 μm and height from 400 
μm to 950 μm was created to characterize feature size 
repeatability (Figure 2). We found close agreement 
between the intended and cast heights for cylinders 
400 μm to 750 μm tall; however for taller cylinders, the 
measured values are smaller than expected, and the 
standard deviation is also larger. This might be related to 
the way high aspect-ratio pillars with a small diameter 
solidify during casting. Further work will focus on 
completing the exploration of this technology to print 
solid, pore-free metal parts including characterization 
of physical properties such as roughness, thermal 
diffusivity, and vacuum outgassing.

 ▲Figure 1: Scanning electron microscope (SEM) image of the 
side view of one pillar in the sterling silver resolution matrix. 

 ▲Figure 2: Measured lost-wax cast height vs. CAD file height in 
the sterling silver resolution matrix.
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3-D Printed Multiplexed Electrospinning Sources for Large Production of Nanofibers 
E. García-López, D. Olvera-Trejo, L. F. Velásquez-García
Sponsorship: MIT-Tecnológico de Monterrey Nanotechnology Program

Electrospinning is a versatile process that creates ul-
trathin nanofibers via electro-hydrodynamical jetting. 
Electrospun nanofibers are used in a wide variety of bio-
medical (i.e., tissue healing/scaffolding, drug delivery), 
energy (i.e., electrodes, solar cells), and microsystem 
applications (i.e., sensors, batteries). Even though elec-
trospinning is the only technique capable of generating 
nanofibers of arbitrarily length using a wide variety of 
feedstock, the throughput of an electrospinning emit-
ter is very low, making difficult the use of these fibers 
in commercial products. Multiplexing the emitters, i.e., 
implementing arrays of emitters that work in parallel, 
is an attractive approach to increase the throughput of 
electrospinning sources without sacrificing the quality 
of the fibers generated. Microfabricated multiplexed 
electrospinning sources that achieve uniform opera-
tion at low voltage and large emitter density have been 
reported. However, these devices do not really solve the 
problem well as they are made with standard microfab-
rication, which is expensive and time-consuming. 

In this project, we are exploring stereolithography 
(SLA) to create disposable electrospinning sources 
capable of high-throughput generation of fibers. In SLA, 
UV light is focused on a photopolymer while 3-D layers 
are created through crosslinking, making it possible 
to print complex three-dimensional structures. The 
SLA process has several advantages over competing 
approaches such as a higher resolution, higher quality 
surface, higher customization, and the creation of 
watertight imprints. 

Devices with emitters with 300-µm internal 
diameter have been created (Figure 1). Measured per-
emitter vs. flow rate characteristics using a PEO solution 
demonstrates that the arrays operate uniformly. Current 
research focuses on maximizing the throughput of the 
sources by emitter multiplexing, exploring approaches 
for charging up the emitted jets to produce thinner 
fibers, and in collecting and characterizing aligned PEO 
nanofibers using a drum as a collector system for tissue 
engineering applications (Figure 2).

 ▲ Figure 1: 3-D printed device with one emitter producing 
PEO nanofibers.

 ▲ Figure 2: Aligned PEO nanofibers collected using a 
rotating drum collector.
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Atmospheric Microplasma-Based 3-D Printing of Metallic Microstructures
Y.  Kornbluth, R. Mathews, L. Parameswaran, L. M. Racz, L.    F. Velásquez-García 
Sponsorship: MIT Lincoln Laboratory

State-of-the-art additive manufacturing techniques 
for metallic microstructures cannot yet deliver the 
feature resolution, electrical conductivity, and material 
choice flexibility needed for high-performance micro-
circuits. Further, many current and proposed additive 
manufacturing approaches for fine-geometry metal 
features require high-temperature post-processing and 
restrict the substrate material. We aim to develop a mi-
croplasma-based sputtering system able to direct write 
a wide range of materials onto any substrate. We have 
modeled, designed, and constructed a first-generation 
system that sputters gold onto a substrate. By manip-
ulating the metal at the atomic level, we retain the re-
sistivity of bulk metal, and by sputtering the metal, we 
eliminate the need for post-processing or lithographic 
patterning. 

We use a microplasma to sputter metal at 
atmospheric pressure, obviating the need for a 
vacuum. Our microplasma generator uses electrostatic 
fields to focus the imprints. With a suitable electrode 
arrangement, we can shape electrostatic fields that 
will guide the ionized fraction of the working gas 
towards a localized spot on the substrate. The directed 

ions will collide with other gas atoms and, crucially, 
with sputtered metal atoms from the sputtering target. 
The net force due to these collisions will indirectly 
guide the metal atoms towards the desired part of 
the substrate. This indirect electrostatic focusing not 
only mitigates the inherent spread of the sputtered 
material caused by collisions at atmospheric pressure, 
but also enables feature definition. In the absence 
of collisions, the printed line will be wider than the 
sacrificial cathode. By focusing the sputtered material, 
we achieve imprints significantly narrower than the 
cathode. This precludes the need to machine sacrificial 
electrodes as small as our desired printed lines.

Our microplasma head has a central target wire 
acting as the cathode, surrounded by four electrodes 
(Figure 1), two biased at a positive voltage (relative to 
the grounded target) to form the plasma, and the other 
two biased at a negative voltage to focus the plasma. 
By both pulling and pushing the plasma, COMSOL 
simulations predict imprints orders of magnitude 
narrower than the cross section of the target wire 
(Figure 2).

 ▲ Figure 1: A picture of two electrode assemblies. The target wire is 
installed at the center of the structure. The resulting plasma sput-
ters metal atoms from the target, which then are carried towards 
the  substrate by the gas flow and the electrostatic drag.

 ▲ Figure 2: COMSOL simulation results showing a top-
down view of the distribution of sputtered material on 
the substrate. Only one quarter of the substrate is shown 
because the simulation is symmetric on the two in-plane 
axes. For an optimized set of parameters, simulations pre-
dict that a 15-μm-wide (full width half maximum) gold line 
is printed on the substrate.
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MEMS Electrohydrodynamic High-Throughput Core-Shell Droplet Sources
D. Olvera-Trejo, L. F. Velásquez-García 
Sponsorship: MIT-Tecnológico de Monterrey Nanotechnology Program

Coaxial electrospraying is a microencapsulation tech-
nology based on electrohydrodynamic jetting of two 
immiscible liquids that allows precise control with 
low size variation of the geometry of the core-shell 
particles it generates. Coaxial electrospraying is a very 
promising microencapsulation technique because (i) 
it is easy to implement, (ii) it can operate at room tem-
perature and at atmospheric pressure, (iii) it does not 
require a series of steps in the encapsulation process, 
(iv) it can generate compound droplets with narrow 
size distribution, and (v) it can be used to encapsulate a 
great variety of materials of interest to biomedical and 
engineering applications. State-of-the-art coaxial elec-
trospray sources have very low throughput because 
they have only one emitter. Consequently, coaxial elec-
trosprayed compound particles are compatible with 
only high-end applications and research. 

An approach to increasing the throughput of a 
coaxial electrospray source without affecting the size 
variation of the emitted compound microparticles is 
to implement arrays of coaxial emitters that operate 

in parallel. However, no miniaturized coaxial array 
sources have been reported, probably due to the 
inherent three-dimensionality of the emitter geometry 
and the hydraulic network required for uniform array 
operation, which is at odds with the planar nature 
of traditional microfabrication. In this project, we 
demonstrated the first MEMS multiplexed coaxial 
electrospray sources in the literature. Miniaturized 
core-shell particle generators with up to 25 coaxial 
electrospray emitters (25 emitters·cm-2) were fabricated 
via digital light projection/stereolithography (DLP/
SLA, Figure 1), which is an additive manufacturing 
process based on photopolymerization of a resin that 
can create complex microfluidics. The characterization 
of emitter arrays with the same emitter structure 
but different array size demonstrates uniform array 
operation. The core/shell particles produced by these 
additively manufactured sources are very uniform 
(Figure 2); the size distribution of these compound 
microparticles can be modulated by controlling the 
flow rates fed to the emitters.

 ▲ Figure 1: DLP/SLA 3-D printed monolithic array of coaxial 
electrospinning emitters.

 ▲ Figure 2: Core-shell microdroplets generated by 
massively multiplexed MEMS coaxial electrospray 
sources. The feedstock was colored with fluorescent 
dyes to help visualize the structure of the droplets.
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High Current Density Si-field Emission Arrays (FEAs)
G. Rughoobur, S. A. Guerrera, A. I. Akinwande 
Sponsorship: RAVEN/IARPA

Silicon field emitter arrays (FEAs) are excellent cold 
cathodes that have not been fully exploited due to the 
nonzero tip radius distribution causing lower utilization 
of the arrays. This discrepancy in emitter tips causes 
sharper tips to burn out (by Joule heating) before duller 
tips, and therefore the maximum current achievable is 
small. In this work, we focus on achieving high current 
density Si FEAs, by integrating high-aspect ratio Si 
nanowires as to limit the supply of electrons and hence 
saturate the maximum current to avoid the burn-out of 
the sharper tips. 

Si nanowires of height ~10 µm and 100-200-nm 
diameter limit the current and improve reliability 
through velocity saturation and the pinch-off of 
majority carriers. To prevent charge injection and 
minimize the gate-substrate capacitance, a 2-µm-
thick SiO2 insulator is added, and the Si nanowires are 
embedded in a conformal dielectric matrix consisting 

of Si3N4 and SiO2. High current densities are achieved 
as the nanowires (current limiter) are integrated with 
each field emitter, thereby preserving a high density 
of operational emitters (~108 emitters/cm2) without 
burning out. These Si FEAs have also been shown to 
provide consistent current scaling of array sizes from a 
single emitter to 25,000 emitters, low voltage (VGE < 60 V ), 
high current density ( J > 100 A/cm2), and long lifetime 
( > 100 hours at 100 A/cm2, > 100 hours at 10 A/cm2, and 
> 300 hours at 100 mA/cm2). Compared to conventional 
Si FEAs operating without a current limiter, the device 
architecture shown here demonstrate a current density 
improvement of > 10 folds and low turn-on voltage (8.5 V). 
Cold cathodes based on Si-FEAs incorporating a current 
limiter have high potential in applications ranging from 
X-ray imaging, RF amplifiers, and THz sources to deep 
UV sources, ion sources, and neutron sources.

 ▲Figure 1: Device architecture demonstrating the 
200-nm-diameter 10-µm-tall Si nanowires integrated below 
the field emitters, embedded in a dielectric matrix encapsu-
lated with a poly-Si gate and metal pads for contact.

 ▲Figure 2: Comparison of the transfer characteristics 
of 5 different devices scaled by the number of emitters 
showing values of J ~ 100 A/cm2.
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Field Emission from Silicon Tips Embedded in a Dielectric Matrix
N. Karaulac, S. A. Guerrera, M. T. Cole, W. I. Milne, A. I. Akinwande 
Sponsorship: DARPA, IARPA

Field emitter arrays (FEAs) are a class of cold cathodes 
with promising potential in a variety of applications 
requiring high current density electron sources. How-
ever, FEAs have not yet achieved widespread usage 
because of fundamental challenges that limit their 
reliability in systems. Field emission from conduct-
ing surfaces requires high fields and pristine surfaces; 
these surfaces are vulnerable to adsorption-desorption 
processes by residual gas molecules, leading to emis-
sion current fluctuations and tip erosion. Moreover, 
electron transport through insulators often leads to im-
pact ionization and dielectric breakdown. This project  
explores electron emission from field emitter tips that 
are embedded in a dielectric matrix, specifically silicon 
dioxide, as a potential approach to address reliability 
problems in classical field emitters.

In the project, arrays of silicon emitter tips that 
are individually regulated by silicon nanowires are 
being fabricated. The silicon nanowires have diameters 
between 100-200 nm and heights of 10 µm, resulting in 
an aspect ratio of 50-100:1. The emitter tips typically 
have radii of 5 nm with a log-normal distribution and 
a density of 108 tips/cm2. Further, the silicon nanowires 
function as current limiters that improve reliability 
by preventing premature tip burn-out due to Joule 
heating, thermal runaway, and cathodic arcs. Chemical 
mechanical polishing (CMP) was used to form the self-
aligned gates. The silicon tips formed by oxidation 
sharpening are embedded in a dielectric matrix and 
are not released. A diagram of the structure is shown 
in Figure 1.

 ▲Figure 1: Diagram of a silicon field emitter tip embedded in silicon dioxide with single-layer graphene on top.

FURTHER READING

• S. A. Guerrera and A. I. Akinwande, “Nanofabrication of Arrays of Silicon Field Emitters with Vertical Silicon Nanowire Current Limiters and 
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A Silicon Field Emitter Array as an Electron Source for Phase Controlled 
Magnetrons
W. Chern, S. Guerrera, A. I. Akinwande 
Sponsorship: AFOSR 

Magnetrons are a highly efficient (>90%), high-pow-
er vacuum-based microwave source. In a magnetron, 
free-electrons in vacuum are subject to a magnetic 
field while moving past open metal cavities, resulting 
in resonant microwave radiation to be emitted. Current 
state-of-art magnetrons use a heated metal filament 
to thermionically emit electrons into vacuum continu-
ously and are not addressable. This work seeks to re-
place the heated metal filament as a source of electrons 
with silicon field emitter arrays in order to improve the 
efficiency and increase the power, especially when sev-
eral sources are combined. Silicon field emitter arrays, 
schematic shown in Figure 1, are devices that are nor-

mally off and are capable of high current densities plus 
spatial and temporal addressing. These arrays consist 
of a many sharp tips made of silicon sitting on long sil-
icon nanowires that limit the current of the electron 
emission. Electrons from the silicon tip tunnel into a 
vacuum as a result of the high electric field of the ap-
plied bias on the polysilicon gate. Pulsing the electric 
field applied on the gate can turn the arrays on and 
off. The proposed use of silicon field emitter arrays in 
a magnetron will allow injection locking and hence 
phase control of magnetrons. Phase-controlled mag-
netrons have multiple applications in areas where high- 
power microwave sources are desired.

 ▲ Figure 1: (Left) 3-D rendering of Si device structure. For clarity, layers have been omitted in different regions of the rendering 
to show detail. In the front, the bare silicon nanowires [200-nm diameter & 10-μm height] with sharp tips. (Right) Top-view of 
a fabricated device with 350-nm gate aperture and 1-μm tip-to-tip spacing.

FURTHER READING
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Ion Electrospray Thrusters for Microsatellite Propulsion
D. Freeman, D. Krejci, C. Fucetola, H. Li, A. Bost, P. Lozano
Sponsorship: U.S. Department of Defense

Ion electrospray propulsion systems (iEPS) are high 
specific impulse, low thrust, and extremely scalable 
devices; these characteristics make them excellent 
candidates for propulsion systems on microsatellites, 
which require some small amount of maneuverability 
primarily for station-keeping. Like other ion engines, 
they utilize an electrostatic potential to accelerate 
charged particles across a gap to relatively high veloci-
ties to generate thrust. Utilizing ionic liquids – a special 
class of molten salts that do not evaporate in vacuum, 
thanks to their negligible vapor pressure – drastically 
increases the propellant density and obviates the need 
for a stage in which the propellant is first ionized, thus 
further reducing mass and volume requirements.  The 
thrusters themselves are extremely simple in that they 
are passively fed through capillary action and require 
no moving parts. However, high electric fields, on the 
order of 109 V m-1, are required to extract ions from the 
liquid. This entails careful fabrication of the porous 
emitter substrates, which feature an array of roughly 
five hundred tips, patterned into the surface via laser 
ablation. By providing a sharp tip, the electric field is 
effectively intensified to the point that ions can be ex-

tracted, through a sharpening effect similar to coronal 
discharge. 

The thrusters are constructed from several 
component parts. The frames are made via 
microelectromechanical (MEMS) processing: a silicon 
base layer, an insulating glass layer, and finally a top 
silicon layer with alignment features to correctly locate 
the tip array is etched and then anodically bonded. To 
those frames a porous substrate is affixed after being 
shaped and polished. A tip array is patterned into the 
substrate via laser ablation. Next, a silicon electrode 
grid, also fabricated with MEMS processing, is bonded 
to the frame so that the grid holes are aligned to the tip 
array, completing the emitter. The emitters are then 
bonded onto tanks that passively transport propellant 
to the emitter. The tanks are mounted on electronic 
power supply/control boards, creating a finished 
engine that may be integrated into a spacecraft. 
Four small satellites (CubeSats) equipped with these 
thrusters have already been launched into space. Our 
team is currently working on a new project, set to 
launch during Q1 of 2018. 

 ▲Figure 1: Illustration of 8 iEPS emitters, mounted on a 
small satellite.

 ▲Figure 2: SEM of a patterned emitter chip. Periodi-
cally blanking the beam of a picosecond 355-nm laser 
ablates the material around the tips.
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Enhanced Water Desalination in Electromembrane Systems
S. Choi, B. Kim, J. Yoon, J. Han, B. Al-Anzi, J. White, S. V. Pham  
Sponsorship: Kuwait-MIT Center Signature Research Project, KFAS

Currently, reverse osmosis (RO) is considered the leading 
technology for desalination, and the operational efficien-
cy of RO has been significantly improved over the last 
two decades with a thorough energy analysis. On the 
other hand, electrical desalination can be more advan-
tageous in certain applications due to the diversity of 
allowed feed conditions, operational flexibility, and the 
relatively low capital cost needed (the size of a system 
is generally small). Yet, electromembrane desalination 
techniques such as electrodialysis (ED) have not been 
modeled in full detail, partially due to scientific challeng-
es involving the multiphysics nature of the process.

In addition, while current ED relies on bipolar ion 
conduction (Figure 1b), removing one pair of a cation 
and an anion simultaneously, one final but most 
important point is that desalination achieved by means 
of an anion exchange membrane (AEM) and a cation 

exchange membrane (CEM) should be considered 
separately and independently (Figure 1a). Based on 
the intrinsically different ion transport near AEM and 
CEM, our group previously presented a novel process 
of ion concentration polarization (ICP) desalination 
(Figure 1b), which can basically enhance the amount of 
salt reduction, by examining unipolar ion conduction 
through both experiments and numerical modeling. 
In our studies, we investigate the effects of embedded 
microstructures on mass transport enhancement; 
these microstructures affect the electrical energy 
efficiency of an ED system for its current application 
of brackish (low salinity) water desalination (Figure 1c); 
we also explore the technical and economic feasibility 
of the ICP desalination for potential applications in 
the emerging field of high-salinity brine desalination 
(Figure 1d).

 ▲ Figure 1: (a) Schematic diagram of counter-ion/co-ion transport near CEM/AEM, (b) schematics of ED (left) and ICP 
desalination (right), (c) microfluidic image of ED channel with embedded structures, (d) water cost plot for various desalina-
tion technologies in a range of feed salinities.
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Modeling and Controlling Variations in Advanced 2.5D Packaging Fabrication
C. I. Lang, D. S. Boning 
Sponsorship: TSMC

Re-distribution layers (RDLs) are separate packaging 
layers dedicated to connecting die to one other and to 
external I/O ports in advanced 2.5D packaging technol-
ogies. These layers can be made smaller than the bulky 
metal traces in conventional substrate packaging, 
reducing electrical delay and power consumption. 
Currently, the damascene process is the most common 
method to create the copper traces in RDLs. However, 
due to the required inclusion of chemical mechanical 
polishing (CMP), this process is significantly more 
expensive than semi-additive electrochemical plating 
(ECP) and dielectric spin-coating (DSC) processes. 
The semi-additive techniques are typically avoided as, 
without CMP, they suffer from thickness variations 
following the fabrication of each layer.  As multiple 
layers are fabricated, these variations compound and 
can result in a structure with significant topographical 
and electrical performance concerns.

Here, we model and predict the non-uniformities 
in both the DSC (Figure 1) and ECP (Figure 2) process.  
We first design test vehicles (TVs) which represent 
topographies common in RDLs, most notably the 
copper lines and vias, and use these to experimentally 
determine the thickness variations caused by each 
process. We then develop empirical models based 
on these results.  The DSC process is modeled as a 
convolution between the underlying topography 
(typically the copper lines) and an appropriately 
chosen impulse response, while the ECP growth rate 
is modeled as a function of the effective line width 
and spacings. Finally, we are currently developing and 
testing dummy fill and cheesing patterns that have the 
potential to control the variations from both processes. 
These patterns can be applied to any existing RDL 
layout, thus ensuring surface planarity without the 
use of CMP.

 ▲Figure 1: Mock RDL cross section consisting of two 
metal layers and two polyimide layers.  Spin coating 
over non-uniform surfaces leads to variations that carry 
through to subsequent layers.

 ▲Figure 2: Cross section of copper interconnects grown 
using ECP. Differences in line widths and spacings lead to 
different growth rates and structural variations. 
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Online and Incremental Machine Learning Approaches for IC Yield Improvement
H. Chen, D. S. Boning

In the competitive semiconductor manufacturing 
industry, where large amounts of data are generated, 
data-driven quality control technologies are gaining 
increasing importance. In this work, we build machine 
learning models for high-yield and time-varying 
semiconductor manufacturing processes. Challenges 
include class imbalance and concept drift. Class 
imbalance is due to high manufacturing yield causing 
small numbers of failure cases compared to passing 
cases. Concept drift refers to unexpected or unknown 
changes in the statistical properties of the dataset. 
Batch and online ensemble machine learning tech-
niques are proposed to address the problem of class 
imbalance. An incremental learning framework that 
combines classifiers trained on different data chunks 
is designed to overcome the problem of concept drift.

We study the packaging and testing process in 
chip stack flash memory as an application. We build a 
mathematical model and demonstrate the possibility of 
yield improvement using a classifier to detect bad dies 
before packaging. Experimental results demonstrate 
significant yield improvement potential using real 
data from industry. Without concept drift, for stacks 
of 8 dies, an approximately 9% yield improvement can 
be achieved. In a longer periods of time with realistic 
concept drift, our incremental learning approach 
achieves approximately 1.4% yield improvement in 
the case of a stack of 8 dies and 3.5% in the case of a 
stack of 16 dies, which are 4.4×× and 1.5×× of the yield 
improvement using a single classifier trained only on 
the most recent data. 

 ▲ Figure 1: The packaging and memory testing process with a classifier.

 ▲ Figure 2: Without concept drift, for stack of 8 dies, yield without a classifier= 77.54%; 
yield with a classifier= 86.53%, optimal classification threshold=0.68.

FURTHER READING
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Tensor Recovery for Stochastic Simulation of Nanoscale Devices and Circuits with 
Many Process Variations
Z. Zhang, T.-W. Weng, L. Daniel 
Sponsorship: NSF NEEDS, AIM Photonics

Process variations have become a “red-brick” problem 
that the semiconductor industry is progressing toward. 
A random fluctuation at the atomic scale can cause a 
large impact on the performance of nanoscale and 
device simulations. In order to increase chip yields, the 
uncertainties caused by process variations must be 
well estimated and controlled before a final fabrication. 
In traditional EDA tools, Monte Carlo-type simulators 
perform such a task. Recently, stochastic spectral meth-
ods have emerged as a promising alternative. They are 
much more efficient than Monte Carlo simulators for 
certain design cases, but their efficiency can degrade as 
the number of process variations increases. 

Our approach can efficiently handle design 
problems with 50 to 60 uncorrelated random 
parameters. We represent the huge number of device/
circuit simulation samples in stochastic collocation 
by a tensor, which is a representation of a high-
dimensional data array. Then, similar to the matrix 
case, we can exploit the low-rank structure of a tensor 
to reduce the storage and computational cost, as shown 

in Figure 1. Combining this low-rank property with 
the sparse property in high-dimensional generalized 
polynomial-chaos expansion, we have suggested a 
low-rank and sparse tensor recovery model. This 
optimization model allows us to estimate the huge 
number of unknown simulation samples based 
on a small number of available simulation results. 
Therefore, the computational cost can be reduced 
from an exponential one to a linear one.

This approach has been successfully applied to 
solve stochastic modeling and simulation problems 
in microelectromechanical systems (MEMS) design 
and in complementary metal-oxide semiconductor 
(CMOS) integrated circuit (IC) design. For the CMOS 
ring oscillator with 57 uncorrelated process variations 
in Figure 2, stochastic collocation using a standard 
deterministic numerical integration requires 1.6E27 
simulation samples, whereas our tensor recovery 
approach only needs 300 simulation samples to 
construct a highly accurate (with 1% relative error) 
stochastic model for the oscillator frequency.

 ▲ Figure 1: Low-rank decomposition of a matrix (top) and 
low-rank decomposition of a tensor (bottom). The low-rank 
decomposition allows representation of high-dimensional data 
arrays using a few vectors.

 ▲ Figure 2: A CMOS ring oscillator. This circuit has 57 inde-
pendent random parameters describing the variations of tran-
sistor threshold voltage, gate oxide thickness, channel length, 
and width.
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Realizing Monolithic Three-dimensional Integrated Circuits with Emerging 
Nanotechnologies
T. Srimani, M. Bishop, M. M. Shulaker  
Sponsorship: Analog Devices, Inc. 

The computing demands of future data-intensive 
applications far exceed the capabilities of today’s elec-
tronics and cannot be met by isolated improvements 
in transistor technologies or integrated circuit (IC) 
architectures alone. Rather, transformative nanosys-
tems that leverage the unique properties of emerging 
nanotechnologies to create new three-dimensional IC 
architectures are required to deliver unprecedented 
performance and energy efficiency. However, emerging 
nanomaterials and nanodevices are subject to signifi-
cant imperfections and variations; thus, realizing func-
tional circuits, let alone transformative nanosystems, 
has previously been infeasible. 

As an example, carbon nanotubes (CNTs) are a 
promising emerging nanotechnology with exceptional 
electrical, thermal, and physical properties. Due to 
these benefits, very-large-scale integrated (VLSI) 
digital circuits fabricated from carbon nanotube 
field-effect transistors (CNFETs) are projected to run 
3X faster than silicon FinFETs, while simultaneously 
consuming 3X less energy, resulting in an order-of-
magnitude improvement in energy-delay product 
(EDP, a metric of energy efficiency) for digital VLSI 
circuits. Despite demonstrations of high performance 
and scaled CNFETs, realizing VLSI-scale CNFET 
circuits has previously been prohibited by substantial 
imperfections and variations to CNTs. For instance, 
due to the imprecise control over CNT properties, CNTs 
can be either semiconducting or metallic (metallic 
CNTs have little or no bandgap and result in increased 

circuit leakage power and incorrect logic functionality), 
and non-uniform spacing between CNTs results in 
variations in the number of CNTs within each CNFET 
(resulting in degraded noise resilience, increased delay 
variations, and decreased yield). To overcome these 
obstacles, we are developing new fabrication and 
processing techniques, as well as new circuit design 
techniques. Importantly, while relying on processing 
or design solutions alone is insufficient, combining 
approaches allows us to overcome these obstacles and 
realize, for the first time, energy-efficient VLSI digital 
systems made from CNFETs.

Additionally, CNFETs present a unique opportunity 
to radically impact systems beyond providing 
improved transistors. Specifically, CNFETs enable 
monolithic 3-D nanosystems, with multiple layers of 
computation, memory, and sensing densely integrated 
over the same starting substrate, truly embodying 
computation immersed in memory and sensing. This 
is enabled by the very low processing temperatures 
(<200°C) of many emerging nanotechnologies (CNFETs 
for sensors and circuits, and resistive RAM or spin-
transfer torque magnetic RAM, for memory). Owing 
to this monolithic 3-D integration, conventional 
back-end-of-line inter-layer vias can be used connect 
vertical layers, which are over 1,000X denser than the 
through-silicon-vias (TSVs) used with conventional 
chip-stacking today. We are currently designing, 
fabricating, and testing monolithic 3-D nanosystem 
hardware prototypes.

 ▲Figure 1: Carbon nanotube field-effect transistor (CNFET).  ▲Figure 2: Schematic of a monolithic 3-D IC.
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Novel Device Structure for Neuromorphic Computing Array
S. Choi, S. Tan, Y. Kim, J. Kim 

Neuromorphic computing has recently emerged as a 
non-Von Neumann computing method for ultrafast 
real-time data processing. It utilizes analog switching 
to represent multiple synaptic weights by varying 
conductance in the vertical filaments formed in the 
switching medium, centering around this technology 
is the memristor which is considered to be a suitable 
hardware platform for neuromorphic computing. 
Conventional memristors typically utilize a defective 
amorphous solid as a switching medium for defect-me-
diated formation of conducting filaments. However, 
the imperfection of the switching medium also causes 
stochastic filament formation, leading to spatial and 

temporal variation of the devices. Our group proposes 
a silicon-based epitaxial random access memory 
(epiRAM), where we precisely confine the conducting 
paths in the single-crystalline films, resulting in 
unprecedented device performances. MIT’s epiRAM 
exhibits extremely low temporal/spatial variation, 
linear synaptic weight update, high on/off ratio, great 
endurance, long retention time, and self-selectivity. 
This performance is suitable for large-scale neuromor-
phic computing hardware. Figure 1 shows cycle-to-cy-
cle set voltage variation for 700 switching cycles, and 
Figure 2 shows analog behavior of the epiRAM where 
we obtain linear potentiation and depression. 

FURTHER READING

• S. Choi, S. Tan, Y. Kim, C. Heidelberger, P. Chen, S. Yu, and J. Kim, “Uniform Epitaxial Memory Towards Large-Scale Neuromorphic Arrays,” 
Nature, under review, 2017.

 ▲ Figure 1: Cycle-to-cycle variation.   ▲ Figure 2: Linear potentiation and depression.
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Remote Epitaxy through Graphene for Two-Dimensional Material Based Layer 
Transfer
Y. Kim, S. Cruz, K. Lee, K. Qiao, J. Kim 
Sponsorship: Masdar Institute of Science and Technology, LG Electronics

Van der Waals epitaxy (vdWE) has gained great interest 
for crystalline growth as it substantially relaxes the 
strict lattice matching requirements in conventional 
heteroepitaxy and allows for facile layer release from 
the vdW surface. In recent studies, vdWE was inves-
tigated on two-dimensional (2D) materials grown or 
transferred on arbitrary substrates, with the primary 
notion that the 2D material is the sole epitaxial seed 
layer in vdWE. However, the underlying substrate may 
still play a role in determining the orientation of the 
overlayers since the weak vdW potential field from 
2D materials may barely screen the stronger potential 
field from the substrates. 

Here, we reveal that the epitaxial registry of 
adatoms during epitaxy can be assigned by the 
underlying substrate remotely through 2D materials 
by modulating the interaction gap between the 
substrate and the epilayer. Our study shows that 
remote epitaxial growth can be performed through a 
single-atom-thick gap defined by monolayer graphene 
at the substrate-epilayer interface. Simulations using 

density functional theory (DFT) prove that remote 
epitaxy can occur within a ~9 Å substrate-epilayer gap. 
We experimentally demonstrate successful remote 
homoepitaxy of GaAs(001) on GaAs(001) substrates 
through monolayer graphene (Figure 1). The concept is 
extended for remote epitaxy of other semiconductors 
such as InP and GaP. The grown single-crystalline 
films are then rapidly released from the vdW 
surface of graphene. To prove the functionality of 
GaAs film grown via remote homoepitaxy, we have 
successfully grown and fabricated light emitting 
diodes (LEDs) on graphene/GaAs substrate (Figure 
2). This concept, here termed 2D material based layer 
transfer (2DLT), suggests a method to copy/paste any 
type of semiconductors films from the underlying 
substrates through 2D materials then rapidly released 
and transferred to the substrates of interest. With the 
potential to reuse graphene-coated substrates, 2DLT 
will greatly advance non-Si electronics and photonics 
by displacing the high cost of non-Si substrates.

 ▲Figure 1: High resolution STEM images showing excellent 
remote alignment of the (001) GaAs lattices through the 
graphene. Convergent beam electron diffraction patterns (001) 
from the epilayer (top) and the substrate (bottom) show identical 
zinc blend (001) orientations.

 ▲Figure 2: I-V curves of LEDs grown on graphene/GaAs 
substrates and directly on GaAs. Inset exhibits the emitted red 
light from the LEDs grown on the graphene/GaAs substrate.
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Epitaxy: Programmable Atom Equivalents versus Atoms
M. X. Wang, S. E. Seo, P. A. Gabrys, D. Fleischman, B. Lee, Y. Kim, H. A. Atwater, R. J. Macfarlane, C. A. Mirkin 
Sponsorship: AFOSR, NSF

The programmability of DNA makes it an attrac-
tive structure-directing ligand for the assembly of 
nanoparticle (NP) superlattices in a manner that 
mimics many aspects of atomic crystallization. These 
superlattices have potential application as sensors, 
waveguides, or structural materials due to their unique 
optical, mechanical, and other physical properties. 
However, integrating these materials into devices 
requires complete control over lattice structure and 
shape, and the synthesis of multilayer single crystals 
of defined size remains a challenge. Though previous 
studies considered lattice mismatch as the major lim-
iting factor for multilayer assembly, thin film growth 
depends on many interlinked variables. In preliminary 
work in the Macfarlane Laboratory, a more comprehen-
sive approach has been taken to study fundamental 
elements of assembly, such as the growth temperature 
and the thermodynamics of interfacial energetics, 
to achieve epitaxial growth of NP thin films. Under 
equilibrium conditions, single crystalline, multilayer 
thin films can be synthesized over 500 × 500 µm2 areas 
on lithographically patterned templates (Figure 1), 

whereas deposition under kinetic conditions leads to 
the rapid growth of glassy films. Importantly, these 
superlattices follow the same patterns of crystal 
growth demonstrated in atomic thin film deposition, 
allowing these processes to be understood in the 
context of well-studied atomic epitaxy and enabling a 
nanoscale model to study fundamental crystallization 
processes. Through understanding the role of epitaxy 
as a driving force for NP assembly, we are able to realize 
3-D architectures of arbitrary domain geometry and 
size.

Single-crystal alignment is achieved through 
the introduction of an epitaxial driving force. Gold 
posts are patterned on a silicon substrate using 
conventional electron beam lithography (EBL) 
techniques and electron beam evaporation. The posts 
are commensurate in size and shape to the gold NPs 
utilized and functionalized with DNA. When the posts 
are positioned to mimic a continuous (100) plane of a 
body-centered cubic (bcc) superlattice with arbitrary 
macroscopic shape (Figure 2), the DNA-NPs self-
assemble atop the pattern, maintaining epitaxy.

 ▲ Figure 1: Scanning electron microscopy (SEM), 
small-angle X-ray scattering, and SEM of cross-section 
following focused-ion beam (FIB) milling of a 10-layer 
DNA-NP epitaxial thin film. Scale bars for SEM and FIB 
are 500 and 200 nm, respectively.

 ▲ Figure 2: Schematic of substrate patterned by EBL. 
Gold posts are designed to mimic the size, shape, and 
placement of the DNA-NP gold cores in the (100) plane 
of a bcc arrangement. 
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Sub-10-nm Patterning via Self-Assembled Block Copolymer and Vapor-Phase 
Deposited Topcoat
D. H. Kim, H. S. Suh, P. Moni, S. Xiong, L. E. Ocola, N. J. Zaluzec, K. K. Gleason, P. F. Nealey 
Sponsorship: NSF

The semiconductor industry has made a great effort 
to produce sub-10-nm patterns in a cost-effective way 
as the feature size is getting close to the limit of the 
wavelength of the UV light source in current photolith- 
ography. As an enabling technology, block copolymers 
(BCP) can be self-assembled to nanoscale structures 
by thermal anneal with no UV light. In particular, for 
sub-10 nm patterning, we developed a new technology 
employing directed self-assembly (DSA) of highly segre-
gating BCP and a topcoat deposited by initiated chemi-
cal vapor deposition (iCVD). iCVD, a dry process, enabled 
the deposition of a crosslinked polymeric topcoat on 
the BCP films without any damage to the BCP films. We 
here discovered that the iCVD made a unique interface 
between the BCP films and topcoat through grafting 
intrinsically. The interface achieves a non-preferential 
surface for domains of the multiple BCPs, thereby 
resulting in the desirable perpendicular orientation of 
the BCP domains. In addition, because the crosslinked 

topcoat is chemically durable against solvents of e-beam 
resist, we could fabricate additional topcoat patterns on 
the BCP films by e-beam lithography. The post-pattern-
ing enabled by iCVD permits positioning of a sub-10-nm 
patterning area on a Si wafer, which is more beneficial to 
the interconnect devices in the semiconductor industry. 

Figure 1 shows sub-10-nm line-and-space patterns 
behind a micron size letter pattern, “a,” after DSA and 
dry etching. Figure 1 confirms that the patterned 
iCVD topcoat (red) beneath the e-beam resist pattern 
is holding a sub-10-nm domain, achieving dual-scale 
patterns. Then, we successfully transferred the 
patterns to a Si wafer by a dry etching process as seen 
in Figure 2. As the iCVD process can be readily scaled 
up to a larger area, we anticipate that iCVD topcoats 
will enable the widespread implementation of DSA in 
nanomanufacturing to create sub-10-nm scale patterns.   

 ▲ Figure 1: Scanning electron microscopic (SEM) images 
of dual-scale alumina patterns with vapor phased topcoat 
(red) beneath e-beam resist. The topcoat assists the per-
pendicular orientation of BCP domains, thereby creating 
sub-10-nm line-and-space patterns behind a micro-size 
letter pattern. 

 ▲ Figure 2: SEM images of Si patterns after transferring 
with the mask in Figure 1.
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Experimental Characterization and Modeling of Templated Solid-State Dewetting of 
Thin Single-Crystal Ni Films
Y. A. Shin, G. H. Kim, S. Jahangir, R. V. Zucker, J. Ye, W. Ma, B. Yildiz, W. C. Carter, C. V. Thompson  
Sponsorship: NSF

Templated solid-state dewetting provides a simple 
method for film patterning to form complex structures 
(Figure 1).  The patterns that result from solid state 
dewetting are affected by various instabilities that 
develop at retracting edges and the features they 
lead to. These include pinch-off to form wires parallel 
to retracting film edges, instabilities at corners in 
retracting edges (“corner instabilities”), and Rayleigh-
like instabilities that lead to break up of wire-like 
features.  Previously we reported on the strong effects 
of crystalline anisotropy on the Rayleigh-like insta-
bility and identified factors that stabilize wire-like 
features. In the past year, we reported on experimental 
characterization and modeling of the corner instability 
and established the conditions that lead to the devel-
opment of the unstable edge retraction when corners 
are present in film edges. We also characterized the 
effects of the annealing ambient on anisotropy in the 
rate of edge retraction and consequent changes in the 
patterns that form as a result of dewetting.  We found 
that changing the gases and gas flow rates during 
annealing causes surface reconstructions that affect 
the anisotropy of the energy of the surfaces of the films 
and the anisotropy of surface diffusion.  Control of the 
ambient gas during annealing provides an additional 
means of controlling the types of patterns that result 
from simple templating. 

We are currently focusing on a fingering instability 
that can occur during edge retraction and results in 
formation of parallel wire-like features with different 
orientations from those that develop as a result of rim-
pinch-off (Figure 2). Understanding and controlling 
whether pinch-off or fingering occurs is important 
for development of techniques for controlled pattern 
formation. When fingering occurs, it is also desirable 
to control the size and spacing of wires that form. In 
the past year, we have demonstrated that the initial 
roughness of a film edge determines whether pinch-
off or fingering occurs, with rough edges leading to 
fingering. To further understand this phenomenon 
and to control it, we have used edges with controlled 
patterned roughness to template the fingering 
instability. We have found that the spacing of wires 
formed due to fingering can be controlled by the period 
of the patterned roughness. We have also found that 
controlling the period of the fingering process affects 
the kinetics of the fingering. Our ability to control 
the fingering process allows us to develop kinetic 
models that can be used to design templates that will 
lead to specific complex structures during solid-state 
dewetting. Through these studies, we are developing 
a suite of methods that can be used to suppress 
dewetting when it is undesirable and to control it for 
use in pattern formation. 

 ▲ Figure 1: Patterns formed by solid state dewetting of square 
patches of Ni films patterned with different sizes and crystallographic 
orientations. 

 ▲ Figure 2: Wires formed by templating a 
fingering instability using patterned periodic 
edge roughness.
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Coherent Soft X-Ray Diffractive Imaging of Magnetic Nanotextures
J. Li, J. Pelliciari, R. Comin 
Sponsorship: MIT Startup Funds

The ability to image the nanoscale structure of mate-
rials with tunable magnetic textures is pivotal for the 
development of low-power and nonvolatile data storage 
technologies. Soft X-ray imaging has emerged in the 
last decade as a powerful and accurate methodology to 
resolve the bulk domain structure of several magnetic 
materials — magnetic multilayers, buried interfaces, or 
skyrmion lattices — as well as nanoelectronic devices 
under operating conditions. 

Soft X-ray imaging relies on two main requirements: 
(i) the ability to focus a collimated X-ray beam on a spot 
the size of a few tens of nm and (ii) the development 
of algorithms capable of inverting the information 
in reciprocal space (diffraction pattern) back to real 
space. We have recently commissioned a new soft X-ray 
nanofocusing setup installed at beamline CSX-1 of the 
National Synchrotron Light Source II. The schematics 
of this setup are shown in Figure 1. A key element is the 
Fresnel zone plate (Figure 1a), fabricated at MTL, which 
acts as a diffractive phase mask to focus X-rays to a 70-

nm spot at the sample. The beam spot can be moved 
with the aid of piezo-based nanopositioners (Figure 
1b), which translate the X-ray optics while keeping 
the sample in a fixed position. Diffracted X-rays are 
collected with a CCD camera in the far field (~30 cm 
from the sample). The resulting speckle pattern (Figure 
1c) encodes the information on the nanoscale magnetic 
texture in reciprocal (Fourier) space and can be acquired 
in less than a second. By Fourier-inverting back onto 
real space, we can unveil the domain structure in real 
space with an ultimate accuracy of 10-20 nm (Figure 1d).

We plan to apply this new method to the study of 
magnetic materials in their pure state (single crystal or 
thin films) as well as in a device configuration, where 
the use of a contactless probe enables the study of 
the material or device response in operando. Our 
future focus is on transition metal- and rare-earth-
based compounds, particularly those exhibiting 
antiferromagnetic order, which can be switched on very 
fast (picosecond) timescales.

 ▲ Figure 1: Coherent soft X-ray diffraction setup at the National Synchrotron Light Source II. Main panel: schematics of the X-ray 
optics used in coherent diffraction; a Fresnel zone plate (fabricated at MTL; SEM image in (a) focuses X-rays down to a ~70- nm spot 
at the sample position; diffracted X-rays are imaged with a CCD camera, (b) inside view of the diffraction chamber, with piezo-actu-
ated nanopositioners located upstream of the sample stage  (copper), (c & d) example of speckle pattern (c) from antiferromagnetic 
domain structure of a NdNiO3 thin film, and corresponding reconstructed domain pattern in real space (d). C and d are related by a 
Fourier transform.
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Information Limit of Domain-Wall-Based Nanowire Devices
S. A. Siddiqui, S. Dutta, C. A. Ross, M. A. Baldo 
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Spintronic and magnetic devices use the spin of 
electrons instead of their charge to implement 
ultra-low-power logic and memory applications. In 
domain-wall-based magnetic devices, charge or spin 
currents move the boundary between different mag-
netic domains in a nanowire. Rather than flipping the 
orientation of the entire wire at once, this incremental 
approach improves the energy efficiency. Domain walls, 
however, can be pinned by the line edge roughness 
of nanowires, affecting the operation of the devices. 
Notches created by edge roughness comparable to 
the width of domain walls have been identified as the 
most effective pinning sites for domain walls, although 

the precise relation between the line edge roughness 
and domain wall pinning sites is unknown. Here, we 
show the autocorrelation of pinning sites with the line 
edge roughness in sub-100-nm-wide Co-wires. We have 
shown both experimentally and with simulation that 
the correlation length of edge roughness defines the 
effective pinning site distribution for domain walls in 
individual nanowires. If we apply a self-affine model 
for the intrinsic roughness of fabricated edges, our 
result identifies the limit for information density in 
magnetic nanowires used in both domain-wall-based 
logic and memory devices.
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Layer-Dependent Ferromagnetism in a van der Waals Crystal Down to the 
Monolayer Limit
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Cobden, W. Yao, D. Xiao, P. Jarillo-Herrero, X. Xu
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Since the discovery of graphene just over a decade ago, 
the field of 2D materials has expanded to include a broad 
range of materials including conductors, insulators, 
semiconductors, and superconductors. Surprisingly, no 
intrinsic magnets made it into the 2D materials family 
until just very recently. In a study published in Nature, 
our group along with collaborators at the University 
of Washington have, for the first time, experimentally 
demonstrated long-range ferromagnetic order in an 
atomically-thin crystal, chromium triiodide (CrI3), 
down to the monolayer limit (crystal structure shown 
in Figure 1). This is the first ferromagnet in the family 
of 2D materials. In the same way, in which graphene 
permitted studying the transport of electrons in a true 
2D lattice, monolayer CrI3 opens the door for the study 
of magnetism in the true 2D limit. 

We first cleave bulk crystals of CrI3 down to 
few-layer flakes, including monolayer flakes just 
one unit cell (three atoms) thick. Then, we probe 

the materials using magneto-optical Kerr effect 
(MOKE) spectroscopy, which reveals the out-of-plane 
magnetization of the field. We reveal a dramatic 
dependence of the magnetic ground states on the 
number of layers in a CrI3 crystal. First, we observe 2D 
Ising ferromagnetic behavior of the monolayer below 
its Curie temperature of 45 K (Figure 2). Moreover, 
bilayer CrI3 crystals exhibit antiferromagnetism, 
which can be explained by the two layers of the crystal 
containing opposite spins that cancel each other out 
to reveal a net zero magnetization. By just adding one 
additional layer to bilayer CrI3, one recovers a strong 
out-of-plane magnetization in the trilayer crystal as 
the interlayer coupling constant switches sign. Our 
results pave the way for further studies of interfacing 
2D CrI3 with other atomically-thin materials in van 
der Waals heterostructures, which could revolutionize 
technologies in magnetoelectronics, information, and 
spin-based data storage.

 ▲ Figure 1: Crystal structure of CrI3 as viewed 
along the (a) c-axis (top-down) and (b) a-axis 
(in-plane). Cr3+ and I- ions are displayed in 
white and purple, respectively.

 ▲ Figure 2: Polar MOKE signals of (a) mono-
layer, (b) bilayer, and (c) trilayer flakes of CrI3 
as a function of applied magnetic field.
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Room Temperature Spin-Orbit Torque Switching Induced by a Topological Insulator
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 ▲ Figure 1: (a) Schematic of SOT in Bi2Se3/CoTb hetero-
structure. (b) Room temperature SOT switching in Bi2Se3/
CoTb. Hall resistance is measured when sweeping a direct cur-
rent (DC) under a bias magnetic field along the current direc-
tion. (c) Absolute values of the effective spin Hall angles of 
Bi2Se3, Pt, and Ta measured by our experiments.

Recent studies on the topological insulators (TI) have 
attracted great attention due to the rich spin-orbit 
physics and promising applications in spintronic 
devices. In particular, the strongly spin-moment cou-
pled electronic states have been extensively pursued 
to realize efficient spin-orbit torque (SOT) switching. 
However, so far current-induced magnetic switching 
with TI has been observed only at cryogenic tempera-
tures. Whether the topologically protected electronic 
states in TI could benefit from spintronic applications 
at room temperature remains a controversial issue. 

In this work, we report SOT switching in a TI/
ferromagnet heterostructure with perpendicular 
magnetic anisotropy (PMA) at room temperature. 
Ferrimagnetic cobalt-terbium (CoTb) alloy with robust 
bulk PMA is directly grown on a classical TI material, 
Bi2Se3. The low switching current density provides 
definitive proof of the high SOT efficiency from TI 
and suggests the topological spin-momentum locking 
in TI even if it is neighbored by a strong ferromagnet. 
Furthermore, the effective spin Hall angle of TI is 
determined to be several times larger than commonly 
used heavy metals. Our results demonstrate the 
robustness of TI as an SOT switching material and 
provide an avenue towards applicable TI-based 
spintronic devices.



120 Nanotechnology and Nanomaterials MTL ANNUAL RESEARCH REPORT 2017

Spin-Orbit Torque in Compensated Ferrimagnetic Cobalt-Terbium Alloys 
J. Finley, L. Liu 
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Spintronic devices promise to be an energy-efficient 
alternative to complementary metal-oxide semicon-
ductor devices for logic and memory. However, in order 
to be more competitive, further reductions in switch-
ing energy and switching speed are needed. There has 
been great interest recently in using antiferromagnet-
ically coupled materials as opposed to ferromagnetic 
materials to store information. Compared with fer-
romagnetic materials, antiferromagnetically coupled 
systems exhibit fast dynamics as well as immunities 
against perturbations from external magnetic fields, 
potentially enabling spintronic devices with higher 
speed and density. Despite the potential advantages of 
information storage in antiferromagnetically coupled 
materials, it remains unclear whether one can control 
the magnetic moment orientation efficiently because 
of the canceled magnetic moment. 

Here, we report spin-orbit torque induced 
magnetization switching of ferromagnetic Co1-xTbx 
thin films (Figure 1). By varying the relative 
concentrations of the two atomic species, one can reach 

compensation points where the net magnetic moment 
or angular momentum goes to zero. We demonstrate 
current induced switching in all of the studied film 
compositions, including those near the magnetization 
compensation point. We then quantify the spin-orbit 
torque induced effective magnetic field, where we 
find that close to the compensation point, there is 
a divergent behavior that scales with the inverse of 
magnetization (Figure 2), which is consistent with the 
conservation of angular momentum. Moreover, we 
also quantified the Dzyaloshinskii-Moriya interaction 
(DMI) energy in the Ta/Co1-xTbx system, and we found 
that the energy density increases as a function of 
the Tb concentration. This tunable DMI could be 
potentially useful for spintronic applications that 
employ stable magnetic textures for information 
storage. The large effective spin-orbit torque, the 
previously demonstrated fast dynamics, and the 
minimal net magnetization in these ferrimagnetic 
systems promise spintronic devices that are faster and 
more scalable than traditional ferromagnetic systems.

 ▲ Figure 1: Schematic of the film stack and Hall bar 
device geometry. A ferrimagnetic Co1-xTbx layer is sand-
wiched between the Ta spin-torque generating layer and 
a Ru capping layer.

 ▲ Figure 2: Saturation efficiency sat, which is propor-
tional to the spin-orbit torque effective magnetic field, 
for different Co1-xTbx films. The saturation efficiency is 
largest near the magnetic moment compensation point. 
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Research on CMOS-Compatible High-K Dielectrics for Magneto-Ionic Memory
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High-k dielectrics play a key role in modern microelec-
tronic circuitry, given their ability to provide reduced 
leakage currents while providing adequate capacitance 
in ever smaller nano-dimensioned metal-oxide semi-
conductor field-effect transistor (MOSFET) devices.  
Recently, the Beach group at MIT demonstrated 
the ability to modulate the magnetic properties of 
transition metal thin-films by electrical bias across 
thin-films of Gd2O3 (Figure 1).  The reversible switching 
was demonstrated to be assisted by the electro-migra-
tion of oxygen ions to and away from the transition 
metal/Gd2O3 interface.  This novel process, now called 

“magneto-ionic control,” creates new opportunities for 
nonvolatile information storage. 

Previous research showed that the device’s 
operation depends on the thickness of the dielectric 
layer, its interaction with the ambient atmosphere, and 
the device’s temperature. These dependencies suggest 
that this magneto-ionic device is an electrochemical 
device operating via interfacial reaction, migration, 
and diffusion. However, questions remain about the 
origins of its mechanisms. In this study, we intend to 
establish a strategy for enhancing the performance of 
the device by investigating the underlying operating 
mechanisms; we ultimately hope to test the potential 
of this novel device in memory applications. To 
understand the diffusion in the oxide layer, we have 
undertaken a detailed examination of the properties 
of Gd2O3, a model oxide, and related oxides as well as 
investigated device design to implement studies with 
controlled parameters. 

 ▲ Figure 1: Structure of magneto-ionic device.
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CVD Growth of High-Quality Transition Metal Dichalcogenide Monolayers  
and their Intrinsic Electronic Transport Properties 
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Monolayer transition metal dichalcogenides (TMDs) 
such as molybdenum disulfide (MoS2) and tungsten 
disulfide (WS2) have been attractive for use in ultra-
scaled electronic and optoelectronic devices because 
of their atomically thin thicknesses, direct band gaps, 
and strong spin-orbit interactions. Technologies for the 
mass-production of high-quality, large-area, and atomi-
cally thin TMD films or single-crystal grains are highly 
needed in order to bring them to practical applications. 
Our group has developed reliable methods for growing 
high-quality monolayer MoS2 and WS2 via chemical 
vapor deposition (CVD) and investigated their intrinsic 
and high-k dielectrics enhanced electrical transport 
properties for device applications. Our group has also 
focused on defect characterization of TMDs.

Figure 1 shows the photo and optical images of 
the as-grown monolayer MoS2 films and single-crystal 
domains. The continuous area of the MoS2 thin films 

grown in this work is typically ~ 1 cm x 1cm. The triangular 
domain of MoS2 single crystals can be found at the edges 
of the continuous region with a side length as large as ~ 
60 μm. Our CVD-grown MoS2 films show a PL to Raman 
peak intensity ratio as high as ~ 100 and a full-width-half-
maximum as small as ~ 55 meV, suggesting an excellent 
optical quality. The peak room-temperature field-effect 
mobility of MoS2 reaches ~ 18 cm2 V-1 S-1. On the other 
hand, Figure 2 presents the optical images and electrical 
transport properties of the CVD-grown WS2 monolayers. 
The as-grown WS2 exhibits n-type semiconducting 
behavior with a direct band gap at 1.97 eV and a field-
effect mobility of ~ 7 cm2 V-1 S-1.

 ▲ Figure 1: (a) Photo of centimeter-scale monolayer MoS2 
grown on SiO2/Si wafer. (b) Optical images of CVD-grown tri-
angular domains and (c) completely continuous film of MoS2. 
(d) Room temperature PL of MoS2 films. (e) Schematic of 
back-gated MoS2 FET using HfO2/SiO2 hybrid gate dielectric 
and Ni electrodes. (f) Transport properties of single-layer MoS2 
field-effect transmitters (FETs). 

 ▲ Figure 2: (a) Optical images of as-grown monolayer WS2 
grains. (b) Triangular domain of WS2 with ~ 65-μm side length. 
(c) Typical PL and (d) Raman spectra of as-grown WS2 mono-
layers. (e) Optical micrograph of typical Ni/WS2/SiO2/Si FET. 
(f) Transfer characteristics of back-gated WS2 transistor with 
Ni contacts. (scale bars: 20 μm).
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High Speed Roll-to-Roll Production of Atomically Thin (2D) Materials Using a Split 
Zone CVD Reactor
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Large-area applications of 2D materials such as mem-
branes and barrier films require a means of cost-ef-
fective roll-to-roll manufacturing. We have designed 
and assembled a split zone CVD reactor for roll-to-roll 
synthesis of 2D materials by chemical vapor deposi-
tion (CVD). The reactor configuration consists of an 
annealing and growth zone separated by a narrow slit 
through which the catalytic flexible metallic substrate 
(foil) passes from one end of the reactor to the other. 
The design of this system was guided by flow simula-
tions. Using the system constructed in our laboratory, 

we demonstrate synthesis of uniform, high quality 
graphene at speeds up to 500 mm/min, specifically for 
membrane and barrier applications. A detailed investi-
gation into the process parameters that influence the 
growth of graphene on a moving substrate allows us to 
identify process optimization techniques for roll-to-roll 
synthesis and subsequent processing for manufactur-
ing of films with tailored nanoscale porosity. We reflect 
on the scalability of this process and general principles 
for roll-to-roll CVD of other 2D materials.

 ▲ Figure 1: Split zone CVD reactor for roll to roll production of 2D materials.
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Ultrathin High-Resolution Flexographic Printing Using Nanoporous Stamps
S. Kim, H. Sojoudi, H. Zhao, D. Mariappan, G. H. McKinley, K. K. Gleason, A. J. Hart 
Sponsorship: MIT Department of Mechanical Engineering, NSF, AFOSR

Since its invention in ancient times, relief printing, 
commonly called flexography, has been used to 
mass-produce artifacts ranging from decorative graph-
ics to printed media. At present, higher resolution 
flexography is essential to the manufacturing of low-
cost, large-area printed electronics.  However, due to 
contact-mediated liquid instabilities and spreading, the 
resolution of flexographic printing using elastomeric 
stamps is limited to 50-100 μm.  Here, we introduce 
engineered nanoporous microstructures as a next-
generation stamp material, comprising polymer-coated 
aligned carbon nanotubes (CNTs). We design and 
engineer the highly porous CNT microstructures to be 
wetted by colloidal inks and to transfer a thin layer to 

a target substrate upon brief mechanical contact. We 
demonstrate printing of diverse micron-scale patterns 
of a variety of functional nanoparticle inks, including 
Ag, ZnO, WO3, and CdSe/ZnS, onto both rigid and com-
pliant substrates.  The printed patterns have highly 
uniform nanoscale thickness (5-50 nm) and match 
the stamp features with high fidelity (edge roughness 

~0.2 μm).  We derive conditions for uniform printing 
based on nanoscale contact mechanics, characterize 
high-conductivity printed Ag lines and transparent 
conductors after thermal annealing, and achieve 
continuous printing at a speed of 0.2 m/s.  The latter 
represents a combination of resolution and through-
put that far surpasses industrial printing technologies.

 ▲ Figure 1: Direct printing of ultrathin colloidal ink patterns using microstructured nanoporous stamps. Schematics of the printing 
procedure (a) and the uniform transfer of ink (b) from the nanoporous stamp to the target substrate surface via conformal contact, (c) 
scanning electrode microscopy image of stamp features comprising an array of squares (side length, 25 µm), along with corresponding 
optical and atomic force microscopy images of the resulting printed Ag ink (particle size, <10 nm; 50-60 weight % in tetradecane) 
patterns.
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Aligned CNT-Based Microstructures and Nanoengineered Composite 
Macrostructures
B. L. Wardle, E. Cohen, H. Cornwell, N. Fritz, Y. Gao, R. Kopp, J. Lee, R. Li, D. Lidston, X. Ni, I. Stein
Sponsorship: MIT NECST Consortium, NSF, AFOSR, AFRL, ONR, ISN, NASA NSTRT, NDSEG, NSF Fellowships

Materials comprising carbon nanotubes (CNTs), such 
as hierarchical nanoengineered advanced compos-
ites for aerospace applications, are promising new 
materials thanks to their mechanical and multifunc-
tional properties. We have undertaken a significant 
experimentally based program to understand both 
microstructures of aligned-CNT nanocomposites and 
hierarchical nanoengineered advanced composites 
macrostructures hybridized with aligned CNTs.

Aligned nanocomposites are fabricated by 
mechanical densification and polymer wetting of 
aligned CNT forests. Here the polymer is typically an 
unmodified aerospace-grade epoxy. CNT forests are 
grown to mm-heights on 1-cm2 Si substrates using a 
modified chemical vapor deposition process. Following 
growth, the forests are released from the substrate and 
can be handled and infiltrated. The volume fraction of 
the as-grown CNT forests is about 1%; however, the 
distance between the CNTs (and thus the volume 
fraction of the forest) can be varied by applying a 
compressive force along the two axes of the plane of 
the forest to give volume fractions of CNTs exceeding 
20% (see Figure 1a). Variable-volume fraction-aligned 
CNT nanocomposites were characterized using optical, 

scanning electron (SEM), transmission electron (TEM) 
microscopy, 3-D TEM, and X-ray computed tomography 
(CT) to analyze dispersion and alignment of CNTs as 
well as overall morphology. Extensive mechanical 
property testing and modeling are underway, including 
3-D constitutive relations and fracture toughness. 

Nanoengineered hierarchical composites hybrid-
ized with aligned CNTs are prepared by placing long 
(>20 μm) aligned CNTs at the interface of advanced 
composite plies as reinforcement in the through-
thickness axis of the laminate (see Figure 2). Three 
fabrication routes were developed: transplantation 
of CNT forests onto pre-impregnated plies 
(“nanostitching”), placement of detached CNT forests 
between two fabrics followed by subsequent infusion 
of matrix, and in-situ growth of aligned CNTs onto the 
surface of ceramic fibers followed by infusion or hand-
layup. Aligned CNTs are observed at the composite ply 
interfaces and give rise to significant improvement 
in interlaminar strength, toughness, and electrical 
properties. Extensions of the CNT-based architectures 
to ceramic-matrix nanocomposites and towards 
multifunctional capabilities are being developed, 
including structural health monitoring and deicing.

 W Figure 1. Controlled-morphology polymer 
nanocomposites: (a) Image of 1% aligned-CNT 
forest, 1% A-PNCs and pure epoxy samples, 
(b) SEM image of 1% A-PNCs with an inset 
schematic of the CNT alignment direction.

 W Figure 2: Aligned-CNT nano-engineered 
composite macro-scale architectures, (a) 
nanostitching and (b) fuzzy fiber.
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Liquid Imbibition in Ceramic-Coated Carbon Nanotube Films
H. Zhao, C. Jacob, H.     A. Stone, A. J. Hart 
Sponsorship: AFOSR, MITEI

Understanding of the liquid imbibition dynamics 
in nanoporous materials is important to advances 
in chemical separations, phase change heat transfer, 
electrochemical energy storage, and diagnostic assays.  
We study the liquid imbibition behavior on films of 
ceramic-coated vertically aligned carbon nanotubes 
(CNTs).  The nanoscale porosity of the films is tuned 
by conformal ceramic coating via atomic layer deposi-
tion (ALD) as shown in Figure 1, enabling stable liquid 
imbibition and precise measurement of the imbibition 
dynamics without capillary densification of the CNTs.  
We show that the imbibition rate decreases as the 

ceramic coating thickness increases, which effectively 
changes the CNT-CNT spacing and therefore decreases 
the permeability.  We derive a Darcy’s law-based model 
that incorporates an expression for the permeability 
of nanoscale post arrays and show that the model fits 
the experimental results with high accuracy (Figure 
2).  The tailorable porosity, along with controllable 
surface wettability and mechanical stability of coated 
CNTs, suggests their suitability for application-guided 
engineering and for further investigation of imbibition 
behavior at finer length scales.

 ▲ Figure 1: (a) Scanning electron microscopic (SEM) image of 
an Al2O3-coated CNT forest. (b) Outer diameters of Al2O3-
CNTs as a function of the ALD cycle number. (c-e) SEM images 
of CNT forests coated with 80, 150, and 220 ALD cycles of 
Al2O3.

 ▲ Figure 2: Comparison of model and experiments of liquid 
imbibition on a 57-µm-tall Al2O3-CNT forest, with fitted 
pitch value p = 78 nm.
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Homogeneous Atomic Fermi Gases
B. Mukherjee, Z. Yan, P. B. Patel, Z. Hadzibabic, T. Yefsah, J. Struck, M. W. Zwierlein 
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We report on the creation of homogeneous Fermi gases 
of ultracold atoms in a uniform potential. In the momen-
tum distribution of a spin-polarized gas, we observe the 
emergence of the Fermi surface and the saturated occu-
pation of one particle per momentum state: the striking 
consequence of Pauli blocking in momentum space for 
a degenerate gas. Cooling a spin-balanced Fermi gas 
at unitarity, we create homogeneous superfluids and 

observe spatially uniform pair condensates. For thermo-
dynamic measurements, we introduce a hybrid poten-
tial that is harmonic in one dimension and uniform in 
the other two. The spatially resolved compressibility 
reveals the superfluid transition in a spin-balanced 
Fermi gas, saturation in a fully polarized Fermi gas, and 
strong attraction in the polaronic regime of a partially 
polarized Fermi gas.

 ▲ Figure 1: Homogeneous Fermi gas. (a) Schematic of box trap and cuts through column-integrated 
density profiles along axial and radial directions. (b) Radius of cloud as function of Fermi energy. Dotted 
black and dashed red lines correspond to perfect box potential and harmonic potential, respectively, and 
are scaled to converge at highest EF. Blue solid line corresponds to power law potential V(r) ~ r16. (c) 
Measured radial probability density P(n2D) for column integrated density n2D, averaging about 20 in-trap 
images. Blue solid and red dashed lines correspond to uniform and gaussian traps, respectively.
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Design for Manufacturability (DFM) Models, Methods, and Tools for Silicon 
Photonics
S. I. El-Henawy, G. Martinez, D. Moon, M. B. McIlrath, D. S. Boning  
Sponsorship: AIM Photonics

 ▲Figure 1: Effect of process variation on a silicon waveguide 
structure over oxide; (a) side wall verticality, (b) edge roughness.

 ▲Figure 2: Effect of sidewall verticality variation on waveguide 
refractive index.

 ▲Figure 3: Effect of Gaussian edge roughness on Y-Branch 
transmission in the two different branches; imbalance is see    n with 
roughness.

Silicon photonics, where photons instead of electrons 
are manipulated, shows promise for higher data 
rates, lower energy communication and information 
processing, biomedical sensing, Lab-On-A-Chip, and 
novel optically based functionality applications such 
as wavefront engineering and beam steering of light. 
In silicon photonics, both electrical and optical compo-
nents can be integrated on the same chip, using a shared 
silicon integrated circuit (IC) technology base. However, 
silicon photonics does not yet have mature process, 
device, and circuit variation models for the existing 
IC and photonic process steps; this lack presents a key 
challenge for design in this emerging industry.

Our goal is to develop key elements of a robust 
design for manufacturability (DFM) methodology for 
silicon photonics. This design includes using statistical 
modelling to capture manufacturing variations, both 
systematic and random, at the wafer, chip, or feature 
scales and predicting their impact on photonic device 
and circuit levels. These variation-aware models 
and methods will help enable tomorrow’s silicon 
photonics designers to predict and optimize behavior, 
performance, and yield of complex silicon photonic 
devices and circuits, just as IC designers do today. 

To achieve this goal, we model the process variation 
effects, such as side wall verticality and edge roughness 
(Figure 1), on the optical behavior represented in 
the refractive index (Figure 2) or transmitted power 
variation in a splitter device (Figure 3). Also, we carry 
out Monte Carlo simulations in which the geometric 
variations for the optical components are simulated 
with Gaussian distributed variations and the resulting 
probability distribution functions (pdfs) for losses and 
the refractive index are calculated. Such models and 
simulations for different active and passive optical 
components will help to provide variation-aware 
models and methods for emerging process design 
kits for silicon photonic technologies.
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Stochastic Simulation and Robust Design Optimization of Integrated Photonic 
Filters
T. W. Weng, D. Melati, A. Melloni, L. Daniel 
Sponsorship: NSF

Photonics is rapidly emerging as a mature and promis-
ing technology, and it is evolving from a pure research 
topic to a market-ready player, aiming at achieving 
large production volumes and low fabrication costs. 
Pushed by these motivations, Process Design Kits, 
circuit simulators, generic foundry approaches, and 
multi-project-wafer runs are quickly changing the 
way that photonic circuits are conceived and designed. 
On the other hand, stochastic uncertainties such as 
fabrication variations are unavoidable in production 
processes. It is well known that such uncertainties can 
have a dramatic impact on the functionality of fabri-
cated circuits. In order to obtain a high quality design 
of a photonic circuit, it is important to include such 
uncertainties during the early design stages. Hence, 
uncertainty quantification techniques become funda-
mental instruments to efficiently obtain the statistical 
information and to achieve a high-quality design. 

Monte Carlo simulation is commonly exploited 
to evaluate the impact of fabrication uncertainties on 
the functionality of the designed circuits. Although 
effective, it suffers from a slow convergence rate 
and requires a long computation time. Meanwhile, 
stochastic spectral methods have recently been 

regarded as a promising alternative for statistical 
analysis due to their fast convergence. The key idea 
is to approximate the output quantity of interest (e.g., 
the bandwidth of a filter) with a set of orthonormal 
polynomial basis functions, known as generalized 
polynomial chaos expansion. Our goal in this work is 
to develop an efficient, robust design-optimization 
technique based on the state-of-the-art sampled-
based stochastic spectral methods, which are mainly 
used for statistical analysis in the field of uncertainty 
quantification.  Figure 1 shows a fifth-order directly 
coupled ring resonator used to demonstrate our 
technique. Due to fabrication process variations, 
the gap g and effective phase index neff of each ring 
resonator are uncertain, so the 3dB bandwidth varies 
greatly. In this example, we would like to design 
the nominal gap g for each ring that minimizes the 
mean-square-error of 3dB bandwidth. Figure 2 plots 
simulation results of the un-optimized nominal 
design and optimized nominal design. We show that 
the optimized circuits are more robust to fabrication 
process variations and achieve a reduction of 11 % to 
35 % in the mean-square-errors of the 3dB bandwidth 
than un-optimized nominal designs. 

 ▲Figure 1: A 5-ring coupled resonator.  ▲Figure 2: Probability density functions of 3dB. Bandwidth of 
the un-optimized nominal design (blue dash line) and optimized 
nominal design (red line).
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Visible Wavelength Integrated Modulators using Hybrid Waveguides
K. K. Mehta, G. N. West, R. J. Ram
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Infrared integrated optics has proven useful for reduc-
ing system size, cost, and complexity for instruments 
from classical computers to sensors. Visible wavelength 
integrated photonic devices were the logical next 
step but common visible waveguides lack the ability 
to modulate light. We use a hybrid silicon nitride/
lithium niobate (SiN/LN) platform to demonstrate 
visible-wavelength (674 nm) integrated waveguides and 
Mach-Zehnder-type modulators. The waveguides have 
propagation loss of ~4.0 dB/cm, and the MZMs were 
measured to have Vπ = 3.0V.

Lithium niobate is one of the most commonly 
used electro-optically tunable materials for devices 
such as telecom modulators, due to its large r33 tensor 
component (~31 pm/V). Unfortunately, fabrication 
methods for directly etching lithium niobate are poor—
argon ion etching is the method of choice, but it leaves 
rough, sloped sidewalls poorly suited to integrated 

photonic devices. We use the “hybrid” approach, 
where a layer of high-index material (silicon nitride, 
~160 nm) is deposited on top of a thin film of lithium 
niobate (~215 nm) and patterned using electron beam 
lithography. The mode effective index around this 
silicon nitride ridge is then higher than the slab mode, 
leading to optical confinement. As the mode intensity 
largely exists inside the lithium niobate, direct electro-
optic tuning is achievable. 

Tested MZMs had 1 mm and 3 mm modulation 
lengths (Figure 1a) with Ti/Au contacts in a push-pull 
configuration deposited directly on the surface of the 
lithium niobate. The measured extinction was >20 dB. 
The measured Vπ is lower than the voltage predicted 
by calculations of the mode confinement and applied 
field, likely due to a contribution from the piezoelectric 
properties of lithium niobate at low frequencies 
(Figure 1b). 

 ▲Figure 1: (a) Optical micrograph of a Mach-Zehnder-type modulator, with an actively modulated length of 1 mm, (b) power transmis-
sion as a function of voltage for a tested device, showing a Vπ of 3.0V near zero bias, (c) loss of straight waveguide test structures. Inset: 
Simulated mode profile in the waveguide cross section.
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Visible Integrated Photonics in Microelectronic CMOS
A. H. Atabaki, G. N. West, R. J. Ram 
Sponsorship: DARPA

Despite numerous advances in visible/near-infrared 
(VIS/NIR) integrated photonic devices and platforms, 
less progress has been made toward scalable VIS/NIR 
platforms that integrate active and passive photonic 
devices (e.g., waveguides, resonators, and photodetectors). 
Many VIS/NIR optical applications, from sensing to 
quantum information processing, require a combination 
of optical functions from optical addressing and detec-
tion to modulation and filtering. Our ability to envision 
new systems and architectures for these applications 
hinges on integrated photonic platforms that enable 
these functions in a scalable fashion. Such platforms are 
essential to provide the combination of design flexibility 
and scale-up needed for the next generation of sensing, 
imaging, and quantum information processing systems. 

In this work, our goal is to develop a powerful 
integrated photonic platform for UV/VIS/NIR wave-
lengths by implementing passive and active photonic 
devices monolithically with electronics in a standard 
complementary metal-oxide semiconductor (CMOS) 

process. We design all of our devices in CMOS, and imple-
ment the passive structures through backend processing 
of the CMOS chips. Our devices are fabricated in a 
300-mm CMOS foundry using IBM’s 65-nm bulk 
CMOS process (Figure 1a). We use the shallow-trench 
isolation (STI) mask with deep-sub-micron lithography 
resolution to define a template in the silicon substrate 
for subsequent incorporation of the passive devices.  
The CMOS die is flip-chip bonded on a handle, and 
the silicon under the passives is removed in the 
XeF2 etcher. The remaining oxide template is then 
isotropically filled with 200 nm of Al2O3 with atomic 
layer deposition (ALD) at 120°C. Figures 1a and 1b show 
the CMOS device and waveguide fabrication process.  
We also repurposed the transistor gate polysilicon to 
design very compact grating couplers (Figure 1a). Figure 
1c shows light guiding at red and violet in these back-
end waveguides. Our approach avoids any lithography 
in post processing, which simplifies fabrication and 
guarantees perfect alignment of all devices. 

 ▲Figure 1: (a) Photos of the wafer and reticle and micrograph of the waveguide test block. Schematic of the polysilicon grating 
couplers and waveguide structure shown on the left, (b) backend fabrication steps for VIS waveguides. E-field of the fundamental 
Transverse Electric (TE) mode is overlaid on panel 3, (c) micrographs of the chip with red and violet light coupled into the Al2O3 
waveguides. Bright light on the right side of the photos is the guided light radiated out of the chip.
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SiC-on-Insulator-on-Chip Photonic Device in a Radiative Environment
D. Ma, Z. Han, Q. Du, J. Hu, L. Kimerling, A. Agarwal
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Silicon carbide (SiC) has played significant roles in a 
variety of electronic and photonic devices in the past 
decade due to its excellent properties including high 
irradiation tolerance, stability despite exposure to 
high temperatures and harsh chemicals, high thermal 
conductivity, and high Young’s modulus. SiC is a good 
candidate material for on-chip microphotonics because 
of its high refractive index, large band gap, and comple-
mentary metal-oxide semiconductor (CMOS) compati-
bility. SiC can serve in both active and passive photonic 
device components. The CMOS compatibility of SiC 
enables low-cost device processing and scalable indus-
trial applications, highlighting its advantage over other 
large band gap non-CMOS–compatible semiconductors.

A plasma enhanced chemical vapor deposition 
(PECVD) system using a silane and methane gas 
mixture has been used to deposit an amorphous SiC 
layer on a 6-inch Si wafer with a top layer of 3-micron 
thermal oxide (Silicon Quest International, Inc.). To 
pattern and fabricate the SiC-on-insulator photonic 
device (a resonator), a chromium metal mask was 
used. Fluorine chemistry was used to dry etch SiC 
using reactive ion etching.  The etch parameters were 
optimized to enhance the etch rate while still delivering 
low-loss sidewall profiles as shown in Figure 1. 

The effect of gamma irradiation on a SiC resonator 
was investigated by measuring its quality factor before 
and after exposing the device to high dose (60 Mrad) 
gamma irradiation. The quality factor maintained 
the same order of magnitude, and the resonant peak 
at critical coupling remained in the near IR range as 
shown in Figure 2. Both these results demonstrate the 
gamma irradiation tolerance of the SiC-on-insulator 
photonic device. 

 ▲Figure 1: Scanning electron microscopic images of (a) 
the top view and (b) the cross section of the SiC-on-insula-
tor device. (The texture on the cross-section image was due 
to the gold conductive coating for better image resolution.)

 ▲Figure 2: Comparison of the resonant peak before 
(black) and after (red) 60 Mrad gamma irradiation.
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Germanium Electroabsorption Modulator for Silicon Photonic Integration
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Photonic modulators on Si substrate with high speed 
and low energy consumption are important compo-
nents for integrated photonics. The Ge-on-Si system 
provides an opportunity for integrated electro-absorp-
tion modulators that turn the material from transpar-
ent to opaque in the working wavelength regime under 
an applied electric field. Although Ge is an indirect 
gap semiconductor, its energy difference between the 
direct gap and indirect gap is as small as 136 meV. The 
direct band gap of 0.8 eV corresponds to a wavelength 
of 1550 nm, which is the most technically important 
wavelength in optical communications and the most 
commonly used in Si photonics. 

The fast speed and low energy consumption 
of the Ge modulator require high-quality Ge on Si 
heteroepitaxy. The threading dislocation density, as 
well as film crystallization and composition, were 
monitored and controlled. During the ultrahigh 
vacuum chemical vapor deposition, a constant-
composition buffer layer was first deposited at low 
temperature. Despite the large lattice mismatch, the 
buffer layer is planar due to limited surface-diffusion, 
which prevents surface islanding. The buffer layer 

thickness was optimized to maintain high film quality, 
on which the high quality Ge epitaxial film was grown 
at high temperature followed by thermal annealing. 

The Si photonic integrated Ge modulator 
was designed with efficient light coupling from 
the Si waveguide to the Ge modulator using a Ge 
taper structure. The effect of taper dimensions on 
the insertion loss of modular was evaluated in a 
finite element model and considered in the device 
fabrication. Insertion loss is the major source of 
loss when the light signal is transferred from the Si 
waveguide to the Ge modulator. A fabrication process 
using electron beam lithography and chemical dry 
etching has been developed. The pattern formed by 
the photoresist was transferred using reactive ion 
etching (REI) to fabricate the Ge taper, which produced 
a tapered tip with sidewall angle of 100 degrees. A 
gradually sloped taper tip might improve the coupling 
efficiency between the Si and Ge components and 
lower the insertion loss of the modulator because the 
light couples more effectively through a medium with 
a gradually changing refractive index.

 ▲Figure 1: Cross-sectional view, scanning electron microscopy 
(SEM) image of epitaxial Ge layer on Si substrate.

 ▲Figure 2: Top-front view SEM image of taper tip fabricated 
via REI.
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Surface-Plasmon-Induced Anisotropic Hot Electron Momentum Distribution in a 
Metallic-Semiconductor Photonic Crystal
X. H. Li, J. Chou, W. L. Kwan, A. El-Faer, S.-G. Kim 
Sponsorship: Masdar Flagship Program

Metallic-semiconductor Schottky hot carrier devices 
have been found to be a promising solution for har-
vesting photons with energy lower than the bandgap 
of semiconductors, which is of crucial importance for 
realizing efficient solar energy conversion. In recent 
years, extensive efforts have been devoted to utilizing 
surface plasmon resonance to improve light absorp-
tion of devices by creating strong light-metallic-nano-
structure interaction, which generates hot electrons 
through non-radiative decay. However, how surface 
plasmon enhances the efficiency of hot electron collec-
tion is still debatable.

We recently reported a metallic-semiconductor 
photonic crystal (MSPhC) with 2D nano-cavity 
arrays for photochemical energy conversion, which 
showed a sub-bandgap photoresponse centered 
at the surface plasmon polariton (SPP) resonance 
wavelength. Here we developed a theoretical model of 
internal photoemission in this device by incorporating 
the effects of anisotropic hot electron momentum 
distribution caused by SPP. As shown in Figure 

1, the structure could generate SPP at the Au/TiO2 
interface along the sidewall of the nano-cavity, with 
resonance wavelength of 590 nm (photon energy of 
2.1 eV).  Near resonant wavelength, surface plasmon 
dominates the electric field in the thin Au layer, which 
generates hot electrons with high-enough momentum 
preferentially normal to the Schottky interface, as 
shown in Figure 2a. The influences of interband and 
intraband transition and SPP are incorporated to 
model the internal quantum efficiency of this device, 
as shown in Figure 2b. The anisotropic hot electron 
momentum distribution largely enhances the IQE 
and photoresponse near SPP resonance wavelength. 
Compared with the widely used Fowler’s theory of 
Schottky internal photoemission, our model can better 
predict IQE of surface-plasmon-assisted hot electron 
collection. Combined with large-scale photonic design 
tools, this quantum-level model could be applied for 
tuning and enhancing the photoresponse of Schottky 
hot carrier devices.

 ▲ Figure 1: (a) Schematic of the metallic-semiconductor pho-
tonic crystal with 2D nano-cavity array, (b) Schematic of the 
cross-section of MSPhC, (c) SPP at the Au/TiO2 interface along 
the cavity sidewall at 590 nm, obtained from FDTD simulation.

 ▲ Figure 2: (a) Anisotropic hot electron momentum distribution 
caused by SPP.  SPP enhances distribution of hot electrons inside 
the “escape cone” on internal photoemission, (b) Comparison of 
our model and Fowler’s theory on predicting IQE of MSPhC.
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Light-Emitting Surfaces with Tailored Emission Profile for Compact Dark-Field 
Imaging Devices 
C. Chazot, C. J. Rowlands, R. J. Scherer, I. Coropceanu, Y. Kim, K. Broderick, S. Nagelberg, P. So, M. Bawendi, M. Kolle
Sponsorship: MTL, MISTI

Dark field microscopy is a well-known imaging 
technique used to enhance the contrast in unstained 
samples by suppressing low spatial frequency contri-
butions (areas of uniform intensity), thereby empha-
sizing high spatial frequency components (for instance 
edges) in the image. The sample is illuminated with 
light incident on the sample at a high angle that is not 
collected by the objective lens, unless it is scattered by 
the imaged object. Even though it is a simple method 
that provides high-quality images, it usually requires a 
classic bulky optical microscope, with dedicated objec-
tives and filtering cubes. 

Here, we present research aimed at creating a lab-
on-chip dark-field imaging device that can provide 
dark field imaging capabilities without the need for 
sophisticated equipment. We produce a micro-patterned 
fluorescent surface with a spatially tunable light 
emission profile, consisting of quantum dots in a polymer 
matrix sandwiched between a Bragg reflector on the 
top and semi-spherical micro-concavities at the bottom.  
While the quantum dots emit light in all directions, the 
confinement between the Bragg mirror and the semi-
spherical cavities allow only light to exit from the surface 
in a limited angle range. The color of the emitted light is 
determined by the quantum dots’ emission spectrum, 
while the stop band of the Bragg reflector imposes 
directionality. Tuning of the Bragg reflector band-gap, or 
the combination of Bragg reflectors with different band-
gaps, allows for the creation of a rich variety of light 
emission profiles. 

To maximize light emission in the desired limited 
angle range, an array of bioinspired, hexagonally 
arranged semi-spherical gold micro-reflectors is used. 
Each patterned surface measures 1” x 1”, and more than 
10 Bragg reflectors can be assembled on it, providing 
the same number of dark-field imaging ring profiles. A 
sample placed on top of the surface will be illuminated 
with light of the desired angular distribution only, which 
for dark-field imaging would be at angles larger than 
the numerical aperture of the imaging objective. This 
surface with tailorable light emission profile constitutes 
a highly compact, simple, tunable solution for dark-field 
imaging, which could for instance find application in 
miniaturized imaging devices for microbiology.

 ▲ Figure 1: (a) Concept schematic of the emission profile of a 
dark-field enabling light-emitting surface, (b) calculated angu-
lar light emission profile for a substrate with flat bottom surface 
(black curve and left inset) and a substrate with patterned bottom 
reflector (red curve and right inset).

 ▲ Figure 2: (a) SEM cross-section view of the light-emitting 
dark-field substrate. Scale bar 1 µm, (b) Top view of the device. 
Scale bar 10 µm. Inset shows a macroscopic top-view of the 
assembled system, (c & d) comparison of the microscope images 
of a marine micro-organism in bright field imaging (c) and sur-
face-enabled dark-field imaging (d); scale bars 20 µm. 
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See-Through Light Modulators for Holographic Video Displays
S. Jolly, N. Savidis, B. Datta, V. M. Bove, Jr. 
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In this research (a collaboration with Dr. Daniel Smalley 
of Brigham Young University), we design and fabricate 
acousto-optic, guided-wave modulators in lithium nio-
bate for use in holographic and other high-bandwidth 
displays. Guided-wave techniques make possible the 
fabrication of modulators that are higher in bandwidth 
and lower in cost than analogous bulk-wave acous-
to-optic devices or other spatial light modulators used 
for diffractive displays; these techniques enable simul-
taneous modulation of red, green, and blue light. In 
particular, we are investigating multichannel variants 
of these devices with an emphasis on maximizing the 
number of modulating channels to achieve large total 
bandwidths.  To date, we have demonstrated multichan-
nel full-color modulators capable of displaying holo-
graphic light fields at standard-definition television 
resolution and at video frame rates. Our current work 

explores a device architecture suitable for wearable 
augmented reality displays and other see-through 
applications, in which the light outcouples toward the 
viewer (Figure 1), fabricated using femtosecond laser 
micromachining (Figure 2). 

 ▲Figure 1: Diagram of near-eye version of our device.
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 WFigure 2: Metal features, wave-
guides, and reflection gratings fab-
ricated using femtosecond laser 
processing.
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Atomic Color Centers in Wide-Bandgap Semiconductors
B. Lienhard, G. Grosso, H. Moon, T. Schröder, K.-Y. Jeong, S. Mouradian, T.-J. Lu, I. Aharonovich, D. Englund 
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Atoms and atom-like emitters play central roles in many 
areas of quantum information processing, including 
using them as single-photon sources, nonlinearities, 
and quantum memories. In recent years, there has been 
tremendous progress in developing quantum emitter sys-
tems based on crystallographic defects in wide-bandgap  
semiconductors. The interest in solid-state quantum 
emitters started with in diamond embedded nitrogen 
vacancy (NV) color centers, which have well-defined opti-
cal transitions as well as electronic spin states that can 
be controlled optically or by microwave radiation. They  
represent prime systems for solid-state quantum tech-
nologies including quantum repeaters, nanoscale sensors, 
single-photon nonlinearities, and single-photon sources.

Single-crystal silicon carbide (SiC) is another 
wide-bandgap semiconductor with wider industrial 
applications than diamond in optoelectronics, high 
power electronics, and microelectromechanical systems. 
Recently, we identified a single-photon emitter in 
4H-SiC in the visible spectrum, illustrated in Figure 1a.  
The emitter is photostable at both room and low 

temperatures and enables 2 million photons per second,  
shown in Figure 1b. Furthermore, cryogenic measure-
ments reveal a narrow zero phonon line with a linewidth 

~0.1 nm that accounts for more than 30% of the total 
photoluminescence spectrum.

Another emergent material for quantum memories 
and quantum emitters is layered 2-D materials. They 
have also recently been shown to host a range of single-
photon emitters. Demonstration of quantum emission 
in 2-D hBN now broadens its appeal for quantum 
information processing applications. Atom-like defects 
in hBN confine electronic levels within the extremely 
wide band gap (5.955 eV) and result in photostable 
and surprisingly robust emitters with single-photon 
emitter characteristics. The emission energy of these 
emitters spans a large spectral band, limiting individual 
emitter indistinguishability. Recently, we were able to 
improve optical properties, indicated in Figure 1c, and 
demonstrated spectral tuning of such hBN emitters. The 
tunability promises the generation of many quantum 
emitters with frequency-matched emission.

 ▲ Figure 1: (a) Schematic of single-photon emitter (SPE) in silicon carbide, (b) intensity 
and single-photon emission purity measurement of SPE in silicon carbide, (c) pulsed sec-
ond-order autocorrelation histograms in purified (irradiated) and untreated area of SPE in 
hexagonal boron nitride. Inset shows a spectrum indicating the sum of the spectral compo-
nents of the SPE (black) and background (gray). 
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Self-Aligned Local Electrolyte Gating of 2-D Materials with Nanoscale Resolution
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A central challenge in making 2-D material-based 
devices faster, smaller, and more efficient is to control 
their charge carrier density at the nanometer scale. 
Traditional gating techniques based on capacitive 
coupling through a gate dielectric cannot generate 
strong and uniform electric fields at this scale due to 
divergence of the fields in dielectrics. This field diver-
gence limits the gating strength, boundary sharpness, 
and pitch size of periodic structures and restricts pos-
sible geometries of local gates (due to wire packaging), 
precluding certain device concepts, such as plasmonics 
and transformation optics based on metamaterials.

Here we present a new gating concept based on a 
dielectric-free, self-aligned electrolyte technique that 
allows spatial modulation of charges with nanometer 

resolution. We employ a combination of a solid-polymer 
electrolyte gate and an ion-impenetrable e-beam-
defined resist mask to locally create excess charges 
on top of the gated surface. Electrostatic simulations 
indicate high carrier density variations Δn = 1014 cm-2 
across a length of 10 nm at the mask boundaries on 
the surface of a 2-D conductor, resulting in a sharp 
depletion region and a strong in-plane electric field of 
6×108 V/m across the so-created junction.

We apply this technique to the 2-D material 
graphene to demonstrate the creation of tunable p-n 
junctions for optoelectronic applications. We also 
demonstrate the spatial versatility and self-aligned 
properties of this technique by introducing a novel 
graphene thermopile photodetector in the mid-infrared.

 WFigure 1: (a) Geometry and working principle 
of nanoscale electrolytic doping of 2-D ma-
terials with PMMA screening mask. n1 and n2 
denote charge carrier densities in mask-pro-
tected region and exposed region, respective-
ly, (b) simulated charge carrier density n profile 
and in-plane electric field intensity Ein−plane for 
single junction, compared between proposed 
electrolyte-PMMA-mask gating and metal-di-
electric split gating schemes, (c) scanning elec-
tron micrographs of fabricated PMMA masks on 
graphene with nanoscale dimensions. (d) Resis-
tance R and photovoltage Vph as function of Vtg 
and Vbg, measured at p-n interface created by 
PMMA-electrolyte doping technique.

FURTHER READING

• C. Peng, D. K. Efetov, S. Nanot, R.-J. Shiue, G. Grosso, Y. Yang, M. Hempel, P. Jarillo-Herrero, J. Kong, F. H. L. Koppens, and D. Englund, ”Self-Aligned 
Local Electrolyte Gating of 2D Materials with Nanoscale Resolution,” arXiv:1610.07646, 2016.

• D. K. Efetov and P. Kim, “Controlling Electron-Phonon Interactions in Graphene at Ultrahigh Carrier Densities,” Physical Review Lett., vol. 105, 
no. 25,  256805, 2016.

• D. Huigao, D. Winston, J. K. W. Yang, B. M. Cord, V. R. Manfrinato, and K. K. Berggren, “Sub-10-nm Half-Pitch Electron-Beam Lithography by 
using Poly (Methyl Methacrylate) as a Negative Resist,” J. Vacuum Science & Technology B, Nanotechnology and Microelectronics: Materials, 
Processing, Measurement, and Phenomena, vol. 28, no. 6, C6C58-C6C62, 2010.

https://arxiv.org/abs/1610.07646


142 Photonics and Optoelectronics MTL ANNUAL RESEARCH REPORT 2017

Flexible Chalcogenide Glass Waveguide Integrated Photodetectors 
L. Li, H. Lin, J. Michon, Y. Huang, J. Li, C. Smith, K. Richardson, J. Hu

 ▲Figure 1 Waveguide integrated flexible detectors. (a) Sche-
matic diagram of the glass waveguide-integrated photode-
tector, (b) SEM micrograph of a detector, (c) photo of the 
testing setup, (d) I-V response of the detector in the dark 
and under illumination, (e) photocurrent of the detector as 
a function of input optical power in the waveguide, (f) I-V 
response in the dark under flat and bending condition, (g) 
spectral response of the detector at -5 V bias under flat and 
bending condition.

Flexible photodetectors are important components for 
imaging, communications, and sensing applications. 
Traditional photodetectors are typically made on rigid 
semiconductor substrates and couple to incident light 
via free space. Here we present an experimental demon-
stration of waveguide coupled flexible photodetectors. 
By taking advantage of the substrate-blind integration 
capacity of chalcogenide glass photonic components, 
high index contrast glass optical waveguides were 
monolithically integrated on InGaAs nanomembrane 
metal semiconductor metal photodetectors hybrid-
bonded to flexible substrates (Figure 1a-b). 

To monitor the photodetector response, we have 
assembled the measurement setup shown in Figure 
1c. A pair of motion stages was used to control the 
bending of the flexible detector, and another two 
tapered lens-tip fibers were used to couple light from a 
laser into and out of the waveguides. Two micro-probes 
were used to detect the electrical response. Figure 1d 
plots the current-voltage (I-V) curves of the detector 
measured in the dark and under illumination with 250-
µW incident optical power at 1550-nm wavelength. The 
device shows a negligible saturation dark current of 
0.5 nA at 10 V bias. The photocurrent increases linearly 
with increasing optical power, as shown in Figure 1e. 
Slope of the response curve yields a responsivity of 0.5 
A/W at 1550 nm, corresponding to an external quantum 
efficiency of 40%. Further, the dark current  and photo 
response of the device remain unchanged with bending 
radii down to 0.7 mm, which represents a significant 
improvement in mechanical flexibility over previously 
demonstrated semiconductor NM photodetectors 
(Figure 1f-g).  
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Monolithically Integrated Glass on Two-Dimension Materials Photonics  
H. Lin, Y. Song, Y. Huang, D. Kita, S. Deckoff-Jones,  K. Wang, L. Li, J. Li, H. Zheng,  Z. Luo, H. Wang, S. Novak, A. Yadav, C. 
Huang, R. J. Shiue, D. Englund, T. Gu, D. Hewak, K. Richardson, J. Kong, J. Hu

Two-dimensional (2-D) materials are of tremendous 
interest to integrated photonics given their singular 
optical characteristics spanning light emission, modula-
tion, saturable absorption, and nonlinear optics. The 
current approach to integrating 2-D materials with pho-
tonic devices generally relies on transferring these 
atomically thin crystals onto prefabricated photonic 
components, which limits the yield and fully utilizing 
their capabilities. To resolve these issues, an alternative 
integration route entails growing an optically thick 
chalcogenide glass (ChG) film directly on 2-D materials 
and lithographically patterning it into functional pho-
tonic devices. Figure 1a displays the Raman spectra of 
monolayer CVD graphene before and after coating with 
a 450-nm- thick ChG film. No defect-related peaks (D, D’ 
or D+G) were observed after ChG deposition, indicating 
that the low-temperature glass deposition does not 
introduce structural defects into graphene. We further 
confirm that the structures of other 2-D materials (MoS2, 
black phosphorus, InSe, and hexagonal BN) likewise 
remain intact after ChG deposition. 

Such integration compatibility not only leads to a 
bottom-up process to fabricate mid-IR photodetectors 
(Figures 1b and 1g) or modulators, but also facilitates the 
fabrication of unconventional multi-layer structures 
incorporating 2-D materials to optimally engineer their 
interactions with the optical mode. As an example, we 
exploit the giant optical anisotropy of graphene and 
modal symmetry in graphene-sandwiched waveguides 
to demonstrate an ultra-broadband polarizer (Figure 
1c and 1e) and a thermo-optic switch with energy 
efficiency an order of magnitude higher than previous 
reports (Figures 1d and 1f). In addition, the insulating 
ChG can function as a gate dielectric. We harness this 
feature to demonstrate the first mid-IR graphene 
waveguide modulator (Figure 1h). We foresee that 
the versatile glass-on-2D-material platform will 
significantly expedite and expand integration of 2-D 
materials to enable new photonic functionalities.

 ▲Figure 1: (a) Raman spectra of as-transferred monolayer CVD graphene (black) and graphene covered with a Ge23Sb7S70 glass 
layer (red), schematic diagrams of (b) mid-IR waveguide-integrated detector, (c) graphene-sandwiched waveguide polarizer, and (d) 
photonic crystal thermo-optic switch, (e) polar diagram showing the polarizer performance at 980-nm and 1550-nm wavelengths, (f) 
optical transmission spectra of the switch at varying input power levels into the graphene heater, (g) mid-IR broadband spectral depen-
dences of the detector’s responsivity (at 1.5 V bias) and calculated optical absorption in the graphene layer, and (h) measured color con-
tour maps showing wavelength and bias dependent modulation depth of the device in dB/mm (relative to its transmittance at zero bias).
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Broadband Optical Phase Change Materials and Devices
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Optical phase change materials (O-PCMs) are a class 
of materials that exhibit extraordinarily large optical 
property change (e.g., index change ∆n> 1) when under-
going a solid-state phase transition. These materials, 
such as Ge-Sb-Te (GST) compounds, have been exploited 
for a plethora of optical applications including optical 
switching, reconfigurable metasurface, and non-vol-
atile display. Traditional phase change materials, 
however, generally suffer from large optical losses even 
in their dielectric states. The large optical losses fun-
damentally limit the performance of photonic devices 
based on traditional O-PCMs.

Here we report the synthesis, characterization 
and device integration of a new class of O-PCMs, Ge-
Sb-Se-Te (GSST) alloys. A series of GSST thin films 
with the compositions of Ge2Sb2SexTe5-x (x = 1, 2, 3, 4, 
and 5) were prepared using thermal evaporation. We 
experimentally validated that Se substitution for Te 
results in an increase in the optical band gap, enabling 
low loss operation in the telecommunication bands 

(Figure 1a and 1b). Meanwhile, the GSST materials 
claim reduced free carrier concentrations and mobility 
compared to GST, which effectively suppresses free 
carrier absorption in the infrared. Figure 1c shows that 
the Ge2Sb2Se4Te1 (GSS4T1) material features broadband 
transparency covering 1 micron to the long wave 
infrared (LWIR). The low optical loss of the GSS4T1 
alloy leads to an exceptionally better performance 
than Ge2Sb2Te5 (GST 225). 

We deposited and patterned GSST and GST pads 
on SiN micro-ring resonators. Figure 1e and 1f plot the 
transmittance spectra of micro-ring devices integrated 
with the GST 225 and the GSS4T1 O-PCMs when they 
are switched from amorphous to crystalline state. The 
device integrated with the GSS4T1 material claims a 
large on/off contrast ratio of 41 dB and an insertion 
loss of 0.2 dB, both of which represent significant 
improvements compared to state-of-the-art GST-
based devices.

 ▲Figure 1: (a & b) optical properties of (a) amorphous and (b) crystalline GSST alloys, (c) optical properties of amorphous 
(dashed lines) and crystalline (solid lines) GSS4T1 from the visible to LWIR, (d) SEM images of fabricated devices, (e & f) trans-
mission spectra of (e) GST-based and (f) GSS4T1-based devices.
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High-Performance Inorganic CsPbBr3 Perovskite Light-Emitting Diodes by Dual 
Source Vapor Deposition
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Organometal halide-based perovskites, with the typical 
chemical formula ABX3, have emerged as a promising 
class of semiconducting materials for thin-film opto-
electronics in the past few years. Those semiconductors 
possess unique electro-optical properties, such as long-
range carrier diffusion length, high absorption coef-
ficients, and low levels of defect states, yielding solar 
cells with over 20% power conversion efficiency. While 
many of the research efforts have been captivated 
by the potential of their photovoltaic applications, 
perovskites are nonetheless promising light emitters. 
Indeed, color-tunable electrically-driven perovskite 
light-emitting diodes (PeLEDs) have tremendous 
potential for novel display and lighting applications. 
In addition to its bright photoluminescence (PL) and 
excellent wavelength tunability, CsPbX3 (X=I, Br, Cl) in 
particular exhibits superior thermal and chemical sta-
bilities when compared to organic-inorganic analogs 
such as CH3NH3PbX3. 

Unfortunately, low solubility limits of CsBr 
precursor hinder the fabrication of a dense, compact 

CsPbBr3 layer with complete coverage and smooth 
morphology via solution processing. Incomplete 
coverage of perovskite emitting layers results in 
substantial leakage current that has limited the 
luminescent efficiency of previously reported 
cesium-based PeLEDs. Physical vapor deposition of 
fully inorganic CsPbX3 perovskites offers a scalable 
alternative to solution processing. In this work, 
we report a systematic approach for preparation 
of highly efficient CsPbBr3 PeLEDs using vacuum 
deposition. Fabrication of CsPbBr3 thin films with 
complete surface coverage and reduced roughness in 
addition to precise control over the film thickness and 
stoichiometry is demonstrated. Perovskite films are 
optimized for the best device performance by varying 
parameters including evaporation rate, film thickness, 
and composition of the as-deposited perovskite layer. 
As a result, CsPbBr3-based PeLEDs that exhibit narrow 
green emission significantly reduced leakage current; 
therefore, substantially improved brightness and 
efficiency were realized.
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Multilayer Thin Films for Hot Carrier Filtering and Spectroscopy
Z. J. Tan, N. X. Fang

Hot carriers are electrons or holes not in thermal 
equilibrium with its lattice. They can be generated elec-
trically by injection through a barrier layer or optically 
from plasmonic excitations. These hot carriers can 
have useful large excess energy of several eVs much 
larger than the energy which can be supplied thermally 
under practical conditions.

However, it is difficult to harvest the full potential 
of these hot carriers due to their fast thermalization 
times. Furthermore, there is very little insight into how 
one can control or measure the energy profile of these 
hot carriers due to the lack of robust experimental 
techniques that can probe these carriers before 
thermalization sets in. 

We perform simulations to show that the use of 
multilayer dielectric films can be used as bandpass 
filters to retrieve the energy profile of hot carriers 
(see Figures 1 and 2). The measured electrical current 

through a crossbar structure separating such a stack 
of dielectric film can be inverted to deduce the initial 
energy profile of generated hot carriers because 
hot carriers with different energies have different 
transmissions across the barriers. Existing work with 
hot carrier filtering uses only single layer oxides. We 
show that a dual layer TiO2/Al2O3 stack has a high 
discriminatory power for hot carrier spectroscopy.

We are fabricating devices to compare with 
our theoretical predictions. In our device, optical 
generation of hot carriers is optimized by choosing 
the material and thickness of the metal terminal to 
increase absorptivity at 405 nm. Joint density-of-state 
calculations show that highly energetic hot electrons 
can be produced in Au beyond an illumination energy 
threshold of 3 eV. We intend to use our multilayer 
dielectric films to perform energy spectroscopy on 
these hot carriers.

 ▲Figure 1: Simulated conduction band-edge profile for a 
TiO2/Al2O3 stack and assuming a uniform profile of optically 
generated carriers at the source.

 ▲Figure 2: The simulated electrical current shows a bend (at 
2.2 V) whose properties are dependent on the band profile 
design and the energy profile of hot electrons are the source. 
An experimental version of this graph will allow us to deduce 
the actual energy profile of generated hot carriers.
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Center for Integrated Circuits and Systems
Professor Hae-Seung Lee, Director

The Center for Integrated Circuits and Systems (CICS) 
at MIT, established in early 1998, is an industrial consor-
tium created to promote new research initiatives in cir-
cuits and systems design, as well as to promote a tight-
er technical relationship between MIT’s research and 
relevant industry. Eight faculty members participate 
in the CICS: Director Hae-Seung Lee, Duane S. Boning, 
Anantha Chandrakasan, Ruonan Han, David Perreault, 
Max Shulaker, Charles Sodini, and Vivienne Sze. 

CICS investigates a wide range of circuits and 
systems, including wireless and wireline communication, 
high-speed, THz, and RF circuits, microsensor/actuator 
systems, imagers, digital and analog signal processing 
circuits, biomedical circuits, deep learning systems, 
emerging technologies, and power conversion circuits, 
among others.

We strongly believe in the synergistic relationship 
between industry and academia, especially in practical 
research areas of integrated circuits and systems. CICS 
is designed to be the conduit for such synergy.

CICS’s research portfolio includes all research 
projects that the eight participating faculty members 
conduct, regardless of source(s) of funding, with a few 
exceptions.

Technical interaction between industry and MIT 
researchers occurs on both a broad and individual level. 
Since its inception, CICS recognized the importance of 
holding technical meetings to facilitate communication 
among MIT faculty, students, and industry.  We hold 
two informal technical meetings per year open to 
CICS faculty, students, and representatives from 
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. The participants 
then offer valuable technical feedback, as well as 
suggestions for future research.  More intimate 
interaction between MIT researchers and industry 
takes place during work 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 or enter 
into a separate research contract for more focused 
research for their particular interest. The result is 
truly synergistic, and it will have a lasting impact on 
the field of integrated circuits and systems.
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MIT/MTL Center for Graphene Devices and 2D Systems
Professor Tomás Palacios, Director

The MIT/MTL Center for Graphene Devices and 2D 
Systems (MIT-CG) brings together MIT researchers and 
industrial partners to advance the science and engineer-
ing of graphene and other two-dimensional materials.

Graphene and other two-dimensional (2D) 
materials are revolutionizing electronics, mechanical 
and chemical engineering, physics and many other 
disciplines thanks to their extreme properties. 
These materials are the lightest, thinnest, strongest 
materials we know of, at the same time that they have 
very rich electronic and chemical properties. For more 
than 40 years, MIT has led the work on the science and 
engineering of 2D materials. More recently, since 2011, 
the MIT/MTL Center for Graphene Devices and 2D 
Systems (MIT-CG) has played a key role in coordinating 
most of the  work going on at MIT on these new 
materials, and in bringing together MIT faculty and 
students, with leading companies and government 
agencies interested in taking these materials from a 
science wonder to an engineering reality. 

Specifically, the Center explores advanced 
technologies and strategies that enable 2D materials, 
devices, and systems to provide discriminating or 

break-through capabilities for a variety of system 
applications ranging from energy generation/storage 
and smart fabrics and materials to optoelectronics, RF 
communications, and sensing. In all these applications, 
the MIT-CG supports the development of the science, 
technology, tools, and analysis for the creation of a 
vision for the future of new systems enabled by 2D 
materials.

Some of the multiple benefits of the Center’s 
membership include complimentary attendance to 
meetings, industry focus days, and live webcasting of 
seminars related to the main research directions of the 
Center. The members of the Center also gain access to 
a resume book that connects students with potential 
employers, as well as access to timely white papers on 
key issues regarding the challenges and opportunities 
of these new technologies. There are also numerous 
opportunities to collaborate with leading researchers 
on projects that address some of today’s challenges for 
these materials, devices, and systems.
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MIT/MTL Gallium Nitride (GaN) Energy Initiative
Professor Tomás Palacios, Director

The MIT/MTL Gallium Nitride (GaN) Energy Initia-
tive (MIT GaN) is an interdepartmental program that 
brings together 10 MIT faculty and more than 40 oth-
er researchers and industrial partners to advance the 
science and engineering of GaN-based materials and 
devices for energy applications.

The GaN Energy Initiative  provides a holistic 
approach to GaN research for energy applications, and 
it coordinates work on the growth, technology, novel 
devices, circuits, and systems to take full advantage 
of the unique properties of GaN. The GaN Energy 
Initiative is especially interested in developing new 
beyond-state-of-the-art solutions to system-level 
applications in RF power amplification, mixed signal 
electronics, energy processing, and power management, 

as well as advanced optoelectronics. Most of the 
work is done on GaN materials and devices that are 
compatible with Si fabrication technologies, in close 
collaboration with industrial partners to accelerate 
the insertion of these devices into systems.

The MIT/MTL Gallium Nitride (GaN) Energy 
Initiative organizes numerous activities to advance the 
understanding of GaN materials, technology and devices. 
Some of these activities include webcast of seminars 
and annual meetings, as well as joint collaborations 
with industry partners. The Initiative also elaborates 
a resume book of graduating students and provides 
timely access to white papers and pre-prints through 
its website.
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The MIT Medical Electronic Device Realization Center 
Professor Charles Sodini, Director

The vision of the MIT Medical Electronic Device Reali-
zation Center (MEDRC) is to revolutionize medical diag-
nostics and treatments by bringing health care directly 
to the individual and to create enabling technology for 
the future information-driven healthcare system. This 
vision will, in turn, transform the medical electronic 
device industry.  Specific areas that show promise are 
wearable or minimally invasive monitoring devices, 
medical imaging, portable laboratory instrumentation, 
and the data communication from these devices and in-
struments to healthcare providers and caregivers.

Rapid innovation in miniaturization, mobility, and 
connectivity will revolutionize medical diagnostics 
and treatments, bringing health care directly to the 
individual. Continuous monitoring of physiological 
markers will place capability for the early detection 
and prevention of disease in the hands of the consumer, 
shifting to a paradigm of maintaining wellness rather 
than treating sickness. Just as the personal computer 
revolution has brought computation to the individual, 
this revolution in personal medicine will bring the 
hospital lab and the physician to the home, to emerging 
countries, and to emergency situations.  From at-home 
cholesterol monitors that can adjust treatment plans, 
to cell phone-enabled blood labs, these system solutions 
containing state-of-the-art sensors, electronics, and 
computation will radically change our approach to 
health care.  This new generation of medical systems 
holds the promise of delivering better quality health 
care while reducing medical costs.  

The revolution in personal medicine is rooted 
in fundamental research in microelectronics from 
materials to sensors, to circuit and system design.  
This knowledge has already fueled the semiconductor 
industry to transform society over the last four decades.  
It provided the key technologies to continuously 
increase performance while constantly lowering 
cost for computation, communication, and consumer 
electronics. The processing power of current smart 
phones, for example, allows for sophisticated signal 
processing to extract information from this sensor data.  
Data analytics can combine this information with other 
patient data and medical records to produce actionable 
information customized to the patient’s needs.  The 
aging population, soaring healthcare costs, and the 
need for improved healthcare in developing nations are 
the driving force for the next semiconductor industry’s 
societal transformation, Medical Electronic Devices. 

The successful realization of such a vision also 
demands innovations in the usability and productivity 

of medical devices, and new technologies and 
approaches to manufacture devices. Information 
technology is a critical component of the intelligence 
that will enhance the usability of devices; real-time 
image and signal processing combined with intelligent 
computer systems will enhance the practitioners’ 
diagnostic intuition.   Our research is at the intersection 
of Design, Healthcare, and Information Technology 
innovation.  We perform fundamental and applied 
research in the design, manufacture, and use of medical 
electronic devices and create enabling technology for 
the future information-driven healthcare system.  

The MEDRC has established a partnership between 
microelectronics companies, medical device companies, 
medical professionals, and MIT to collaboratively 
achieve needed radical changes in medical device 
architectures, enabling continuous monitoring of 
physiological parameters such as cardiac vital signs, 
intracranial pressure, and cerebral blood flow velocity. 
Since its founding in 2011, MEDRC has grown from 2 to 
5 sponsoring companies with several other companies in 
serious discussions.  There are currently fifteen MEDRC 
funded research projects that are defined by ten MIT 
faculty, ten clinicians, and our sponsoring companies 
supporting approximately twenty students. A visiting 
scientist from a project’s sponsoring company is present 
at MIT. Ultimately this individual is the champion that 
helps translate the technology back to the company for 
commercialization and provide the industrial viewpoint 
in the realization of the technology. MEDRC projects 
have the advantage of insight from the technology 
arena, the medical arena, and the business arena, thus 
significantly increasing the chances that the devices 
will fulfill a real and broad healthcare need as well as 
be profitable for companies supplying the solutions. 
With a new trend toward increased healthcare quality, 
disease prevention, and cost-effectiveness, such a 
comprehensive perspective is crucial.

In addition to the strong relationship with MTL, 
MEDRC is associated with MIT’s Institute for Medical 
Engineering and Science (IMES), that has been charged 
to serve as a focal point for researchers with medical 
interest across MIT. MEDRC has been able to create 
strong connections with the medical device and 
microelectronics industry, venture-funded startups, 
and the Boston medical community.  With the support 
of MTL and IMES, MEDRC will serve as the catalyst 
for the deployment of medical devices that will reduce 
the cost of healthcare in both the developed and 
developing world.
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Anuradha M. Agarwal
Principal Research Scientist
Materials Processing Center

Planar, integrated, Si-CMOS-compatible microphotonics platform for  on-
chip MIR hyperspectral imaging and chem-bio sensing applications; radiation 
effects on silicon microphotonics.
Rm. 13-4126 | 617-253-5302 | anu @ mit . edu

GRADUATE STUDENTS
Danhao Ma, DMSE 
Peter Su, DMSE

SELECTED PUBLICATIONS
Z. Han, V. Singh, D. Kita, C. Monmeyran, P. Becla, P. Su, 
J. Li, X. Huang, L.C. Kimerling, J. Hu, K. Richardson, D. T. 
H. Tan, and A. M. Agarwal, “On-Chip Chalcogenide Glass 
Waveguide-Integrated Mid-Infrared Pbte Detectors,” Appl. 
Phys. Lett. 109, 071111, Aug. 2016.

F. Morichetti, S. Grillanda, S. Manandhar, V. Shutthanan-
dan, L. C. Kimerling, A. Melloni, and A. M. Agarwal, “Alpha 
Radiation Effects on Silicon Oxynitride Waveguides,” ACS 
Photonics, 3 (9), 1569–1574, Aug. 2016. 

N. Borodinov, A. P. Soliani, Y. Galabura, B. Zdyrko, C. 
Tysinger, S. Novak, Q. Du, Y. Huang, V. Singh, Z. Han, J. 
Hu, L. C. Kimerling, A. M. Agarwal, K. Richardson, and I. 
Luzinov, “Gradient Polymer Nanofoams for Encrypted 
Recording of Chemical Events,” ACS Nano, 10 (12), 10716–
10725, Oct. 2016. 

C. Monmeyran, I. F. Crowe, R. M. Gwilliam, J. Michel, L. C. 
Kimerling, and A. M. Agarwal, “Strategies for Increased 
Donor Electrical Activity in Germanium (Opto-) Elec-
tronic Materials: A Review,” International Materials 
Reviews, 1-14, Dec. 2016. 

J. W. Choi, Z. Han, B.-U. Sohn, G. F. R. Chen, C.Smith, L. C. 
Kimerling, K. A. Richardson, A. M. Agarwal, and D. T. H. 
Tan, “Nonlinear Characterization of GeSbS Chalcogenide 
Glass Waveguides,” Scientific Reports 6, article no. 39234, 
Dec. 2016.

C. Monmeyran, N. S. Patel, M. W. Bautz, C. E. Grant, G. Y. 
Prigozhin, A. M. Agarwal, and L. C. Kimerling, “Annealing 
Bounds to Prevent Further Charge Transfer Inefficiency 
Increase of the Chandra X-Ray CCDs,” Nuclear Inst. and 
Methods in Physics Research B, vol. 389, 23-27, Dec. 2016.

S. Novak, V. Singh, C. Monmeyran, A. Ingram, Z. Han, 
H. Lin, N. Borodinov, N. Patel, Q. Du, J. Hu, I. Luzinov, R. 
Golovchak, A. M. Agarwal, and K. Richardson, “Positron 
Annihilation Lifetime Spectroscopy (PALS) Studies of 
Gamma Irradiated As2Se3 Films used in MIR Integrated 
Photonics,” J. Non-Crystalline Solids, vol. 455, 29–34, Jan. 
2017. 

Q. Du, Y. Huang, O. Ogbuu, W. Zhang, J. Li, V. Singh, A. 
M. Agarwal, and J. Hu, “Gamma Radiation Effects in 
Amorphous Silicon and Silicon Nitride Photonic Devices,” 
Optics Lett., vol. 42, no. 3, 587-590, Feb. 2017.

Z. Li, M.-H. Kim, C. Wang, Z. Han, S. Shrestha, A. C. Over-
vig, M. Lu, A. Stein, A. M. Agarwal, M. Lončar, and N. Yu, 

“Controlling Propagation and Coupling of Waveguide 
Modes using Phase-Gradient Metasurfaces,” Nature Nan-
otechnology, Mar. 2017.

S. Novak, P. T. Tai Lin, C. Li, C. Lumdee, J. Hu, A. M. Agar-
wal, P. G. Kik, W. W. Deng, and K. Richardson, “Direct 
Electrospray Printing of Gradient Refractive Index  
Chalcogenide Glass Films,” Submitted to ACS Applied 
Materials & Interfaces.
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Polina Anikeeva
Class of 1942 Career Development Associate Professor 
Department of Materials Science and Engineering

Neuroprosthetic materials and devices: chemistry, device physics, fabrication 
and testing in biological systems. Minimally invasive neural stimulation. 
Rm. 8-425 | 617-253-3301 | anikeeva @ mit . edu

POSTDOCTORAL ASSOCIATES
Po-Han Chiang, RLE
Danijela Gregurec, RLE
Mehmet Kanik, RLE, Simons Fellow
Siyuan Rao, RLE, Simons Fellow
Dekel Rosenfeld, RLE, MIT-Technion Fellow
Dena Shahriari, RLE

GRADUATE STUDENTS
Marc-Joseph Antonini, HST
Andres Canales, DMSE
Michael Christiansen, DMSE, NDSEG Fellow 
Youngbin Lee, DMSE
Chi Lu, DMSE
Junsang Moon, DMSE, Samsung Fellow
Seongjun Park, EECS, Samsung Fellow
Alexander Senko, DMSE, NDSEG Fellow

UNDERGRADUATE STUDENTS
Aria Fodness, Chemistry
Francisco Garcia, DMSE, Chemistry
Ayse Guvenilir, BioE
Jeewoo Kang, ChemE
Pooja Reddy, DMSE

VISITORS
Sarah Hescham, U. Maastricht
Milaine Roet, U. Maastricht

SUPPORT STAFF
Catherine Bourgeois, RLE staff

SELECTED PUBLICATIONS
S. Park, Y. Guo, X. Jia, H. K. Choe, B. Grena, J. Park, C. Lu, 
A. Canales, R. Chen, Y. S. Yim, G. B. Choi, Y. Fink, and P. 
Anikeeva, “One-Step Optogenetics with Multifunctional 
Flexible Polymer Fibers,” Nature Neuroscience, 20, 612-
619, 2017. 

C. Lu, S. Park, T. Richner, A. Derry, I. Brown, J. Kang,  C. 
Hou, Y. Fink, C. T. Moritz, and P. Anikeeva, “Flexible and 
Stretchable Fibers for Optoelectronic Probing of Spinal 
Cord Circuits,” Science Advances, 3, e1600955, 2017. 

G. Romero, M. G. Christiansen, L. Stocche Barbosa, F. 
Garcia, P. Anikeeva, “Localized Excitation of Neural Activ-
ity via Rapid Magnetothermal Drug Release,” Advanced 
Functional Materials, 26: p. 6471-6478, 2016.

S. Schuerle, J. S. Dudani, M. G. Christiansen, P. Anikeeva, 
S. N. Bhatia, “Magnetically Actuated Protease Sensors for 
In Vivo Tumor Profiling,” Nano Lett., 16: p. 6303-6310, 2016.

R. Chen, A. Canales, P. Anikeeva, “Neural Recording and 
Modulation Technologies,” Nature Reviews Materials, 2: 
p. 16093, 2016.

R. Chen, M. G. Christiansen, A. Sourakov, A. Mohr, Y.  Mat-
sumoto, S. Okada, A. Jasanoff, and P. Anikeeva, “High-Per-
formance Ferrite Nanoparticles through Nonaqueous 
Redox Phase Tuning,” Nano Lett., 16, 1345, 2016.

R. A. Koppes, S. Park, T. Hood, X. Jia, N. A. Poorheravi, 
A. K. H. Achyuta, Y. Fink, and P. Anikeeva, “Thermally 
Drawn Fibers as Nerve Guidance Scaffolds,” Biomaterials, 
81, 27, 2016.

C. N. Loynachan, G. Romero, M. G. Christiansen, R. Chen, 
R. Ellison, T. T. O’Malley, U. P. Froriep, D. M. Walsh, and P. 
Anikeeva, “Targeted Magnetic Nanoparticles for Remote 
Magnetothermal Disruption of Amyloid-ß Aggregates,” 
Advanced Healthcare Materials, 4, 2100, 2015.

P. Anikeeva and R. A. Koppes, “Restoring the Sense of 
Touch,” Science, 350, 274, 2015.

S. Park, R. A. Koppes, U. P. Froriep, X. Jia, A. K. H. Achyuta, 
B. L. McLaughlin, and P. Anikeeva, “Optogenetic Control 
of Nerve Growth,” Scientific Reports 5, 9669, 2015. 

R. Chen, G. Romero, M. G. Christiansen, A. Mohr, and P. 
Anikeeva, “Wireless Magnetothermal Deep Brain Stim-
ulation,” Science, 347, 1477-1480, 2015.

A. Canales, X. Jia, U. P. Froriep, R. A. Koppes, C. M. Trin- 
gides, J. Selvidge, C. Lu, L. Wei, C. Hou, Y. Fink, and P. 
Anikeeva, “Multifunctional Fibers for Optical, Electrical 
and Chemical Interrogation of Neural Circuits in Vivo,” 
Nature Biotechnology 33, 277-284, 2015.
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Duane S. Boning
Clarence J. LeBel Professor of Electrical Engineering 
Professor of Electrical Engineering & Computer Science
Department of Electrical Engineering & Computer Science

Design for manufacturability of processes, devices, and circuits. Understanding vari-
ation in semiconductor, photonics and MEMS manufacturing, emphasizing statistical, 
machine learning, and physical modeling of spatial and operating variation in circuits, 
devices, and CMP, electroplating, spin coating, etch, and embossing processes. 
Rm. 39-415a | 617-253-0931 | boning @ mtl . mit . edu

POSTDOCTORAL ASSOCIATE
Yahya Hosseini, MTL

GRADUATE STUDENTS
Hongge Chen, EECS
Sally Elhenawy, EECS
Jordan Hoffman, MechE
Chris Lang, EECS
Germain Martinez, EECS
Molly McLaughlin, MechE
Daniel Moon, EECS
Jeremy Rautenbach, MechE

VISITOR
Masahiro Sakuta, Hitachi High-Technologies

SUPPORT STAFF
Jami Hinds, Administrative Assistant
Leslie Quinn, Administrative Assistant

SELECTED PUBLICATIONS
D. S. Boning, “Silicon Photonics Variation and 
Design-for-Manufacturability (DFM),” Photonics Summit 
and Workshop 2016, San Jose, CA, Oct. 19-20, 2016.

H. Chen, D. S. Boning, and Z. Zhang, “Efficient Spatial 
Variation Characterization via Matrix Completion,” IEEE/
ACM Workshop on Variability Modeling and Characteri-
zation (VMC), Austin, TX, Nov. 2016.

W. Fan and D. S. Boning, “Multiscale Modeling of Chemical 
Mechanical Planarization (CMP),” Ch. 6 in Advances in 
Chemical Mechanical Planarization (CMP), ed. S. V. Babu, 
Woodhead Publishing, 2016.

C. Lang and D. S. Boning, “Spin Coating Modeling and 
Planarization Using Fill Patterns for Advanced Packaging 
Technologies,” IEEE Advanced Semiconductor Manufac-
turing Conference, May 2017.

M. Sakuta, J. White, and D. S. Boning, “A New Monte 
Carlo Simulation Code of X-Ray Fluorescence Spectra for 
Quantification of Multi-layer Plating Thickness,” submit-
ted to Spectrochimica Acta Part B: Atomic Spectroscopy, 
Nov. 2016.

L. Yu, S. Saxena, C. Hess, I. A. M. Elfadel, D. A. Antoniadis, 
and D. S. Boning, “Compact Model Parameter Extraction 
Using Bayesian Inference, Incomplete New Measure-
ments, and Optimal Bias Selection,” in IEEE Transactions 
on Computer-Aided Design of Integrated Circuits and 
Systems, vol. 35, no. 7, 1138-1150, Jul. 2016.
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V. Michael Bove, Jr.
Principal Research Scientist 
Media Arts and Sciences/Media Lab

Sensing, communication, user interface, and display (particularly 3-D and 
holographic) for consumer electronics. Materials and fabrication methods for 
diffractive light modulators.
Rm. E15-490 | 617-253-0334 | vmb @ media . mit . edu

POSTDOCTORAL ASSOCIATE
Nickolaos Savidis

GRADUATE STUDENTS
Pedro Colon Hernandez, MAS
Bianca Datta, MAS
Sundeep Jolly, MAS
Everett Lawson, MAS
Andrew MacInnes, MAS
Philippa Mothersill, MAS
Daniel Novy, MAS
Laura Perovich, MAS
Edwina Portocarrero, MAS
Ali Shtarbanov, MAS

SUPPORT STAFF
Kristin Hall, Administrative Assistant

SELECTED PUBLICATIONS
B. C. Datta, N. Savidis, M. Moebius, S. Jolly, E. Mazur, and 
V. M. Bove, Jr., “Direct-Laser Metal Writing of Surface 
Acoustic Wave Transducers for Integrated-Optic Spa-
tial Light Modulators in Lithium Niobate,” Proc. SPIE 
Advanced Fabrication Technologies for Micro/Nano Optics 
and Photonics X, 10115, 2017.

N. Savidis, S. Jolly, B. Datta, M. Moebius, T. Karydis, E. 
Mazur, N. Gershenfeld, and V. M. Bove, Jr., “Progress 
in Fabrication of Waveguide Spatial Light Modulators 
via Femtosecond Laser Micromachining,” Proc. SPIE 
Advanced Fabrication Technologies for Micro/Nano Optics 
and Photonics X, 10115, 2017.

S. Jolly, N. Savidis, B. Datta, D. Smalley, and V. M. Bove, Jr., 
“Near-to-Eye Electroholography via Guided-Wave Acous-
to-Optics for Augmented Reality,” Proc. SPIE Practical 
Holography XXXI: Materials and Applications, 10127, 2017.

S. McLaughlin, C. Leach, S. Gneiting, V. M. Bove, Jr.,  S. Jolly, 
and D. E. Smalley, “Progress on Waveguide-Based Holo-
graphic Videom,” Chin. Opt. Lett. 14, 010003, [invited], 2016.

K. Nakamura, H. Takagi, T. Goto, P. B. Lim, H. Horimai, H. 
Yoshikawa, V. M. Bove, Jr., and M. Inoue, “Improvement 
of Diffraction Efficiency of Three-Dimensional Magne-
to-Optic Spatial Light Modulator with Magnetophotonic 
Crystal,” Appl. Phys. Lett. 108, 022404, 2016. 

N. Savidis, S. Jolly, B. Datta, T. Karydis, and V. M. Bove, 
Jr., “Fabrication of Waveguide Spatial Light Modulators 
via Femtosecond Laser Micromachining,” Proc. SPIE 
Advanced Fabrication Technologies for Micro/Nano Optics 
and Photonics IX, 9759, 2016.

S. Jolly, N. Savidis, B. Datta, V. M. Bove, Jr., and D. Smalley, 
“Progress in Off-Plane Computer-Generated Waveguide 
Holography for Near-to-Eye 3-D Display,” Proc. SPIE 
Practical Holography XXX: Materials and Applications, 
9771, 2016.
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Edward S. Boyden
Associate Professor
MIT Media Lab and McGovern Institute 
Department of Biological Engineering 
Department of Brain and Cognitive Sciences

 
Developing tools that enable the mapping of the molecules and wiring of the 
brain, the recording and control of its neural dynamics, and the repair of its 
dysfunction. Systematically analyzing and repairing normal and pathological 
brain computations.
Rm. E15-421 / 46-2171C | 617-324-3085 | esb @ media . mit . edu

RESEARCH SCIENTISTS AND STAFF
Desiree Dudley, Media Lab
Grace Huynh, Media Lab
Manos Karagiannis, Media Lab
Adam Marblestone, Media Lab
Demian Park, Media Lab
Doug Weston, Media Lab
Aimei Yang, Media Lab

POSTDOCTORAL ASSOCIATES
Shahar Alon, MAS
Shoh Asano, MAS
Ruixuan (Rui) Gao, MAS
Erica (Eunjung) Jung, MAS
Kiryl Piatkevich, MAS
Deblina Sarkar, MAS
Jörg Scholvin, MAS
Or Shemesh, MAS
Giovanni Talei Franzesi, MAS
Ru Wang, MAS
Yongxin Zhao, MAS

GRADUATE STUDENTS
Nick Barry, MAS
Danielle Cosio, BCS
Peilun Dai, BCS
Amauche Emenari, BCS
Daniel Estandian, BCS
Linyi Gao, BCS
Alexi Georges Choueiri, BCS
Daniel Goodwin, MAS
Kettner Griswold, MAS
Ishan Gupta, BE
Mike Henninger, Physics
Louis (Jeong Seuk) Kang, Harvard
Changyang Linghu, EECS
Daniel Oran, MAS
Nikita Pak, ME
Andrew Payne, MAS
Paul Reginato, BE
Sam Rodriques, Physics
David Rolnick, Mathematics
Anubhav Sinha, HST
Mike Skuhersky, MAS
Ho-Jun Suk, HST
Asmamaw (Oz) Wassie, BE
Young Gyu Yoon, EECS
Jay (Chih-Chieh) Yu, EECS

UNDERGRADUATE STUDENTS
Fadi Atieh, Physics
Siranush Babakhanova, Physics
Linlin Chen
Emma Costa, BCS
Shirin Shivaei, EECS
Ester Shmulyian, BCS

SUPPORT STAFF
Holly Birns, Administrative Assistant
Lisa Lieberson, Senior Administrative Assistant

SELECTED PUBLICATIONS
J. B. Chang, F. Chen, Y.-G. Yoon, E. E. Jung, H. Babcock J.-S. 
Kang, S. Asano, H.-J. Suk, N. Pak, P. W. Tillberg, A. Wassie, 
D. Cai, and E. S. Boyden, “Iterative Expansion Microscopy,” 
[accepted], Nature Methods, 2016.

R. Gao*, I. Gupta*, and E. S. Boyden, “Sonofragmenta-
tion of Ultra-Thin 1D Nanomaterials,” Particle and Par-
ticle Systems Characterization, http://dx.doi.org/10.1002/
ppsc.201600339, 2016.

K. P. Adamala*, D. A. Martin-Alarcon*, K. R. Guthrie-Honea, 
and E. S. Boyden, “Engineering Genetic Circuit Inter-
actions within and between Synthetic Minimal Cells,” 
Nature Chemistry, doi:10.1038/nchem.2644, 2016.

F. Chen*, A. Wassie*, A. J. Cote, A. Sinha, S. Alon, S. Asano, E. 
R. Daugharthy, J. B. Chang, A. Marblestone, G. M. Church, 
A. Raj, and E. S. Boyden, “Nanoscale Imaging of RNA 
with Expansion Microscopy,” Nature Methods,  vol. 13, 
no. 8, 679-84, 2016.

P. W. Tillberg*, F. Chen*, K. D. Piatkevich, Y. Zhao, C.-C. Yu, 
B. P. English, L. Gao, A. Martorell, H.-J. Suk, F. Yoshida, E. 
M. DeGennaro, D. H. Roossien, G. Gong, U. Seneviratne, 
S. R. Tannenbaum, R. Desimone, D. Cai, and E. S. Boyden, 

“Protein-Retention Expansion Microscopy of Cells and 
Tissues Labeled using Standard Fluorescent Proteins and 
Antibodies,” Nature Biotechnology, vol. 34, 987–992, 2016.

*Co-first authors
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Vladimir Bulović
Associate Dean for Innovation 
Fariborz Maseeh Professor of Emerging Technology
Department of Electrical Engineering and Computer Science 

Physical properties of organic and organic/inorganic composite structures, and 
development of nanostructured electronic and optoelectronic devices. Appli-
cations of nanostructured materials in large-scale technologies.  
Rm. 13-3138 | 617-253-7012 | bulović @ mit . edu

RESEARCH SCIENTISTS
Robert Nick, RLE
Anna Osherov, RLE
Annie Wang, RLE

POSTDOCTORAL ASSOCIATES
Giovanni Azzellino, RLE 
Deniz Boyzigit, RLE
Maximilian Hoerantner, RLE

GRADUATE STUDENTS
Yumeng Cao, EECS, Grier Fellow
Wendy Chang, EECS
Matthew Chua, EECS, A*STAR Fellow
Jinchi Han, EECS
Joel Jean, EECS, NSF Fellow
Thomas Mahony, EECS 
Apoorva Murarka, EECS
Farnaz Niroui, EECS, NSERC Scholarship
Melany Sponseller, EECS
Richard Swartout, EECS, Tata Fellow
Ella Wassweiler, EECS, Energy Fellow
Mengfei Wu, EECS
Sihan Xie, DMSE
Haz Zhu, Physics

UNDERGRADUATE STUDENTS
Roberto Brenes, EECS
Anna Jungbluth, Physics
Melissa Li, EECS

VISITORS
Hafez Abdelaziz, American University of Cairo
Jatin Patil, U. of Waterloo
Mayuran Saravanapavanantham, U. of Waterloo

SUPPORT STAFF
Samantha Farrell, Administrative Assistant

SELECTED PUBLICATIONS
F. Niroui, M. Saravanapavanantham, T. M. Swager, J. H. 
Lang, and V. Bulović, “Fabrication of Nanoscale Structures 
with Nanometer Resolution and Surface Uniformity,” in 
2017 IEEE 30th International Conference on Micro Electro 
Mechanical Systems (MEMS), 659-662, Jan. 22-26, 2017.

M. T. Klug, A. Osherov, A. A. Haghighirad, S. D. Stranks, 
P. R. Brown, S. Bai, J. T.-W. Wang, X. Dang, V. Bulović, 
H. J. Snaith, and A. M. Belcher, “Tailoring Metal Halide 
Perovskites through Metal Substitution: Influence on 
Photovoltaic and Material Properties,” Energy & Envi-
ronmental Science, vol. 10, 236-246, 2017. 

A. Osherov, E. M. Hutter, K. Galkowski, R. Brenes, D. 
K. Maude, R. J. Nicholas, P. Plochocka, V. Bulović, T. J. 
Savenije, and S. D. Stranks, “The Impact of Phase Reten-
tion on the Structural and Optoelectronic Properties of 
Metal Halide Perovskites,” Advanced Materials, vol. 28, 
10757–10763, 2016. 

T. T. Ruckh, C. G. Skipwith, W. Chang, A. W. Senko, V. 
Bulović, P. O. Anikeeva, and H. A. Clark, “Ion-Switchable 
Quantum Dot Förster Resonance Energy Transfer Rates 
in Ratiometric Potassium Sensors,” ACS Nano, vol. 10, 
4020-4030, 2016.

D. W. deQuilettes, W. Zhang, V. M. Burlakov, D. J. Graham, 
T. Leijtens, A. Osherov, V. Bulović, H. J. Snaith, D. S. Ginger, 
and S. D. Stranks, “Photo-Induced Halide Redistribution 
in Organic–Inorganic Perovskite Films,” Nature Commu-
nications, vol. 7, 11683, 2016.

J. Yuen-Zhou, S. K. Saikin, T. Zhu, M. C. Onbasli, C. A. 
Ross, V. Bulović, and M. A. Baldo, “Plexciton Dirac Points 
and Topological Modes,” Nature Communications, vol. 7, 
11783, 2016.

G. D. Han, A. Maurano, J. G. Weis, V. Bulović, and T. M. 
Swager, “VOC Enhancement in Polymer Solar Cells with 
Isobenzofulvene-C60 Adducts,” Organic Electronics, vol. 
31, 48-55, 2016.

M. Wu, D. N. Congreve, M. W. B. Wilson, J. Jean, N. Geva, M. 
Welborn, T. Van Voorhis, V. Bulović, M. G. Bawendi, and M. 
A. Baldo, “Solid-State Infrared-to-Visible Upconversion 
Sensitized by Colloidal Nanocrystals,” Nature Photonics, 
vol. 10, 31-34, 2016.

B. C. Pein, W. Chang, H. Y. Hwang, J. Scherer, I. Coro-
pceanu, X. Zhao, X. Zhang, V. Bulović, M. G. Bawendi, 
and K. A. Nelson, “Terahertz-Driven Luminescence and 
Colossal Stark Effect in CdSe:CdS Colloidal Quantum 
Dots,” <https://arxiv.org/abs /1609.04643>, 2016.
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Tonio Buonassisi
Associate Professor
Department of Mechanical Engineering

Solar energy conversion; photovoltaics; power system design and optimization; 
novel manufacturing technologies.
Rm. 35-213 | 617-253-5130 | buonassisi @ mit . edu

RESEARCH SCIENTISTS
Mariela Castillo, MechE
Marius Peters, MechE
Jim Serdy, MechE

POSTDOCTORAL ASSOCIATES
Juan Pablo Correa Baena, MechE
Zhe Liu, MechE
Seong Sik Shin, MechE 
Sarah Wieghold, MechE

GRADUATE STUDENTS
Mallory Jensen, MechE, NSF Fellow
Rachel Kurchin, DMSE
Erin Looney, MechE, NSF Fellow
Luke Meyer, MechE
Sai Nithin Redd Kantareddy, MechE
Felipe Oviedo, MechE
Jeremy Poindexter, DMSE
Alex Polizzotti, MechE, NSF Fellow
Sarah Sofia, MechE
Noor Titan Putri Hartono, MechE
Sterling Watson, MechE, Tata Fellow
Amanda Youssef, MechE

UNDERGRADUATE STUDENT
Dayna E. Erdmann, MechE

SUPPORT STAFF
Janice McCarthy, Administrative Assistant

SELECTED PUBLICATIONS
D. M. Powell, V. P. Markevich, J. Hofstetter, M. Ann Jensen, 
A. E. Morishige, S. Castellanos, B. Lai, A. R. Peaker, and 
T. Buonassisi, “Exceptional Gettering Response of Epi-
taxially Grown Kerfless Silicon,” J. Applied Physics 119, 
065101, 2016.

J. Hofstetter, C. del Cañizo, H. Wagner, S. Castellanos, and 
T. Buonassisi, “Material Requirements for the Adoption 
of Unconventional Silicon Crystal and Wafer Growth 
Techniques for High-efficiency Solar Cells,” Progress in 
Photovoltaics 24, 122–132, 2016.

S. C. Siah, R. E. Brandt, K. Lim, L. T. Schelhas, R. Jara-
millo, M. D. Heinemann, D. Chua, J. Wright, J. D. Perkins, 
C. U. Segre, R. G. Gordon, M. F. Toney, and T. Buonassisi, 

“Dopant Activation in Sn-doped Ga2O3 Investigated by 
X-Ray Absorption Spectroscopy,” Applied Physics Lett. 
107, 252103, 2015.

V. Steinmann, R. E. Brandt, T. Buonassisi, “Non-Cubic Solar 
Cell Materials,” Nature Photonics 9, 355, 2015.

J. P. Mailoa, C. D. Bailie, E. C. Johlin, E. T. Hoke, A. J. Akey, 
W. H. Nguyen, M. D. McGehee, T. Buonassisi, “A 2-Termi-
nal Perovskite/Silicon Multijunction Solar Cell Enabled 
by a Silicon Tunnel Junction,” Applied Physics Lett. 106, 
121105, 2015.

R. E. Brandt, V. Stevanovic, D. S. Ginley, and T. Buonassisi, 
“Identifying Defect-Tolerant Semiconductors with High 
Minority-Carrier Lifetimes: Beyond Hybrid Lead Halide 
Perovskites,” MRS Comm. 5, 265, 2015.

H. Liu, Z. Ren, Z. Liu, A. G. Aberle, T. Buonassisi, and I.M. 
Peters, “The Realistic Energy Yield Potential of GaAs-
on-Si Tandem Solar Cells: A Theoretical Case Study,” 
Optics Express 23, A382– A390, 2015.

Z. Ren, J. P. Mailoa, Z. Liu, H. Liu, S. C. Siah, T. Buonas-
sisi, and I. M. Peters, “Numerical Analysis of Radiative 
Recombination and Reabsorption in GaAs/Si Tandem,” 
IEEE J. Photovoltaics 5, 1079–1086, 2015.
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Jacopo Buongiorno
TEPCO Professor, Associate Department Head, MacVicar Faculty Fellow 
Department of Nuclear Science and Engineering 
Director, Center for Advanced Nuclear Energy Systems (CANES),  
an MITEI Low-Carbon Energy Center

Boiling heat transfer; nuclear reactor design and safety; offshore floating nu-
clear power plant; nanofluids for nuclear applications.
Rm. 24-206 | 617-253-7316 | jacopo @ mit . edu

POSTDOCTORAL ASSOCIATES
Jeff Moran, NSE 
Mahamudur Rahman, NSE, MechE
Mathias Trojer, NSE

GRADUATE STUDENTS
Patrick Champlin, NSE
Alex Guion, NSE
Artyom Kossolapov, NSE
Andrew Richenderfer, NSE
Lucas Rush, NSE
Guanyu Su, NSE
Patrick White, NSE

UNDERGRADUATE STUDENT
Ka-yen Yau, NSE

VISITORS
Eissa Al-Safran, Kuwait University
Yaoli Zhang, Xiamen University

SUPPORT STAFF
Carolyn Carrington, Administrative Assistant

SELECTED PUBLICATIONS
E. Lizarraga-Garcia, J. Buongiorno, E. Al-Safran, and D. 
Lakehal, “A Broadly-Applicable Unified Closure Relation 
for Taylor Bubble Rise Velocity in Pipes with Stagnant 
Liquid,” Int. J. Multiphase Flow, 89, 345–358, 2017.

R. Sugrue and J. Buongiorno, “A Modified Force-Balance 
Model for Prediction of Bubble Departure Diameter in 
Subcooled Flow Boiling,” Nuc. Eng. Design, 717-722, 2016.

M. Tetreault-Friend, R. Azizian, M. Bucci, T. McKrell, J. 
Buongiorno, M. Rubner, and R. Cohen, “Critical Heat Flux 
Maxima Resulting from the Controlled Morphology of 
Nanoporous Hydrophilic Surface Layers,” Applied Physics 
Lett., 108, 243102, 2016.

E. Lizarraga-Garcia, J. Buongiorno, and M. Bucci, “An 
Analytical Criterion for Film Drainage and Breakup in 
Taylor Flow in Inclined Round Pipes,” Int. J. Multiphase 
Flow, 84, 46-53, 2016.

M. Bucci, G. Su, A. Richenderfer, T. J. McKrell, and J. 
Buongiorno, “A Mechanistic IR Calibration Technique 
for Boiling Heat Transfer Investigations,” [accepted], Int. 
J. Multiphase Flow, 2016.

G. Su, M. Bucci, J. Buongiorno, and T. J. McKrell, “Tran-
sient Boiling of Water Under Exponentially Escalating 
Heat Inputs,” Int. J. Heat Mass Transfer, 96, 667-698, 2016.

J. Buongiorno, J. Jurewicz, M. Golay, and N. Todreas, “The 
Offshore Floating Nuclear Plant (OFNP) Concept,” Nuclear 
Technology, vol. 194, 1–14, Apr. 2016.

E. Forrest, S. Don, L.-W. Hu, J. Buongiorno, and T. McKrell, 
“Effect of Surface Oxidation on the Onset of Nucleate 
Boiling in a Materials Test Reactor Coolant Channel,” 
ASME J. Nuclear Rad Science, 2(2), 021001, Feb. 29, 2016.

E. Forrest, L. W. Hu, J. Buongiorno, and T. McKrell, “Con-
vective Heat Transfer in a High Aspect Ratio Mini-Chan-
nel Heated on One Side,” ASME J. Heat Transfer, vol. 
138/021704, 2016.

N. Dhillon, J. Buongiorno, and K. Varanasi, “Critical Heat 
Flux Maxima during Boiling Crisis on Textured Surfaces,” 
Nature Communications, 6, 8247, doi:10.1038/ncomms924, 
2015.

J. Yurko, J. Buongiorno, and R. Youngblood, “Demonstra-
tion of Emulator-Based Bayesian Calibration of Safety 
Analysis Codes: Theory and Formulation,” Science and 
Technology of Nuclear Installations, vol. 2015, article no. 
839249, 17, 2015.

D. Langewisch and J. Buongiorno, “Prediction of Film 
Thickness, Bubble Velocity, and Pressure Drop for Cap-
illary Slug Flow using a CFD-Generated Database,” Int. 
J. Heat Fluid Flow, 54, 250–257, 2015.

D. Chatzikyriakou, J. Buongiorno, D. Caviezel, and D. 
Lakehal, “DNS and LES of Turbulent Flow in a Closed 
Channel Featuring a Pattern of Hemispherical Roughness 
Elements,” Int. J. Heat Fluid Flow, 53, 29-43, 2015.
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Anantha Chandrakasan
Department Head, Vannevar Bush Professor of  
Electrical Engineering & Computer Science
Department of Electrical Engineering and Computer Science

Design of digital integrated circuits and systems.  Energy efficient implementa-
tion of signal processing, communication, and medical systems. Circuit design 
with emerging technologies.
Rm. 38-107 | 617-258-7619 | anantha @ mtl . mit . edu 

POSTDOCTORAL ASSOCIATES
Phillip Nadeau, MTL
Ujwal Radhakrishna, RLE
Rabia Tugce Yazicigil, MTL

GRADUATE STUDENTS
Omid Abari, EECS (co-supervised with Dina Katabi)
Utsav Banerjee, EECS
Avishek Biswas, EECS
Di-Chia Chueh, EECS, (co-supervised with J. Glass)
Preetinder Garcha, EECS
Jiarui Huang, EECS
Taehoon Jeong, EECS, (co-supervised with H.-S. Lee)
Zexi (Alex) Ji, EECS
Chiraag Juvekar, EECS
Harneet Khurana, EECS (co-supervised with H.-S. Lee)
Skanda Koppula, EECS
Bonnie Lam, EECS
Phillip Nadeau, EECS
Sirma Orguc, EECS
Mohamed Radwan Abdelhamid, EECS
Priyanka Raina, EECS 
Mehul Tikekar, EECS, (co-supervised with V. Sze)
Miaorong Wang, EECS

UNDERGRADUATES 
Natalie Mionis, EECS
Andrew Mullen, EECS
Daniel Richman, EECS
Andrew Xia, Mathematics

VISITING SCIENTISTS
Dennis Buss, Texas Instruments
Bo Wang

SUPPORT STAFF
Yuvie Cjapi, Senior Administrative Assistant
Margaret Flaherty, Senior Administrative Assistant

PUBLICATIONS
P. Nadeau, D. El-Damak, D. Glettig, Y.-L. Kong, S. Mo, C. 
Cleveland, L. Booth, N. Roxhed, R. Langer, A. P. Chan-
drakasan, and G. Traverso, “Prolonged Energy Harvesting 
for Ingestible Devices,” Nature Biomedical Engineering, 
vol. 1, Feb. 2017.

G. Angelopoulos, M. Medard, and A. P. Chandrakasan, 
“Harnessing Partial Packets in Wireless Networks: 
Throughput and Energy Benefits,” IEEE Transactions 
on Wireless Communications, vol. 16. no. 2, Feb. 2017.

H.-M. Lee, C. S. Juvekar, J. Kwong, and A. P. Chandrakasan, 
“A Nonvolatile Flip-Flop-Enabled Cryptographic Wireless 
Authentication Tag With Per-Query Key Update and Pow-
er-Glitch Attack Countermeasures,” IEEE J. Solid-State 
Circuits, vol. 52, no. 1, 272-283, Jan. 2017.

P. Nadeau, M. Mimee, S. Carim, T. K. Lu, and A. P. Chan-
drakasan, “Nanowatt Circuit Interface to Whole-Cell 
Bacterial Sensors,” IEEE International Solid-State Circuits 
Conference (ISSCC), Feb. 2017.

M. Price, J. Glass, and A. P. Chandrakasan, “A Scalable 
Speech Recognizer with Deep-Neural-Network Acoustic 
Models and Voice-Activated Power Gating,” IEEE Inter-
national Solid-State Circuits Conference (ISSCC), Feb. 2017.

N. Desai, C. Juvekar, S. Chandak, and A. P. Chandrakasan, 
“An Actively Detuned Wireless Power Receiver with Public 
Key Cryptographic Authentication and Dynamic Power 
Allocation,” IEEE International Solid-State Circuits Con-
ference (ISSCC), Feb. 2017.

A. Paidimarri and A. P. Chandrakasan, “A Buck Converter 
with 240pW Quiescent Power, 92% Peak Efficiency and 
a 2×106 Dynamic Range,” IEEE International Solid-State 
Circuits Conference (ISSCC), Feb. 2017.

C. Duan, A. Gotterba, M.E. Sinangil, and A. P. Chan-
drakasan, “Reconfigurable, Conditional Pre-Charge 
SRAM: Lowering Read Power by Leveraging Data Statis-
tics,” IEEE Asian Solid-State Circuits Conference (A-SSCC), 
Nov. 2016.

L. Yu, D. El-Damak, U. Radhakrishna, A. Zubair, D. Piedra, 
X. Ling, Y. Lin, Y. Zhang, Y.-H. Lee, D. A. Antoniadis, J. Kong, 
A. P. Chandrakasan, and T. Palacios, “High-Yield Large 
Area Mos2 Technology: Material, Device and Circuits 
Co-Optimization,” IEEE International Electron Devices 
Meeting (IEDM), Dec. 2016.

B. Lam, M. Price, and A. P. Chandrakasan, “An ASIC for 
Energy-Scalable, Low-Power Digital Ultrasound Beam-
forming,” IEEE International Workshop on Signal Pro-
cessing Systems (SiPS), Oct. 2016.
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Riccardo Comin
Assistant Professor
Department of Physics

Quantum solids, electronic systems with strong interactions, superconductors, 
topological insulators. Thin film and bulk single crystal synthesis of transition 
metal compounds. Resonant x-ray scattering to probe electronic and magnetic 
orders. Development of coherent soft x-ray diffractive imaging of electronic 
and magnetic materials and devices.
Rm. 13-2153 | 617-253-7834 | rcomin @ mit . edu

POSTDOCTORAL ASSOCIATES
Jonathan Pelliciari, SNSF Fellow
Zhihai Zhu, Physics

GRADUATE STUDENTS
Min Gu Kang, Physics, Samsung Fellowship
Jiarui Li, Physics

UNDERGRADUATE STUDENTS
Grace Zhang, Physics
Da Zhou, Physics

SUPPORT STAFF
Monica Wolf, Administrative Assistant

SELECTED PUBLICATIONS
B. Zhang, X. Zheng, O. Voznyy, R. Comin, M. Bajdich, M. 
García-Melchor, L. Han, J. Xu, M. Liu, L. Zheng, F. García 
de Arquer, C. Thang Dinh, F. Fan, M. Yuan, E. Yassitepe, 
N. Chen, T. Regier, P. Liu, Y. Li, P. De Luna, A. Janmo-
hamed, H. L. Xin, H. Yang, A. Vojvodic, and E. H. Sargent, 

“Homogeneously Dispersed Multimetal Oxygen-Evolving 
Catalysts,” Science, 352, 333-337, 2016.

R. Comin and A. Damascelli, “Resonant X-Ray Scattering 
Studies of Charge Order in Cuprates,” Annual Reviews of 
Condensed Matter Physics, 7, 369-405, 2016.

Z. Ning*, X. Gong*, R. Comin*, G. Walters, F. Fan, O. Voznyy, 
E. Yassitepe, A. Buin, S. Hoogland, and E. H. Sargent, 

“Quantum-Dot-in-Perovskite Solids,” Nature, 523, 324-
328, 2015.

R. Comin, R. Sutarto, F. He, E. da Silva Neto, L. Chauviere, 
A. Frano, R. Liang, W. N. Hardy, D. A. Bonn, Y. Yoshida, 
H. Eisaki, A. J. Achkar, D. G. Hawthorn, B. Keimer, G. A. 
Sawatzky, and A. Damascelli, “Symmetry of Charge Order 
in Cuprates,” Nature Materials, 14, 796-800, 2015.

R. Comin, R. Sutarto, F. He, E. da Silva Neto, L. Chauviere, 
R. Liang, W. N. Hardy, D. A. Bonn, G. A. Sawatzky, and A. 
Damascelli, “Broken Translational and Rotational Sym-
metry via Charge Stripe Order in Underdoped YBa2C-
u3O6+y,” Science, 347, 1335-1339, 2015.

E. da Silva Neto*, R. Comin*, R. Sutarto, F. He, Y. Jiang, 
R. Greene, G. A. Sawatzky, and A. Damascelli, “Charge 
Ordering in the Electron-Doped Superconductor Nd2-xC-
exCuO4,” Science, 347, 282-285, 2015.

R. Comin, A. Frano, M. M. Yee, Y. Yoshida, H. Eisaki, E. Schierle,  
E. Weschke, R. Sutarto, F. He, A. Soumyanarayanan, Y. He, 
M. Le Tacon, I. S. Elfimov, J. E. Hoffman, G. A. Sawatzky, B. 
Keimer, and A. Damascelli, “x,” Science, 343, 390-392, 2014.

E. H. da Silva Neto, Aynajian, A. Frano, R. Comin, E. Schi-
erle, E. Weschke, A. Gyenis, J. Wen, J. Schneeloch, Z. Xu, S. 
Ono, G. Gu, M. Le Tacon, and A. Yazdani, “Ubiquitous Inter-
play between Charge Ordering and High-Temperature 
Superconductivity in Cuprates,” Science, 343, 393-396, 2014.

J. A. Rosen*, R. Comin*, G. Levy, D. Fournier, Z.-H. Zhu, 
B. Ludbrook, A. Nicolaou, C. N. Veenstra, D. Wong, P. 
Dosanjh, Y. Yoshida, H. Eisaki, G. R. Blake, F. White, T. T. 
M. Palstra, R. Sutarto, F. He, A. Frano, Y. Lu, B. Keimer, G. 
A. Sawatzky, L. Petaccia, and A. Damascelli, “Surface-En-
hanced Charge-Density-Wave Instability in Underdoped 
Bi2201,” Nature Comm., 4, 1977, 2013.

R. Comin, G. Levy, B. Ludbrook, Z.-H. Zhu, C. N. Veenstra, 
J. A. Rosen, Y. Singh, Gegenwart, D. Stricker, J. N. Hancock, 
D. van der Marel, I. S. Elfimov, and A. Damascelli, “Na2IrO3 
as a Novel Relativistic Mott Insulator with a 340-meV 
Gap,” Physical Review Lett., 109, 266406, 2012.

*Co-authors
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Luca Daniel
Professor
Department of Electrical Engineering & Computer Science

Development of numerical techniques: uncertainty quantification & stochastic 
integral equation solvers for high dimension parameter spaces; Parameterized 
model reduction. Applications: silicon photonics; analog RF; human cardio-
vascular circulatory system; Magnetic Resonance Imaging; Power Grids.
Rm. 36-849 | 617-253-2631 | luca @ mit . edu

POSTDOCTORAL ASSOCIATES
Ian Butterworth
Zheng Zhang, EECS

GRADUATE STUDENTS
Jose E. C. Serralles, EECS
Tsui-Wei (Lily) Weng, EECS

UNDERGRADUATE STUDENTS
Driss Hafdi, EECS 
Khaled K. Moharam, EECS
Andrew Rouditchenko, EECS
Xavier A. Soriano, EECS

VISITORS
Raffaele Ardito, Politecnico di Milano
Efim Boeru, SkolTech Moscow
Kim Batselier, University of Hong Kong
Luca D’Alessandro, Politecnico di Milano
Georgy Guryev, SkolTech Moscow
Tsung-Yi Ho, National Tsing Hua University
Michela Longo, Politecnico di Milano
Paolo Maffezzoni, Politecnico di Milano
Daniele Melati, Politecnico di Milano
Andrea Melloni, Politecnico di Milano
Bruno Scaglioni, Politecnico di Milano
Domenico Spina, Ghent University
Ngai Wong, University of Hong Kong
Zdravko Zubac, Ghent University

SUPPORT STAFF
Chadwick Collins, Administrative Assistant

SELECTED PUBLICATIONS
J. White, A. Polimeridis, J. Villena, L. Daniel, and R. Zhang, 

“Voxelized Geometries, Volume Integral Equations, and 
the Reemergence of FFT-Based Sparsification,” SIAM 
Annual Meeting, Jul. 2016.

D. Melati, T.-W. Weng, L. Daniel, and A. Melloni, “General-
ized Polynomial Chaos Expansion for Photonic Circuits 
Optimization,” 21st OptoElectronics and Communications 
Conf. (OECC), Jul. 2016. 

Z. Zhang, L. Daniel, K. Batselier, H. Liu, and N. Wong, 
“Tensor Computation: a New Framework for High-Dimen-
sional Problems in EDA,” IEEE Trans. on CAD of Integrated 
Circuits and Systems, 36(4): 521-536, 20, Oct. 2016.

P. Maffezzoni, B. Bahr, Z. Zhang, and L. Daniel, “Analysis 
and Design of Boolean Associative Memories Made of 
Resonant Oscillator Arrays,” IEEE Trans. Circuits and Sys-
tems I: Regular Papers, vol. 63, no. 11, 1964-1973, Nov. 2016.

J. Villena, A. Polimeridis, Y Eryaman, E. Adalsteinsson, 
L. Wald, J. White, and L. Daniel, “Fast Electromagnetic 
Analysis of Transmit RF Coils Based on Accelerated 
Integral Equation Methods,” IEEE Trans Biomed Eng, 
63(11):2250-2261, Nov. 2016

T.-W. Weng, D. Melati, A. Melloni, and L. Daniel. 
“Non-Gaussian Correlated Process Variations in Inte-
grated Photonics,” 11th WiML Workshop, Dec. 2016.

B. Guerin, J. Villena, A. Polimeridis, E. Adalsteinsson, L. 
Daniel, J. White, and L. Wald, “The Ultimate Signal-to-
Noise Ratio in Realistic Body Models,” Magnetic Reso-
nance in Medicine, Dec. 2016.

Z. Zhang, T.-W. Weng, L. Daniel, “Big-Data Tensor Recov-
ery for High-Dimensional Uncertainty Quantification of 
Process Variations,” IEEE Trans. Component, Packaging 
& Manuf. Techn, 1-11, Dec. 2016.

Z. Zubac, L. Daniel, D. De Zutter, D. Vande Ginste, “A 
Cholesky-Based SGM-MLFMM for Stochastic Full-Wave 
Problems Described by Correlated Random Variables,” 
IEEE Antennas & Wireless Propag Lett., vol. 16, 2017.

T.-W. Weng, D. Melati, A. Melloni, and L. Daniel, “Sto-
chastic Simulation and Robust Design Optimization of 
Integrated Photonic Filters,” Nanophotonics, 6, (1), 299-
308, Jan. 2017

L. D’Alessandro, B. Bahr, L. Daniel, D. Weinstein, and R. 
Ardito, “Shape Optimization of Solid–Air Porous Phononic 
Crystal Slabs with Widest Full 3D Bandgap for In-Plane 
Acoustic Waves,” J. Comp. Physics, May 2017.

B. Guérin, J. Villena, A. Polimeridis, E. Adalsteinsson, L. 
Daniel, J. White, B. Rosen, and L. Wald, “Computation 
of Ultimate SAR Amplification Factors for Radiofre-
quency Hyperthermia Non-Uniform Body Models: Impact 
Freuency & Tumour Location,” Int. J. Hyperthermia, 2017.
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Jesús A. del Alamo
MTL Director, Donner Professor, 
Professor of Electrical Engineering 
Department of Electrical Engineering and Computer Science

Nanometer-scale III-V compound semiconductor transistors for future digi-
tal, RF, microwave and millimeter wave applications. Reliability of compound 
semiconductor transistors. Diamond transistors.
Rm. 38-246 | 617-253-4764 | alamo @ mit . edu

RESEARCH SCIENTISTS
Alon Vardi, MTL
Zongyou Yin, MTL

POSTDOCTORAL ASSOCIATE
Young Tack Lee, MTL

GRADUATE STUDENTS
Xiaowei Cai, EECS
Dongsung Choi, EECS, ILJU Foundation Fellow
Alex Guo, EECS, NDSEG Fellow
Ethan Lee, EECS
Wenjie Lu, EECS
Shireen Warnock, EECS, Texas Instruments Fellow
Yufei Wu, EECS
Xin Zhao, DMSE

UNDERGRADUATE STUDENTS
Lisa Kong, DMSE
Allison Lemus, EECS
John Niroula, Physics

VISITOR 
Moshe Tordjman, Technion

SUPPORT STAFF
Elizabeth Kubicki, Administrative Assistant
Mary O’Neil, Senior Administrative Assistant

SELECTED PUBLICATIONS
A. Vardi, J. Lin, W. Lu, X. Zhao, and J. A. del Alamo, “A 
Si-Compatible Fabrication Process for Scaled Self-Aligned 
InGaAs FinFETs,” Plenary Session, Compound Semicon-
ductor Manufacturing Technology Conference (CS MAN-
TECH), 2017. 

Y. Wu and J. A. del Alamo, “Gate Current Degradation 
in W-Band InAlN/AlN/GaN HEMTs under Gate Stress,” 
IEEE International Reliability Physics Symposium (IRPS), 
3B-4.1-7, 2017. 

S. Warnock and J. A. del Alamo, “Off-State TDDB in 
High-Voltage GaN MIS-HEMTs,” IEEE International Reli-
ability Physics Symposium (IRPS), 4B.3.1-7, 2017.

X. Cai, J. Lin, D. A. Antoniadis, and J. A. del Alamo, “Elec-
tric-Field Induced F- Migration in Self-Aligned InGaAs 
MOSFETs and Mitigation,” IEEE International Electron 
Devices Meeting, 63-66, 2016. 

J. A. del Alamo, A. Guo, and S. Warnock, “Reliability and 
Instability of GaN MIS-HEMTs for Power Electronics,” 
Materials Research Society Fall Meeting, [invited], 2016. 

S. Warnock, A. C. Lemus, and J. A. del Alamo, “Time-De-
pendent Dielectric Breakdown in High-Voltage GaN 
MIS-HEMTs – The Role of Temperature,” International 
Workshop on Nitride Semiconductors (IWN), 2016. 

Y. Wu and J. A. del Alamo, “Anomalous Source-Side Deg-
radation of InAlN/GaN HEMTs under ON-State Stress,” 
International Workshop on Nitride Semiconductors (IWN), 
2016. 

A. Guo and J. A. del Alamo, “NBTI in GaN MOSFETs – 
SiO2 vs. SiO2/Al2O3,” International Workshop on Nitride 
Semiconductors (IWN), 2016. 

N. Kai, A. L. Sternberg, E. X. Zhang, J. A. Kozub, R. Jiang, 
R. D. Schrimpf, R.A. Reed, D. M. Fleetwood, M. L. Alles, J. 
Lin, A. Vardi, and J. A. del Alamo, “Pulsed-Laser Transient 
Testing with Tunable Wavelength and High Resolution 
for High Mobility MOSFETs,” Radiation Effects on Com-
ponents and Systems Conference (RADECS), 2016. 

Y. Wu and J. A. del Alamo, “Electrical Degradation of 
InAlN/GaN HEMTs Operating under ON Conditions,” 
IEEE Transactions on Electron Devices, vol. 63, no. 9, 3487-
3492, Sep. 2016. 

A. Vardi and J. A. del Alamo, “Sub-10 nm Fin-Width Self-
Aligned InGaAs Finfets,” IEEE Electron Device Lett., vol. 
37, no. 9, 1104-1107, Sep. 2016. 

J. A. del Alamo, D. A. Antoniadis, J. Lin, W. Lu, A. Vardi, 
and X. Zhao, ”Nanometer-Scale III-V MOSFETs,” Invited 
Paper in IEEE J. Electron Devices Society, vol. 5, no. 5, 
205-214, Sep. 2016. 

J. Lin, L. Czornomaz, N. Daix, D. A. Antoniadis, and J. A. del 
Alamo, ”Ultrathin Body InGaAs MOSFETs on III-V-on-In-
sulator Integrated with Silicon Active Substrate (III-V-
OIAS),” IEEE Transactions on Electron Devices, vol. 63, no. 
8, 3088-3095, Aug. 2016. 

J. A. del Alamo, “Nanometer-Scale III-V CMOS,” Plenary 
Talk at Compound Semiconductor Week (CSW), [invited], 
2016. 
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Dirk R. Englund
Associate Professor
Department of Electrical Engineering & Computer Science

Quantum Communications, Quantum Computing, and Quantum Sensing: 
Devices and Systems. 
Rm. 36-591 | 617-324-7014 | englund @ mit . edu

POSTDOCTORAL ASSOCIATES
Jacques Carolan, RLE
Dmitri Efetov, RLE 
Gabriele Grosso, RLE
Kwang-Yong Jeong, RLE
Dominika Lyzwa, RLE
Federic Peyskens, RLE

GRADUATE STUDENTS
Eric Bersin, NASA GSRP Fellow
Darius Bunandar, Physics
Edward Chen, EECS, NASA GSRP Fellow
Hannah Clevenson, EECS, NASA GSRP Fellow
Hyeongrak Choi, EECS
Erik Eisenach, EECS, Lincoln Laboratory Fellowship
Christopher Foy, EECS, NSF Fellow
Jordan Goldstein, EECS
Donggyu Kim, MSE
Catherine Lee, EECS
Ben Lienhard, EECS
Tsung-Ju Lu, EECS, NSF NDSEG Fellow
Hyowon Moon, EECS, Samsung Fellow
Sara Mouradian, EECS
Mihir Pant, EECS
Cheng Peng, EECS
Mihika Prabhu, EECS & Physics, NSF Fellow
Reyu Sakakibara, EECS, NSF Fellow
Ren-Jye Shiue, EECS 
Gregory Steinbrecher, EECS, NDSEG Fellow, Facebook 

Graduate Fellowship
Matthew Trusheim, EECS, NSF IGERT Fellow
Evan Walsh, Physics, Harvard
Michael Walsh, EECS
Noel Wan, EECS
Jiabao Zheng, Columbia EE

UNDERGRADUATE STUDENTS
Saumil Bandyopadhyay, EECS
Uttara Chakraborty, EECS
Ava Iranmanesh, EECS
Amir Karamlou, EECS
Zijin Shi, EECS
Aaron Vontell, EECS
Eric Wadkins, EECS

SUPPORT STAFF
Janice Balzer, Administrative Assistant

SELECTED PUBLICATIONS
T. Schroder, M. E. Trusheim, M. Walsh, L. Li, J. Zheng, M. 
Schukraft, J. L. Pacheco, R. M. Camacho, E. S. Bielejec, A. 
Sipahigil, R. E. Evans, D. D. Sukachev, C. T. Nguyen, M. 
D. Lukin, and D. Englund, “Scalable Focused Ion Beam 
Creation of Nearly Lifetime-Limited Single Quantum 
Emitters in Diamond Nanostructures,” [accepted], Nature 
Communications, ArXiv:1610.09492, 2017.

A. M. Berhane, K.-Y. Jeong, Z. Bodrog, S. Fiedler, T. Schröder, 
N. C. Triviño, T. Palacios, A. Gali, M. Toth, D. Englund, and 
I. Aharonovich, “Bright Room-Temperature Single Photon 
Emission from Defects in Gallium Nitride,” Advanced 
Materials, 10.1002/adma.201605092, 2017.

S. Karaveli, O. Gaathon, A. Wolcott, R. Sakakibara, O. A. 
Shemesh, D. S. Peterka, E. S. Boyden, J. S. Owen, R. Yuste, 
and D. Englund, “Modulation of Nitrogen Vacancy Charge 
State and Fluorescence in Nanodiamonds using Electro-
chemical Potential,” Proc. of the National Academy of 
Sciences (PNAS), vol. 115, no. 15, 2016.

I. Aharanovich, D. Englund, and M. Toth, “Solid State Sin-
gle-Photon Emitters,” Nature Photonics, 10, 631–641, 2016. 

S. L. Mouradian*, T. Schröder*, C. B. Poitras, L. Li, J. 
Goldstein, E. H. Chen, J. Cardenas, M. L. Markham, D. J. 
Twitchen, M. Lipson, and D. Englund, “Scalable Integra-
tion of Long-Lived Quantum Memories into a Photonic 
Circuit,” Phys. Rev., X, 5, 031009, 2015.

N. H. Wan, F. Meng, R.-J. Shiue, E. H. Chen, T. Schröder, 
and D. Englund, “High-Resolution Optical Spectroscopy 
using Multimode Interference in a Compact Tapered 
Fibre,” Nature Communications, 6, 7762, 2015.

L. Li, T. Schröder, E. H. Chen, M. Walsh, I. Bayn, J. Gold-
stein, O. Gaathon, M. E. Trusheim, M. Lu, J. Mower, M. 
Cotlet, M. L. Markham, D. J. Twitchen, and D. Englund, 

“Coherent Spin Control of a Nanocavity-Enhanced Qubit 
in Diamond,” Nature Communications, 6, 6173, 2015.

H. Clevenson, M. E. Trusheim, T. Schröder, C. Teale, D. 
Braje, and D. Englund, “Broadband Magnetometry and 
Temperature Sensing with a Light Trapping Diamond 
Waveguide,” Nature Physics, 2015.

*Co-authors
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Karen K. Gleason
Associate Provost and Alexander and I. Michael Kasser Professor 
Department of Chemical Engineering

Functional polymers, conducting polymers, dielectric polymers, hydrogels, and 
composite organic/inorganic structures deposited using initiated chemical 
vapor deposition (iCVD) and/or oxidative chemical vapor deposition (oCVD).
Rm. 3-240 | 617-253-5066 | kkg @ mit.edu

POSTDOCTORAL ASSOCIATES
Do Han Kim, ChemE
Minghui Wang, ChemE
Jungjie Zhao, ChemE

GRADUATE STUDENTS
Si Won Choi, ChemE
Andong Liu, ChemE
Priya Moni, MatE
Xiaoxue Wang, ChemE

UNDERGRADUATE STUDENTS
Natalie Delumpa-Alexander, ChemE
Brook Eyob, ChemE
Alan C. Mohr, ChemE
Kaitlyn M. Mullin, DMSE
Nolan Peard, Mathematics
Matthew G. Wilson, ChemE

VISITORS
Hamit Bugra Kuloglu, Sabanci University, Turkey
Paul Christian, TU Graz, Austria
Linus Krieg, Univ. of Tech. Braunschweig, England
Stefan Schroeder, University of Kiel, Germany

SUPPORT STAFF
Alina Haverty, Administrative Assistant
Anthee Travers, Senior Administrative Assistant

SELECTED PUBLICATIONS
S. Kim, H. Sojoudi, H. Zhao, D. Mariappan, G. H. McKinley, 
K. K. Gleason, and  A. J. Hart, “Ultrathin High-Resolu-
tion Flexographic Printing using Nanoporous Stamps,” 
Science Advances, vol. 2, article no. 1601660, doi: 10.1126/
sciadv.1601660o,  2016.

N. D. Boscher, M. Wang, A. Perrotta, K. Heinze, M. Creatore, 
K. K. Gleason, “Meta-Organic Covalent Network Chemical 
Vapor Deposition for Gas Separation,” Advanced Materials, 
vol. 28, 7479-7485, 10.1002/adma.201601010, 2016.

W. J. Jo, J. T. Nelson, S. Chang, V. Bulović, S. Gradecak, M. 
S. Strano, and K. K. Gleason, “Oxidative Chemical Vapor 
Deposition of Neutral Hole Transporting Polymer for 
Enhanced Solar Cell Efficiency and Lifetime,” Advanced 
Materials, vol. 28, 6399-6404, doi: 10.1002/adma.201601221, 
2016.

N. Chen, B. Reeja-Jayan, A. Liu, J. Lau, B. Dunn, and K. K. 
Gleason, “iCVD Cyclic Polysiloxane and Polysilazane as 
Nanoscale Thin-Film Electrolyte: Synthesis and Prop-
erties,” Macromolecular Rapid Communications, vol. 37, 
446-452, doi: 10.1002/marc.201500649, 2016.

N. Chen, D. H. Kim, P. Kovacik, H. Sojoudi, M. H. Wang, 
and K. K. Gleason, “Polymer Thin Films and Surface 
Modification by Chemical Vapor Deposition: Recent 
Progress,” Annual Review of Chemical and Biomolecular 
Engineering, vol. 7, 373-393, doi: 10.1146/annurev-chembi-
oeng-080615-033524, 2016.

W. J. Jo, H. J. Kang, K. J. Kong, Y. S. Lee, H. Park, Y. Lee, 
T. Buonassisi, K. K. Gleason, and J. S. Lee, “Phase Tran-
sition-Induced Band Edge Engineering of Bivo4 to Split 
Pure Water Under Visible Light,” Proc. of the National 
Academy of Sciences, vol. 112, 13774-13778, doi: 10.1073/
pnas.1509674112, 2015.

R. Yang, H. Jang, R. Stocker, and K. K. Gleason, “Synergis-
tic Prevention of Biofouling in Seawater Desalination 
by Zwitterionic Surfaces and Low-level Chlorination,” 
Advanced Materials, vol. 26, 1711–1718, doi: 10.1002/
adma.201304386, 2014.

A. T. Paxson, J. L. Yagüe, K. K. Gleason, and K. K. Varanasi,  
“Stable Dropwise Condensation for Enhancing Heat Trans-
fer via the Initiated Chemical Vapor Deposition (iCVD) 
of Grafted Polymer Films,” Advanced Materials, vol. 26, 
418–423. doi:10.1002/adma.201303065 (frontispiece), 2014.

R. Yang, T. Buonassisi, K. K. Gleason, “Organic Vapor 
Passivation of Silicon at Room Temperature,” Advanced 
Materials, vol. 25, 2078-2083, doi: 10.1002/adma.201204382 
(frontispiece), 2013.
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A. John Hart
Associate Professor, Mitsui Career Development Chair 
Department of Mechanical Engineering

Nanostructured materials; additive manufacturing; machine design and auto-
mation; self-assembly; composite materials; surface engineering; mechano-
chemistry.
Rm. 35-212 | 617-324-7022 | ajhart @ mit . edu

RESEARCH SCIENTISTS
John Jaddou, MechE 
Sanha Kim, MechE

POSTDOCTORAL ASSOCIATES
Michael Bono, MechE
Kehang Cui, MechE
Piran Kidambi, MechE
Christoph Meier, MechE, DAAD Fellow
Atieh Moridi, MechE & DMSE, PIF Polimi Fellow
Ryan Oliver, MechE
Sebastian Pattinson, MechE, NSF SEES Fellow
Yu Zou, MechE, SNSF Fellow

GRADUATE STUDENTS
Michael Arnold, MechE, Tata Fellow
Benjamin Awuondo, LGO
Justin Beroz, MechE
Nicholas Dee, MechE, NSF Fellow
Gregory Dreifus, MechE
Jonathan Gibbs, MechE, Navy 2R
Jamison Go, MechE
Emily Hanhauser, MechE
Talha Hasan, IDM
Christine Jacob, MechE, Lockheed Fellow
Bethany Lettiere, MechE
John Lewandowski, MechE, NDSEG Fellow
Dhanushkodi Mariappan, MechE
Nigamaa Nayakanti, MechE
Daniel Oropeza Gomez, MechE
Crystal Owens, MechE, NSF Fellow
Ryan Penny, MechE
Abhinav Rao, MechE
Jacob Rothman, MechE
Adam Stevens, MechE, NDSEG Fellow
Alvin Tan, DMSE
Johannes Weinberg, MechE
Hangbo Zhao, MechE

UNDERGRADUATE STUDENTS
Lillian Chin, EECS
David Dellal, MechE
Rebecca Kurfess, MechE
Shannon Miller, MechE

SUPPORT STAFF
Haden Quinlan, Senior Administrative Assistant

SELECTED PUBLICATIONS
S. Kim, H. Sojoudi, H. Zhao, D. Mariappan, G. H. McKin-
ley, K. K. Gleason, and A. J. Hart. “Ultrathin high-res-
olution flexographic printing of electronic materials 
using nanoporous stamps,” Science Advances, vol. 2, no. 
12, e1601660, Dec. 2016.

J. Beroz and A. J. Hart, “Universal handheld micropipette,” 
Review of Scientific Instruments, vol. 87, 115112, Nov. 2016.

A. G. Stevens, C. R. Oliver, M. Kirchmeyer, J. Wu, L. Chin, 
E. S. Polsen, C. Archer, C. Boyle, J. Garber, and A. J. Hart. 

“Conformal robotic stereolithography,” 3D Printing and 
Additive Manufacturing, vol. 3, no. 4, 226-235, Dec. 2016.

B. Viswanath, M. Bedewy, E. R. Meshot, S. W. Pattinson, E. 
S. Polsen, F. Laye, D. N. Zakharov, E. Stach, and A. J. Hart. 

“Real-time imaging of self-organization and mechanical 
competition in carbon nanotube forest growth,” ACS 
Nano, vol. 10, no. 12, 11496-11504, Nov. 2016.

H. Zhao, C. Jacob, H. A. Stone, and A. J. Hart. “Liquid 
imbibition in ceramic-coated carbon nanotube films,” 
Langmuir, vol. 32, no. 48, 12686-12692, Nov. 2016.

W. Shi, J. Li, E. S. Polsen, C. R. Oliver, Y. Zhao, E. R. Meshot, 
H. Fairbrother, A. J. Hart, and D. L. Plata. “Oxygen-pro-
moted catalyst sintering influences number density, 
alignment, and wall number of vertically aligned carbon 
nanotubes,” Nanoscale, vol. 9, 5222-5233, Apr. 2017.

S. W. Pattinson and A. J. Hart. “Additive manufacturing 
of cellulosic materials with high strength and antimi-
crobial functionality,” Advanced Materials Technologies, 
vol. 2, no. 4, 160084, Jan. 2017.

Y. C. Chen, H. W. Baac, K. T. Lee, S. Fouladdel, T. Teichert, 
J. G. Ok, Y. H. Cheng, P. Ingram, A. J. Hart, E. Azizi, L. J. 
Guo, M. Wicha, and E. Yoon. “Selective photomechanical 
detachment and retrieval of divided sister cells from 
enclosed microfluidics for downstream analyses,” ACS 
Nano, vol. 11, no. 5, 4660-4668, May 2017.

J. Go, S. Schiffres, A. G. Stevens, and A. J. Hart. “Rate 
limits of additive manufacturing by fused filament 
fabrication and guidelines for high-throughput system 
design,” Additive Manufacturing, vol. 16, 1-11, Aug. 2017.
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Jongyoon Han
Professor 
Department of Electrical Engineering & Computer Science
Department of Biological Engineering

Nanofluidic / Microfluidic technologies for advanced biomolecule analysis and 
sample preparation: cell and molecular sorting, novel nanofluidic phenomena, 
biomolecule separation and pre-concentration, seawater desalination and wa-
ter purification, neurotechnology.
Rm. 36-841 | 617-253-2290 | jyhan @ mit . edu

POSTDOCTORAL ASSOCIATES
David Collins, SUTD / RLE
Sung Hee Ko, RLE
Kerwin Keck, SMART Center
Bumjoo Kim, RLE
Minseok Kim, RLE
Yin Lu, SMART Center
Bee Luan Khoo, SMART Center
Hyunryul Ryu, RLE
Dhiraj Sinha, SUTD / RLE 
Smitha Thamarath Surendran, SMART Center
Junghyo Yoon, RLE
Ying Zhou, SMART Center / SUTD

GRADUATE STUDENTS
Kyungyong Choi, EECS
Siwon Choi, ChemE
Matthew Flavin, EECS
Teng Yang Jing, SMART Center, NUS
Rou Jun Toh, SMART Center, NTU
Taehong Kwon, EECS
Wei Ouyang, EECS
Aoli Xiong, SMART Center, NTU
Chia-Chen ‘Debbie’ Yu, EECS

VISITORS
Jose Israel Martinez Lopez, Monterrey Tec, Mexico
Aniruddh Sarkar, Ragon Institute
Lidan Wu, Broad Institute

SUPPORT STAFF
Susan Davco, Administrative Assistant

SELECTED PUBLICATIONS
T. Jing, Z. Lai, L. Wu, J. Han, C. T. Lim, and C.-H. Chen, 

“Single Cell Analysis of Leukocyte Protease Activity using 
Integrated Continuous-Flow Microfluidics,” Analytical 
Chemistry, 88(23), 11750–11757, 2016.

J. L. Prieto, H.-W. Su, H. W. Hou, M. P. Vera, B. D. Levy, R. M. 
Baron, J. Han, and  J. Voldman, “Monitoring Sepsis using 
Electrical Cell Profiling,” Lab on a Chip, 16, 4333-4340, 2016. 

B. Kim, S. Choi, S. V. Pham, R.  Kwak, and J. Han, “Energy 
Efficiency Enhancement of Electromembrane Desalina-
tion Systems by Local Flow Redistribution Optimized for 
the Asymmetry of Cation/Anion Diffusivity,” J. Membrane 
Science, 524, 280–287m 2017.

S. M. Davidson, O. Jonas, M. A. Keibler, H. W. Hou, A. 
Luengo, J. R.  Mayers, J. Wyckoff, A. Del Rosario, M. Whit-
man, C. R. Chin, K. J. Condon, A. Lammers, K. A. Kellers-
berger, B. J. Stall, G. Stephanopoulos, D. Bar-Sagi, J. Han, 
J. D. Rabinowitz, M. Cima, R. Langer, and M. G. Vander 
Heiden, “Direct Evidence for Cancer Cell-Autonomous 
Extracellular Protein Catabolism in Pancreatic Tumors,” 
Nature Medicine, 23, 235–241, 2017.

D. J. Collins, Z. Ma, J. Han, and Y. Ai, “Continuous Micro-
Vortex-Based Nanoparticle Manipulation via Focused 
Surface Acoustic Waves,” Lab on a Chip, 17, 91-103, 2017.

R. Kwak, S. V. Pham, and J. Han, “Sheltering the Perturbed 
Vortical Layer of Electroconvection under the Shear Flow,” 
J. Fluid Mechanics, 813, 799-823, 2017.

D. Zheng, B.-S. Soh, L. Yin, G. Hu, Q. Chen, H. Choi, J. Han, 
V. T. K. Chow, and J. Chen, “Differentiation of Club Cells 
to Alveolar Epithelial Cells In Vitro,” Scientific Reports, 
7, 41661, 2017.

B. Kim, H. Kwon, S. H. Ko, G. Lim, and J. Han, “Partial 
Desalination of Hypersaline Brine by Lab-Scale Ion 
Concentration Polarization Device,” Desalination, 412, 
20–31, 2017.

H. Ryu, K. Choi, Y. Qu, T. Kwon, J. Lee, and J. Han, 
“Patient-derived Airway Secretion Dissociation Tech-
nique to Isolate and Concentrate Immune Cells using 
Closed-loop Inertial Microfluidics” Analytical Chemistry, 
doi:10.1021/acs.analchem.7b00610, 2017.

D. J. Collins, B. L. Khoo, Z. Ma, A. Winkler, R. Weser, H. 
Schmidt, J. Han, and Y. Ai, “Selective Particle and Cell Cap-
ture in a Continuous Flow using Micro-Vortex Acoustic 
Streaming,” Lab on a Chip, doi:10.1039/C7LC00215G, 2017.

R. J. Toh, C. C. Mayorga-Martínez, J. Han, Z. Sofer, and 
M. Pumera, “Group 6 Layered Transition Metal Dichal-
cogenides in Lab-on-a-Chip Devices: 1T-Phase WS2 for 
Microfluidics Non-Enzymatic Detection of Hydrogen 
Peroxide,” Analytical Chemistry, [accepted], 2017.

mailto:jyhan@mit.edu
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Ruonan Han
Emanuel E. Landsman (1958) Career Development Assistant 
Professor
Department of Electrical Engineering & Computer Science

Integrated circuits and systems operating from RF to THz frequencies for 
sensing and communication applications. On-chip high-frequency electro-
magnetic passive structures for energy-efficient signal generation, radiation, 
and coupling.
Rm. 39-527a | 617-324-5281 | ruonan @ mit . edu

POSTDOCTORAL ASSOCIATE 
Yi Xiang, EECS

GRADUATE STUDENTS
Jack Holloway, EECS, MIT Lincoln Lab Fellowship
Zhi Hu, EECS
Mohamed Ibrahim, EECS
Cheng Wang, EECS
Guo Zhang, EECS

UNDERGRADUATE STUDENT
James Mawdsley, EECS

VISITING STUDENT
Tingting Shi, Fudan University

VISITING SCIENTIST
Rui Ma, Mitsubishi Electric Research Labs

SUPPORT STAFF
Joanna Maclver, Administrative Assistant

SELECTED PUBLICATIONS
Z. Hu and R. Han, “Fully-Scalable 2D THz Radiating 
Array: A 42-Element Source in 130-nm SiGe with 80-μW 
Total Radiated Power at 1.01 THz,” IEEE Radio-Frequency 
Integrated Circuit Symposium (RFIC), Honolulu, Hawaii, 
Jun. 2017.

C. Wang and R. Han, “Rapid and Energy-Efficient Molec-
ular Sensing Using Dual THz Combs in 65nm CMOS: A 
220-to-320GHz Spectrometer with 5.2mW Radiated Power 
and 14.6~19.5dB Noise Figure,” IEEE Int. Solid-State Circuit 
Conf., San Francisco, CA, Feb. 2017.

J. W. Holloway, L. Boglione, T. M. Hancock, and R. Han, “A 
Fully-Integrated Broadband THz Chip-to-Chip Intercon-
nect,” IEEE Trans. on Microwave Theory and Techniques, 
vol. 65, no. 7, Jul. 2017.

Z. Hu, C. Wang, and R. Han, “Energy-Efficient Integrated 
THz Electronics using Multi-Functional Electromag-
netism and High-Parallelism Spectral Sensing,” IEEE 
International Midwest Symposium on Circuits and Sys-
tems, Boston, MA, Aug. 6-9, 2017.

C. Wang and R. Han, “Towards Miniature Gas Sensor 
with High Speed, Wide Range and Absolute Specificity: A 
Bilateral Dual-Terahertz-Comb Spectrometer on CMOS,” 
IEEE J. Solid-State Circuits, [invited], 2017.

Z. Ahmad, W. Choi, N. Sharma, J. Zhang, Q. Zhong, D.-Y. 
Kim, Z. Chen, Y. Zhang, R. Han, D. Shim, S. Sankaran, E.-Y. 
Seok, C. Cao, C. Mao, I. R. Medvedev, D. Lary, H.-J. Nam, 
Raskin, F. C. DeLucia, I.-S. Kim, I. Momson, P. Yellswarapu, 
S. Dong, Z. Chen, and K. K. O, “Devices in CMOS for Ter-
ahertz Circuits and Systems,” 232nd Electro Chemical 
Society Meeting, 2017.

R. Han, J. Holloway, C. Jiang, A. Mostajeran, E. Afshari, 
A. Cathelin, Y. Zhang, K. K. O, L. Boglione, T. Hancock, 
C. Wang, Z. Hu, and G. Zhang, “On-Chip Terahertz Elec-
tronics: from Device-Electromagnetic Integration to 
Energy-Efficient, Large-Scale Microsystems,” IEEE Int. 
Electron Devices Meeting, San Francisco, CA, Dec. 2016.

K. K. O, Z. Ahmad, W. Choi, N. Sharma, J. Zhang, Q. Zhong, 
D.-Y. Kim, Z. Chen, Y. Zhang, R. Han, D. Shim, S. Sankaran, 
E.-Y. Seok, C. Cao, C. Mao, I.R. Medvedev, D. Lary, H.-J. Nam, 
Raskin, F. C. DeLucia, I.-S. Kim, I. Momson, P. Yellswarapu, 
S. Dong, and B.-K. Kim, “Devices and Circuits in CMOS 
for THz Applications,” IEEE Int. Electron Devices Meeting, 
San Francisco, CA, Dec. 2016.

C. Jiang, A. Mostajeran, R. Han, M. Emadi, H. Sherry, A. 
Cathelin, and E. Afshari, “A Fully-Integrated 320-GHz 
Coherent Imaging Transceiver in 130-nm SiGe BiCMOS,” 
IEEE J. Solid-State Circuits, vol. 51, no. 11, Nov. 2016.

C. Jiang, A. Mostajeran, R. Han, H. Sherry, A. Cathelin, 
and E. Afshari, “A 320GHz Subharmonic Mixing Coher-
ent Imager in 130nm SiGe BiCMOS,” IEEE Int. Solid-State 
Circuit Conf. Digest of Technical Papers, 432-433, 2016.
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Juejun (JJ) Hu
Merton C. Flemings Associate Professor
Department of Materials Science & Engineering

Integrated photonics, optical thin films, glass and amorphous materials, silicon 
photonics, light management in photovoltaics, magneto-optical isolation, in-
tegration on unconventional substrates (polymers, optical crystals, 2-D mate-
rials, etc.), infrared imaging, spectroscopy, metasurface.
Rm. 13-4054 | 302-766-3083 | hujuejun @ mit . edu

RESEARCH SCIENTIST
Tian Gu, DMSE

POSTDOCTORAL ASSOCIATES
Haya Alhummiany, DMSE
Lan Li, DMSE
Hongtao Lin, DMSE

GRADUATE STUDENTS
Skylar Deckoff-Jones, DMSE
Qingyang Du, DMSE
Sarah Geiger, DMSE
Derek Kita, DMSE
Duanhui Li, DMSE
Jerome Michon, DMSE
Gufan Yin, DMSE
Yifei Zhang, DMSE

UNDERGRADUATE STUDENT
David Favela, MechE

VISITORS
Roger Fang, Oxford University, Oxford, UK
Zhengqian Luo, Xiamen University, China
Hanyu Zheng, University of Electronic Science & 

Technology of China

SUPPORT STAFF
Cory James, Administrative Assistant

SELECTED PUBLICATIONS
L. Zhu, F. Liu, H. Lin, J. Hu, Z. Yu, X. Wang, and S. Fan, “Angle-
Selective Perfect Absorption with Two-Dimensional 
Materials,” Light Sci. Appl., vol. 5, e16052, 2016.

L. Li, P. Zhang, W. Wang, H. Lin, A. Zerdoum, S. Geiger, Y. 
Liu, N. Xiao, Y. Zou, O. Ogbuu, Q. Du, X. Jia, J. Li, and J. Hu, 

“Foldable and Cytocompatible Sol-gel TiO2 Photonics,” Sci. 
Rep., vol. 5, 13832, 2015.

X. Sun, Q. Du, T. Goto, M. Onbasli, D. H. Kim, N. Aimon, 
J. Hu, and C. A. Ross, “Single-Step Deposition of Cerium 
Substituted Yttrium Iron Garnet for Monolithic On-Chip 
Optical Isolation,” ACS Photonics, vol. 2, 856-863, 2015.

L. Li, H. Lin, S. Qiao, Y. Zou, S. Danto, K. Richardson, J. D. 
Musgraves, N. Lu, and J. Hu, “Integrated Flexible Chal-

cogenide Glass Photonic Devices,” Nat. Photonics, vol. 8, 
643-649, 2014.

Y. Chen, H. Lin, J. Hu, and M. Li, “Heterogeneously Inte-
grated Silicon Photonics for the Mid-infrared and Spec-
troscopic Sensing,” ACS Nano 8, 6955-6961, 2014.

Y. Zou, D. Zhang, H. Lin, L. Li, L. Moreel, J. Zhou, Q. Du, 
O. Ogbuu, S. Danto, J. D. Musgraves, K. Richardson, K. 
Dobson, R. Birkmire, and J. Hu, “High-Performance, 
High-Index-Contrast Chalcogenide Glass Photonics on 
Silicon and Unconventional Nonplanar Substrates,” Adv. 
Opt. Mater., vol. 2, 478-486, 2014.

Y. Zou, L. Moreel, L. Savelli, H. Lin, J. Zhou, L. Li, S. Danto, J. 
D. Musgraves, K. Richardson, K. Dobson, R. Birkmire, and 
J. Hu, “Solution Processing and Resist-free Nanoimprint 
Fabrication of Thin Film Chalcogenide Glass Devices: 
Inorganic-organic Hybrid Photonic Integration,” Adv. 
Opt. Mater., vol. 2, 759-764, 2014.

J. Hu, L. Li, H. Lin, P. Zhang, W. Zhou, and Z. Ma, “Flexible 
Integrated Photonics: Where Materials, Mechanics and 
Optics Meet,” [invited], Opt. Mater. Express, vol. 3, 1313-
1331, 2013.

H. Lin, L. Li, Y. Zou, S. Danto, J. D. Musgraves, K. Richardson, 
S. Kozacik, M. Murakowski, D. Prather, P. Lin, V. Singh, A. 
M. Agarwal, L. C. Kimerling, and J. Hu, “Demonstration 
of High-Q Mid-Infrared Chalcogenide Glass-on-Silicon 
Resonators,” Opt. Lett., vol. 38, 1470-1472, 2013.

L. Bi, J. Hu, P. Jiang, D. Kim, G. Dionne, L. C. Kimerling, and 
C. A. Ross, “On-Chip Optical Isolation in Monolithically 
Integrated Nonreciprocal Optical Resonators,” Nat. 
Photonics, vol. 5, 758-762, 2011.



MTL ANNUAL RESEARCH REPORT 2017 Faculty Profiles 173

Qing Hu
Professor 
Department of Electrical Engineering & Computer Science

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

POSTDOCTORAL ASSOCIATES
Asaf Albo, RLE
David Burghoff, RLE
Yuri Flores, RLE

GRADUATE STUDENTS
Ali Khalatpour, EECS
Andrew Paulsen, EECS
Yang Yang, EECS
Tianyi Zeng, EECS

SUPPORT STAFF
Shayne Fernandes, Administrative Assistant

SELECTED PUBLICATIONS
T.-Y. Kao, J. L. Reno, and Q. Hu, “Phase-locked laser arrays 
through global antenna mutual coupling,” Nature Pho-
tonics, 10, 541, 2016. 

Y. Yang, D. Burghoff, D. J. Hayton, J.-R. Gao, J. L. Reno, and 
Q. Hu, “Terahertz multi-heterodyne spectroscopy using 
lasing frequency combs,” Optica, 3, 499, 2016. 

A. W. Lee, T.-Y. Kao, I. A. Zimmerman, N. Oda, and Q. Hu, 
“Terahertz Imaging with Quantum Cascade Lasers,” Proc. 
of SPIE, 9854, 98540R-1, 2016. 

A. W. M. Lee, T.-Y. Kao, I. A. Zimmerman, W. T. S. Cole, 
R. Thurston, R. J. Saykally, N. Han, Q. Hu, “THz QCLs 
for heterodyne receivers and wavelength modulation 
spectroscopy,” Proceedings of SPIE, 9836, 98362O, 2016. 

D. Burghoff, Y. Yang, and Q. Hu, “Computational multi-
heterodyne spectroscopy,” Sci. Adv. 2016;2: e1601227, 2016. 

X. Zhang, Y. Zhu, X. Ji, L. Chen, Q. Hu, and S. Zhuang, 
“Broadband one-way behavior of electromagnetic wave 
based on transformation optics,” Scientific Report, 7:40941, 
doi: 10.1038/srep40941, 2017. 

B. Mirzaei, D. Hayton, D. Thoen, J. R. Gao, T. Y. Kao, Q. 
Hu, and J. L. Reno, “An Extensive Study on Frequency 
Tuning of Third-order Distributed Feedback Terahertz 
Quantum Cascade Lasers by SiO2 and PMMA,” IEEE 
Trans. TST, 6, 851, 2016.  

A. Albo, Q. Hu, and J. L. Reno, “Room temperature negative 
differential resistance in terahertz quantum cascade 
laser structures,” Appl. Phys. Lett. 109, (selected as an 
APL Editor’s Pick) 081102, 2016. 

C. W. I. Chan, A. Albo, Q. Hu, and J. L. Reno, “Tradeoffs 
between oscillator strength and lifetime in terahertz 
quantum cascade lasers,” Appl. Phys. Lett. 109, 201104, 2016. 

P. Tzenov, D. Burghoff, Q. Hu, and C. Jirauschek, “Time 
domain modeling of terahertz quantum cascade lasers 
for frequency comb generation,” Op. Ex. 24, 23232, 2016. 

D. Burghoff, Y. Yang, J. L. Reno, and Q. Hu, “Dispersion 
dynamics of quantum cascade lasers,” Optica, 3, 1362, 2016. 

P. Tzenov, D. Burghoff, Q. Hu, and C. Jirauschek, “Tempo-
ral dynamics of THz quantum cascade laser frequency 
combs with strong injector anticrossing,” Proc. of SPIE, 
vol. 10226 102260N-1, (Best Young Scientist Award), 2017. 
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Pablo Jarillo-Herrero
Associate Professor 
Department of Physics

Quantum electronic transport and optoelectronics with low dimensional ma-
terials, such as graphene, transition metal dichalcogenides, and topological 
insulators. Nanofabrication of Van der Waals heterostructures. Mesoscopic 
physics and superconductivity.
Rm. 13-2017 | 617-253-3653 | pjarillo @ mit . edu

POSTDOCTORAL ASSOCIATES
Yaqing Bie, Physics
Landry Bretheau, Physics
Joel I-Jan Wang, Physics
Qiong Ma, Physics
David MacNeill, Physics
M. A. Mueed, Physics
Efren Navarro-Moratalla, Physics 
Sanfeng Wu, Pappalardo Postdoctoral Fellow

GRADUATE STUDENTS
Yuan Cao, EECS
Valla Fatemi, Physics
Luiz Gustavo Pimenta Martins, Physics, Brazil Fellow
Dahlia Klein, Physics, NSF Fellow
Jason Luo, Physics, Singapore Fellow
Daniel Rodan-Legrain, Physics
Melis Tekant, Physics, NDSEG Fellow
Yafang Yang, Physics

UNDERGRADUATE STUDENTS
Andres Mier, Physics
Marta Pita Vidal, Physics
Christina Wang, Physics

SUPPORT STAFF
Monica Wolf, Administrative Assistant

SELECTED PUBLICATIONS
Q. Ma*, S.-Y. Xu*, C.-K. Chan, C.-L. Zhang, G. Chang, Y. Lin, 
T. Palacios, H. Lin, S. Jia, P. A. Lee, P. Jarillo-Herrero, and 
N. Gedik, “Direct Optical Detection of Weyl Fermion 
Chirality in a Topological Semimetal,” Nature Physics, 
[in press], 2017. 

B. Huang*, G. Clark*, E. Navarro-Moratalla*, D. Klein, R. 
Cheng, K. Seyler, D. Zhong, E. Schmidgall, M. McGuire, 
D. Cobden, W. Yao, D. Xiao, P. Jarillo-Herrero, and X. Xu, 

“Layer-Dependent Ferromagnetism in a Van Der Waals 
Crystal Down to the Monolayer Limit,” Nature, [in press], 
arXiv:1703.05892, 2017.

L. Bretheau*, J. I-J. Wang*, R. Pisoni, K. Watanabe, T. Tan-
iguchi, and P. Jarillo-Herrero, “Tunneling Spectroscopy 
of Andreev States in Graphene,” Nature Physics, [in press], 
arXiv:1703.10655, 2017.

V. Fatemi, Q. D. Gibson, K. Watanabe, T. Taniguchi, R. J. 
Cava, and P. Jarillo-Herrero, “Magnetoresistance and 
Quantum Oscillations of an Electrostatically Tuned 
Semimetal-to-Metal Transition in Ultrathin WTe2,” Phys. 
Rev. B, 95, 041410(R), 2017.

J. D. Sanchez-Yamagishi*, J. Y. Luo*, A. F. Young, B. Hunt, K. 
Watanabe, T. Taniguchi, R. C. Ashoori, P. Jarillo-Herrero, 

“Helical Edge States and Fractional Quantum Hall Effect 
in a Graphene Electron-Hole Bilayer,” Nature Nanotech-
nology, 12, 118, 2017.

Y. Cao, J. Y. Luo, V. Fatemi, S. Fang, J. D. Sanchez-Yamagi-
shi, K. Watanabe, T. Taniguchi, E. Kaxiras, and P. Jaril-
lo-Herrero, “Superlattice-Induced Insulating States and 
Valley-Protected Orbits in Twisted Bilayer Graphene,” 
Phys. Rev. Lett., 117, 116804, 2016.

L. C. Campos, T. Taychatanapat, M. Serbyn, K. Surakit-
bovorn, K. Watanabe, T. Taniguchi, D. A. Abanin, and P. 
Jarillo-Herrero, “Landau Level Splittings, Phase Transi-
tions and Nonuniform Charge Distribution in Trilayer 
Graphene,” Phys. Rev. Lett., 117, 066601, 2016.

F. Katmis, V. Lauter, F. S. Nogueira, B. A. Assaf, M. E. Jamer, 
P. Wei, B. Satpati, J. W. Freeland, I. Eremin, D. Heiman, P. 
Jarillo-Herrero, and J. S. Moodera, “A High-Temperature 
Ferromagnetic Topological Insulating Phase by Proximity 
Coupling,” Nature. 533, 513–516, 2016.

E. Navarro-Moratalla and P. Jarillo-Herrero, “The Ising 
on the Monolayer,” Nature Physics 12, News and Views, 
112, 2016.

H. Steinberg, L. A. Orona, V. Fatemi, J. D. Sanchez-Ya-
magishi, K. Watanabe, T. Taniguchi, P. Jarillo-Herrero, 

“Tunneling in Graphene-Topological Insulator Hybrid 
Devices,” Phys. Rev. B., 92, 241409(R), 2016.

A. Woessner, P. Alonso-González, M. B. Lundeberg, Y. Gao, 
J. E. Barrios-Vargas, G. Navickaite, Q. Ma, D. Janner, K. 
Watanabe, A. W. Cummings, T. Taniguchi, V. Pruneri, S. 
Roche, P. Jarillo-Herrero, J. Hone, R. Hillenbrand, F.H.L. 
Koppens, “Near-Field Photocurrent Nanoscopy on Bare 
and Encapsulated Graphene,” Nature Communications 
7, 10783, 2016.

* Equal Contribution
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Ali Khademhosseini
Professor
Division of Health-Sciences and Technology, Harvard University-MIT

Micro- and nanoscale biomaterials, microfabrication and 3-D-bioprinting, or-
gan on a chip systems, vascularized tissues with appropriate microarchitectures, 
regulating stem cell differentiation, with microengineered systems.
Rm. 76-661 | 617-768-8395 | alik @ mit . edu

POSTDOCTORAL ASSOCIATES
Byambaa Batzaya, HST 
Afsoon Fallahi, HST
Pooria Mostafalu, HST
Parisa Pour Shahid Saeed Abadi, HST
Mohamadmahdi Samandari, HST 
Grissel Trujillo-de Santiago, HST-MIT 
Kan Yue, HST

GRADUATE STUDENTS
Raquel Almaida, University of Minho
Gouri Chandrabhatla, SRM University 
Wanjun Liu, Donghua University 
Amir Nasajpour, Harvard 
Gyan Prakash, IIT Guwahati 
João Ribas, University of Coimbra 
Antea Risso, EPFL

UNDERGRADUATE STUDENTS
Claudia Del Toro Runzer, Tecnológico de Monterrey
Sofia Jimenez Vazquez, Tecnológico de Monterrey
Serena Mandla, University of Toronto Ricardo
Hernández Medina, Tecnológico de Monterrey
Pamela Rellstab, Tecnológico de Monterrey 
Sara Victoria Bahena, Tecnológico de Monterrey

VISITORS & PROFESSORS
Nasim Annabi, Northeastern University
Mario Moisés Álvarez, Tecnológico de Monterrey
Mehmet Remzi Dokmeci, Brigham and Women’s 

Hospital
Su-Ryon Shin, Brigham and Women’s Hospital
Yu Shrike Zhang, Brigham and Women’s Hospital
Ali Tamayol, Brigham and Women’s Hospital

SUPPORT STAFF
Brett Losen, Lab Manager

SELECTED PUBLICATIONS
A. Tamayol, M. Akbari, Y. Zilberman, M. Comotto, E. Lesha, 
L. Serex, S. Bagherifard, Y. Chen, G. Fu, S. K. Ameri, W. 
Ruan, E. L. Miller, M. R. Dokmeci, S. Sonkusale, and A. 
Khademhosseini, “pH-Sensing Hydrogel Fibers: Flexi-
ble pH-Sensing Hydrogel Fibers for Epidermal Applica-
tions,” Advanced Healthcare Materials, vol. 5, 624-624, 2016.

S. Ahadian, S. Yamada, J. Ramón-Azcón, M. Estili, X. 
Liang, K. Nakajima, H. Shiku, A. Khademhosseini, and 
T. Matsue, “Hybrid Hydrogel-Aligned Carbon Nanotube 
Scaffolds to Enhance Cardiac Differentiation of Embryoid 
Bodies,” Acta biomaterialia, vol. 31, 134-143, 2016.

M. M. Alvarez, J. C. Liu, G. Trujillo-de Santiago, B.-H. Cha, 
A. Vishwakarma, A. Ghaemmaghami, and A. Khadem-
hosseini, “Delivery Strategies to Control Inflammatory 
Response: Modulating M1-M2 Polarization in Tissue Engi-
neering Applications,” J. Controlled Release, vol. 28, 2016.

Y. S. Zhang, J.-B. Chang, M. M. Alvarez, G. Trujillo-de 
Santiago, J. Aleman, B. Batzaya, V. Krishnadoss, A. A. 
Ramanujam, M. Kazemzadeh-Narbat, F. Chen, P. W. Till-
berg, M. R. Dokmeci, E. S. Boyden, and A. Khademhosseini, 

“Hybrid Microscopy: Enabling Inexpensive High-Perfor-
mance Imaging through Combined Physical and Optical 
Magnifications,” Scientific Reports, vol. 6, 2016.

P. Hassanzadeh, M. Kazemzadeh-Narbat, R. Rosenzweig, 
X. Zhang, A. Khademhosseini, N. Annabi, and M. Rolandi, 

“Ultrastrong and Flexible Hybrid Hydrogels Based on 
Solution Self-Assembly of Chitin Nanofibers in Gelatin 
Methacryloyl (Gelma),” J. Materials Chemistry B, vol. 4, 
2539-254, 2016.

Y. S. Zhang, F. Busignani, J. Ribas, J. Aleman, T. N. 
Rodrigues, S. A. M. Shaegh, S. Massa, C. B. Rossi, I.Taurino, 
S-R. Shin, G. Calzone, G. M. Amaratunga, D. L. Chambers, 
S. Jabari, Y. Niu, V. Manoharan, M. R. Dokmeci, S. Carrara, 
D. DeMarchi, and A. Khademhosseini, “Google Glass-Di-
rected Monitoring and Control of Microfluidic Biosensors 
and Actuators,” Scientific Reports, vol. 6, 2016.

K. Yue, G.Trujillo-de Santiago, M. M. Alvarez, A. Tamayol, 
N. Annabi, and A. Khademhosseini, “Synthesis, Properties, 
and Biomedical Applications of Gelatin Methacryloyl 
(Gelma) Hydrogels,” Biomaterials, vol. 73, 254-271, 2015.

R. K. Avery, H. Albadawi, M. Akbari, Y. S. Zhang, M. J. 
Duggan, D. V. Sahani, B. D. Olsen, A. Khademhosseini, 
and R. Oklu, “An Injectable Shear-Thinning Biomaterial 
for Endovascular Embolization,” Science Translational 
Medicine, vol. 8, 365ra156, 2016.

http://www.tissueeng.net/lab/peopleDetail.php?id=601
http://www.tissueeng.net/lab/peopleDetail.php?id=808
http://www.tissueeng.net/lab/peopleDetail.php?id=859
http://www.tissueeng.net/lab/peopleDetail.php?id=731
http://www.tissueeng.net/lab/peopleDetail.php?id=683
http://www.tissueeng.net/lab/peopleDetail.php?id=868
http://www.tissueeng.net/lab/peopleDetail.php?id=743
http://www.tissueeng.net/lab/peopleDetail.php?id=718
http://www.tissueeng.net/lab/peopleDetail.php?id=912
http://www.tissueeng.net/lab/peopleDetail.php?id=531
http://www.tissueeng.net/lab/peopleDetail.php?id=900
http://www.tissueeng.net/lab/peopleDetail.php?id=879
http://www.tissueeng.net/lab/peopleDetail.php?id=789
http://www.tissueeng.net/lab/peopleDetail.php?id=881
http://www.tissueeng.net/lab/peopleDetail.php?id=735
http://www.tissueeng.net/lab/peopleDetail.php?id=742
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Jeehwan Kim
Class ’47 Career Development Assistant Professor  
Department of Mechanical Engineering
Department of Materials Science and Engineering

Two-dimensional material based layer transfer, brain-inspired neuromorphic 
computing, single-crystalline graphene electronics, advanced photovoltaics.
Rm. 38-276 | 617-324-1948  | jeehwan @ mit . edu

POSTDOCTORAL ASSOCIATES
Sanghoon Bae, MechE
Shinhyun Choi, MechE
Wei Kong, MechE
Kyusang Lee, MechE
Hanwool Yeon, MechE

GRADUATE STUDENTS
Samuel Cruz, MechE, NSF Fellow
Yunjo Kim, MechE 
Kuan Qiao, MechE 
Scott Tan, MechE

VISITORS
Jaewoo Shim, Sungkunkwan University
Geng Zhi, Peking University

SUPPORT STAFF
Emilie Heilig, Administrative Assistant

SELECTED PUBLICATIONS
S. Choi, S. H. Tan, Y. Kim, C. Heidelberger, P.-Y. Chen, S. 
Yu, and J. Kim, “Uniform Epitaxial Memory towards 
Large-Scale Neuromorphic Arrays,” [under review], 2017.

Y. Kim, S. S. Cruz, K. Lee, B. O. Alawode, C. Choi, Y. Song, 
J. M. Johnson, C. Heidelberger, W. Kong, S. Choi, K. Qiao, 
I. Almansouri, E. A, Fitzgerald, J. Kong, A. M. Kolpak, J. 
Hwang, and J. Kim, “Remote Epitaxy through Graphene 
for Two-Dimensional Material Based Layer Transfer,” 
Nature, vol. 544, 340-343, 2017.

S. Bae, X. Zhou, S. Kim, Y. S. Lee, S. Cruz, Y. Kim, J. B. 
Hannon, Y. Yang, D. K. Sadana, F. M. Ross, H. Park, and 
J. Kim, “Unveiling the Carrier Transport Mechanism in 
Epitaxial Graphene for Forming Wafer-Scale, Single-Do-
main Graphene,” Proceedings of the National Academy of 
Science, vol. 114, 4082-4086, 2017.

J. Kim, H. Park, J. B. Hannon, S. W. Bedell, K. Fogel, D. 
K. Sadana, and C. Dimitrakopoulos, “Layer-Resolved 
Graphene Transfer via Engineered Strain Layers,” Science, 
vol. 342, 833, 2013.

J. Kim, Z. Hong, G. Li, T. Song, J. Chey, Y. Lee, J. You, C.-C. 
Chen, D. Sadana, and Y. Yang, “10.5% Efficient Polymer and 
Amorphous Silicon Tandem Photovoltaic Cell,” Nature 
Communications, vol. 6, 6391, 2015.

J. Kim, C. Bayram, H. Park, C.-W. Cheng, C. Dimitrakopou-
los, J. Ott, K. Reuter, S. Bedell, and D. Sadana, “Principle 
of Direct Van der Waals Epitaxy of Single-Crystalline 
Films on Epitaxial Graphene,” Nature Communications, 
vol. 5, 4836, 2014.

J. Kim, H. Hiroi, T. K. Todorov, O. Gunawan, M. Kuwahara, 
T. Gokmen, D. Nair, M. Hopstaken, H. Sugimoto, and D. 
Mitzi, “High-Efficiency Cu2ZnSn(S,Se)4 Solar Cells by 
Applying a Double In2S3/Cds Emitter,” Advanced Mate-
rials, vol. 26, 7427, (frontispiece), 2014.

J. Kim, C. Battaglia, M. Charriere, A. Hong, W. Jung, H. Park, 
C. Ballif, and D. Sadana, “9.4% Efficient Three-Dimen-
sional Amorphous Silicon Solar Cells on High Aspect-Ra-
tio Glass Microcones,” Advanced Materials, vol. 26, 4082, 
2014.

J. Kim, A. Hong, B. Chandra, G. Tulevski, and D. K. Sadana, 
“Engineering of Contact Resistance Between Transparent 
Single-Walled Carbon Nanotube Films and a-Si:H Single 
Junction Solar Cells by Gold Nanodots,” Advanced Mate-
rials, vol. 24, 1899, 2012.

J. Kim, A.J. Hong, J.-W. Nah, B. Shin, F. M. Ross, and D. K. 
Sadana, “Three-Dimensional a-Si:H Solar Cells on Glass 
Nanocone Arrays Patterned by Self-Assembled Sn Nano-
spheres,” ACS Nano, vol. 6, 265, 2012.

https://www.sciencemag.org/content/342/6160/833
https://www.sciencemag.org/content/342/6160/833
http://www.nature.com/ncomms/2015/150304/ncomms7391/full/ncomms7391.html
http://www.nature.com/ncomms/2015/150304/ncomms7391/full/ncomms7391.html
http://www.nature.com/ncomms/2014/140911/ncomms5836/full/ncomms5836.html
http://www.nature.com/ncomms/2014/140911/ncomms5836/full/ncomms5836.html
http://www.nature.com/ncomms/2014/140911/ncomms5836/full/ncomms5836.html
http://onlinelibrary.wiley.com/doi/10.1002/adma.201402373/abstract
http://onlinelibrary.wiley.com/doi/10.1002/adma.201402373/abstract
http://onlinelibrary.wiley.com/doi/10.1002/adma.201400186/abstract
http://onlinelibrary.wiley.com/doi/10.1002/adma.201400186/abstract
http://onlinelibrary.wiley.com/doi/10.1002/adma.201400186/abstract
http://onlinelibrary.wiley.com/doi/10.1002/adma.201104677/abstract
http://onlinelibrary.wiley.com/doi/10.1002/adma.201104677/abstract
http://onlinelibrary.wiley.com/doi/10.1002/adma.201104677/abstract
http://pubs.acs.org/doi/abs/10.1021/nn203536x
http://pubs.acs.org/doi/abs/10.1021/nn203536x
http://pubs.acs.org/doi/abs/10.1021/nn203536x
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Sang-Gook Kim
Professor 
Department of Mechanical Engineering

Micro energy harvesting, Solar water splitting, Piezoelectric MEMS, Complex 
systems design.
Rm. 1-306 | 617-452-2472 | sangkim @ mit . edu

POSTDOCTORAL ASSOCIATE
Asmaa El-Faer, IBN-Khaldoun Fellow, U. of Dammam

GRADUATE STUDENTS
Haluk Akay, MechE
Xinhao Li, MechE
Katherine Smyth, MechE
Ruize Xu, MechE

VISITOR
Prof. Wei-Lek Kwan, SUTD

SUPPORT STAFF
Lorraine Rabb, Senior Administrative Assistant

SELECTED PUBLICATIONS
S. Jahanmir, N. Saka, C. Tucker III, S.-G. Kim (EDs.), 
Advances in Multidisciplinary Engineering, ASME Press, 
NY, 2016

A. Elfaer, Y. Wang, J. B. Chou, and S.-G. Kim, “Gold 
Nanorods Coated Metallic Photonic Crystal for Enhanced 
Hot Electron Transfer in Electrochemical Cells,” MRS 
Advances, vol. 1, Issue 13, 831-837, 2016.

N. S. Rajput, S.-G. Kim, J. B. Chou, J. Abed, J. Viegas, and 
M.  Jouiad, “Electron Beam Induced Rapid Crystallization 
of Water Splitting Nanostructures,” MRS Advances, vol. 
1, issue 13, 825-830, 2016.

R. Xu and S.-G. Kim “Modeling and Experimental Val-
idation of Bi-Stable Beam Based Piezoelectric Energy 
Harvester,” J. Energy Harvesting and Systems, 23298774, 
3.4, 2016.

M. Nordlund, S.-G. Kim, D. Tate, T. Lee, and H. Oh, “Axi-
omatic Design: Making the Abstract Concrete,” Procedia 
CIRP, 22128271, 50, 216-221, 2016.

P. Dahal, J. Chou, Y. Wang, S.-G. Kim, and J. Viegas. 
“Comparative Study of Multilayered Nanostructures 
for Enhanced Solar Optical Absorption,” MRS Advances, 
vol. 1, issue 13, 839-845, 2016.

J. B. Chou, X.-H. Li, Y. Wang, D. P. Fenning, A. Elfaer, J. 
Viegas, M. Jouiad, Y. Shao-Horn, and S.-G. Kim, “Surface 
Plasmon Assisted Hot Electron Collection in Wafer-Scale 
Metallic-Semiconductor Photonic Crystals,” Opt. Express 
24, A1234-A1244, doi:10.1364/OE.24.0A1234, 2016.

X.-H. Li, J. B. Chou, W. L. Kwan, A. M. Elsharif, and S.-G. 
Kim, “The Effect of Anisotropic Electron Momentum Dis-
tribution of Surface Plasmon on Internal Photoemission 
of a Schottky Hot Carrier Device,” Opt. Express, vol. 25, 
no. 8, 17, Apr. 2017.

H. Fu, K. Cao, R. Xu, M. A. Bhouri, R. Martinez-Botas, 
S.-G. Kim, E. M. Yeatman “Footstep Energy Harvesting 
using Heel Strike-Induced Airflow for Human Activity 
Sensing,” IEEE International Conference on Wearable and 
Implantable Body Sensor Networks (BSN), 124-129, 2016.

R. Xu and S.-G. Kim, “MEMS Buckled Plates Based 
Low-Frequency Vibration Energy Harvesting,” 11th Energy 
Harvesting Workshop, Blacksburg, Virginia, Sep. 2016.
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Jing Kong
Professor
Department of Electrical Engineering & Computer Science 

Two dimensional materials, chemical vapor deposition synthesis, functional 
nanomaterials
Rm. 13-3065 | 617-324-4068 | jingkong @ mit . edu

POSTDOCTORAL ASSOCIATES
Yunfan Guo, RLE
Xiang Ji, RLE 
Qingqing Ji, RLE 
WeiSun Leong, SUTD
Nannan Mao, RLE
Luda Wang, RLE/MechE 
Lin Zhou, RLE

GRADUATE STUDENTS
Marek Hempel, EECS
SeongSoon Jo, DMSE
Angyu Lu, EECS
Pin-chun Shen, EECS
Yi Song, EECS
Cong Su, NSE
Haozhe Wang, MechE

VISITORS
Hongzhang Geng, Tianjin Polytechnic University
Jihao Yin, Beihang University

SUPPORT STAFF
Teresa Avila, Administrative Assistant

SELECTED PUBLICATIONS
S. M. Jung, J. Qi, D. Oh, A. Belcher, and J. Kong, “M13 
Virus Aerogels as a Scaffold for Functional Inorganic 
Materials,” Advanced Functional Materials, doi:10.1002/
adfm.201603203, 2017.

L. Zhou, K. Xu, A. Zubair, X. Zhang, F. Ouyang, T. Palacios, M. 
S. Dresselhaus, Y. Li, and J. Kong, “Role of Molecular Sieves 
in the CVD Synthesis of Large-Area 2D MoTe2,” Advanced 
Functional Materials, doi:10.1002/adfm.201603491, 2016.

L. Zhou, A. Zubair, Z. Wang, X. Zhang, F. Ouyang, K. Xu, 
W. Fang, K. Ueno, J. Li, T. Palacios, J. Kong, and M. S. 
Dresselhaus, “Synthesis of High-Quality Large-Area 
Homogenous 1T´ MoTe2 from Chemical Vapor Deposition,” 
Advanced Materials, doi: 10.1002/adma.201602687, 2016.

S. M. Jung, D. J. Preston, H. Y. Jung, Z. Deng, E. N. Wang, 
and J. Kong, “Porous Cu Nanowire Aerosponges from 
One-Step Assembly and their Applications in Heat Dissi-
pation,” Advanced Materials, vol. 28, 1413-1419, doi: 10.1002/
adma.201504774, 2016.

Y. Song, S. Chang, S. Gradecak, J. Kong, “Visibly-Trans-
parent Organic Solar Cells on Flexible Substrates with 
All-Graphene Electrodes,” Advanced Energy Materials, 
doi: 10.1002/aenm.201600847, 2016.

X. Ling, Y. Lin, Q. Ma, Z. Wang, Y. Song, L.Yu, S. Huang, W. 
Fang, X. Zhang, A. L. Hsu, Y. Bie, Y.-H. Lee, Y. Zhu, L. Wu, J. 
Li, P. Jarillo-Herrero, M. S. Dresselhaus, T. Palacios, and J. 
Kong, “Parallel Stitching of Two-Dimensional Materials,” 
Advanced Materials, doi: 10.1002/adma.201505070, 2016.

J.-Y. Hong, Y. C. Shin, A. Zubair, Y. Mao, T. Palacios, M. S. 
Dresselhaus, S. H. Kim, and J. Kong, “A Rational Strategy 
for Graphene Transfer on Substrates with Rough Fea-
tures,” Advanced Materials, doi: 10.1002/adma.201505527, 
2016.

Z. Chen, T. Ming, M. M. Goulamaly, H. Yao, D. Nezich, 
M. Hempel, M. Hofmann, and J. Kong, “Enhancing the 
Sensitivity of Percolative Graphene Films for Flexible 
and Transparent Pressure Sensor Arrays,” Advanced 
Functional Materials, doi: 10.1002/adfm.201503674, 2016.

W. Fang, A. Hsu, Y. Song, and J. Kong, “A Review of Large-
Area Bilayer Graphene Synthesis by Chemical Vapor 
Deposition,” Nanoscale, vol.7, 20335-20351, doi: 10.1039/
c5nr04756k, 2015.

Y. Song, W. Fang, R. Brenes, and J. Kong, “Challenges and 
Opportunities for Graphene as Transparent Conduc-
tors in Optoelectronics,” Nano Today, vol.10, 681-700, doi: 
10.1016/j.nantod.2015.11.005, 2015.

S. Kim, A. Hsu, M.-H. Park, S. H. Chae, S. J. Yun, J. S. Lee, 
D. H. Cho, W. Fang, C. Lee, T. Palacios, M. S. Dresselhaus, 
K. Kim, Y. H. Lee, and J. Kong, “Synthesis of Large-Area 
Multilayer Hexagonal Boron Nitride for High Material 
Performance,” Nature Communications, vol. 6,  doi: 10.1038/
ncomms9662, 2015.



MTL ANNUAL RESEARCH REPORT 2017 Faculty Profiles 179

Jeffrey H. Lang
Vitesse Professor
Department of Electrical Engineering & Computer Science

Analysis, design, and control of electro-mechanical systems with application 
to traditional rotating machinery and variable-speed drives; micro/nano-scale 
(MEMS/NEMS) sensors and actuators; flexible structures; and the dual use of 
actuators as force and motion sensors. 
Rm. 10-176 | 617-253-4687 | lang @ mit . edu

POSTDOCTORAL ASSOCIATE
Ujwal Radhakrishna, RLE

GRADUATE STUDENTS
Stephanie Chen, EECS
Matthew D’Asaro, EECS
Jinchi Han, EECS
Rakesh Kumar, EECS
Apoorva Murarka, EECS
Nathan Monroe, EECS
Farnaz Niroui, EECS
Alex Oliva, EECS
Abraham Shin, EECS

UNDERGRADUATE STUDENTS
Deng Pan, Physics
Daniel Sheen, EECS
Chenxing Zhang, Physics

VISITORS
Dennis Buss, Texas Instruments
Teo Tee Hui, SUTD, Singapore
Sheng Zhao, Tianjin University, China

SUPPORT STAFF
Donna Gale, Administrative Assistant
Arlene Wint, Administrative Assistant

SELECTED PUBLICATIONS
F. Niroui, A. I. Wang, E. M. Sletten, Y. Song, J. Kong, E. 
Yablonovitch, T. M. Swager, J. H. Lang, and V. Bulović, 

“Tunneling Nanoelectromechanical Switches Based on 
Compressible Molecular Thin Films,” ACS Nano, 10.1021/
acsnano.5b02476, Aug. 5, 2015.

A. Murarka, J. H. Lang, and V. Bulović, “Printed Membrane 
Electrostatic MEMS Microspeakers,” Proceedings: IEEE 
MEMS Workshop, 1118-1121, Shanghai, China, Jan. 24-28, 
2016.

M. Chen, M. Araghchini, K. K. Afridi, J. H. Lang, C. R. 
Sullivan, and D. J. Perreault, “A Systematic Approach to 
Modeling Impedances and Current Distribution in Planar 
Magnetics,” IEEE Transactions on Power Electronics, 31, 
560-580, Jan. 2016.

M. E. D’Asaro, D. Sheen, and J. H. Lang, “Thin Flexible 
and Stretchable Tactile Sensor Based on a Deformable 
Microwave Transmission Line,” Proc.: Hilton Head Sensors, 
Actuators and Microsystems Workshop, Hilton Head, SC, 
Jun. 5-9, 2016.

J. Dusek, J. H. Lang, and M. S. Triantafyllou, “Piezoresis-
tive Foam Sensor Arrays for Marine Applications,” Sensors 
& Actuators - Physical, 248, 173-183, Aug. 2016.

M. Angle, J. H. Lang, J. L. Kirtley, Jr., S. Kim, and D. Otten, 
“Cogging Torque Reduction in Permanent-Magnet Syn-
chronous Machines with Skew,” Proc. of International 
Conference on Electrical Machines, 207-211, Lausanne, 
Switzerland, Sep. 4-7, 2016.

M. E. D’Asaro, D. B. Sheen, and J. H. Lang, “A Fully-Shielded 
Flexible and Stretchable Microwave Transmission-Line 
Tactile Pressure Sensor,” Proc. of IEEE Sensors Conference, 
144-146, Orlando, FL, Oct. 30 - Nov. 2, 2016.

R. Kumar, T. Hamer, D. L. Trumper, and J. H. Lang, 
“Towards High-Bandwidth Capacitive Imaging,” Proc. 
of IEEE Sensors Conference, 69-71, Orlando, FL, Oct. 30 

- Nov. 2, 2016.

B. Osoba, B. Saha, L. Dougherty, J. Edgington, C. Qian, 
F. Niroui, J. H. Lang, V. Bulović, J. Wu, and T. J King-Liu, 

“Sub-50 mV NEM Relay Operation Enabled by Self-As-
sembled Molecular Coating,” Proc. of IEDM, 26.8.1-26.8.4, 
San Francisco, CA, Dec. 5-7, 2016.

F. Niroui, M. Saravanapavanantham, T. M. Swager, J. H. 
Lang, and V. Bulović, “Fabrication of Nanoscale Structures 
with Nanometer Resolution and Surface Uniformity,” 
Proc. of IEEE MEMS Workshop, 659-662, Las Vegas, NV, 
Jan. 22-26, Jan. 2017.

P. Wensing, A. Wang, S. Seok, D. Otten, J. H. Lang, and S. 
Kim, “Proprioceptive Actuator Design in the MIT Cheetah: 
Impact Mitigation and High-Bandwidth Physical Inter-
action for Dynamic Legged Robots,” IEEE Transactions 
on Robotics, 33, 1-14, Mar. 2017.

M. E. D’Asaro, M. S. Otten, S. Chen, and J. H. Lang, 
“Multi-Dimensional Characterization of Piezoresistive 
Carbon Black Silicon Rubber Composites,” Applied Poly-
mer Science, 34, issue 18, #44773, doi:10.1002/ app.44773, 
May 10, 2017.
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Hae-Seung Lee
ATSC Professor of EECS 
Director of Center for Integrated Circuits and Systems 
Department of Electrical Engineering & Computer Science

Analog and mixed-signal integrated circuits, with a particular emphasis in data 
conversion circuits in scaled CMOS.  
Rm. 39-521 | 617-253-5174 | hslee @ mtl.mit.edu

POSTDOCTORAL ASSOCIATE
Sungwon Chung, EECS

GRADUATE STUDENTS
Taehoon Jeong, EECS
Harneet Singh Khurana, EECS
Changwook Min, HST
Sabino Pietrangelo, EECS
Joohyun Seo, EECS
Xi Yang, EECS

SUPPORT STAFF
Elizabeth Kubicki, Administrative Assistant

SELECTED PUBLICATIONS
H. H. Boo, D. Boning, and H.-S. Lee, “A 12b 250MS/s Pipe-
lined ADC with Virtual Ground Reference Buffers,” IEEE 
J. Solid-State Circuits, vol. SC-50, 2912-2921, Dec. 2015.

D.-Y. Yoon, S. Ho, and H.-S. Lee, “A Continuous-Time Stur-
dy-MASH Δ∑ Modulator in 28nm CMOS,” IEEE J. Sol-
id-State Circuits, vol. SC-50, 2880-2890, Dec. 2015.

K. Chen, B. C. Lee, K. Thomenius, B. Khuri-Yakub, H.-S. Lee, 
and C. G. Sodini, “Over 20 dB Reduction of Tx 2nd-Order 
Harmonic using Interleaved Checker Board I&Q Exci-
tation,” IEEE Transactions on Ultrasonics, Ferroelectrics, 
and Frequency Control, Sep. 2014.

D. Prashanth and H.-S. Lee, “A Sampling Clock Skew 
Correction Technique for Time-Interleaved SAR ADC,” 
Proceedings of 2016 GLSVLSI, Boston, MA, May 2016.

S. Pietrangelo, H.-S. Lee, and C. G. Sodini, “A Wearable 
Transcranial Doppler Ultrasound Phased Array System,” 
16th International Symposium on Intracranial Pressure 
and Neuromonitoring, Cambridge, MA, Jun. 2016.

D. Robertson, A. Buchwald, M. Flynn, H.-S. Lee, U.-K. 
Moon, and B. Murmann, “Data Converter Reflections: 19 
Papers from the Last Ten Years that Deserve a Second 
Look,” Proceedings of 2016 European Solid-State Circuits 
Conference, 161-164, Lausanne, Switzerland, Sep. 2016.

P. Srivastava, S. Chung, D. Piedra, H.-S. Lee, and T. Palacios, 
“GaN High-Electron Mobility Transistor Track-and-Hold 
Sampling Circuit with Over 100-dB Signal-to-Noise Ratio,” 
IEEE Electron Device Lett., vol. 37, 1314-1317, Oct. 2016.

H.-S. Lee and A. Chandrakasan, “Methods and Apparatus 
for Reducing Timing-Skew Errors in Time-Interleaved 
Analog-To-Digital Converters,” U.S Patent no. 9,608,652, 
Mar. 2017.

M. Straayer, H.-S. Lee, et. al., “2-Phase Threshold Detector 
Based Circuits,” US Patent no. 9,413,228, Aug. 2016.

H.-S. Lee, “Buffer Amplifier Circuit,” US Patent no. 9,356,565, 
May 2016.

H.-S. Lee, “Level-Crossing Based Circuit and Method 
with Offset Voltage Cancellation,” US Patent no. 9,252,658, 
Feb. 2016.

H.-S. Lee, “Switched Capacitor Circuits having Lev-
el-Shifting Buffer Amplifiers, and Associated Methods,” 
US Patent no. 9,214,912, Dec. 2015.
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Luqiao Liu
Robert Shillman (1974) Career Development Assistant Professor 
Department of Electrical Engineering & Computer Science

Spintronics; spin based logic and memory device; nanoscale magnetic material 
for information storage and microwave application; fabrication technique of 
magnetic nanodevices; spin related phenomena in semiconductor, topological 
insulator, superconductors and low dimensional material; magnetic dynamics.
Rm. 39-553a | 617-253-0019 | luqiao @ mit . edu

POSTDOCTORAL ASSOCIATE
Hailong Wang, MTL

GRADUATE STUDENTS
Joseph Finley, EECS
Jiahao Han, EECS
Taqiyyah Safi, EECS, NDSEG Fellowship

VISITOR
Hexin Zhou, Fudan University

SUPPORT STAFF
Steven O’Hearn, Administrative Assistant

SELECTED PUBLICATIONS
J. Finley and L. Q. Liu, “Spin-Orbit Torque Efficiency in 
Compensated Ferrimagnetic Cobalt-Terbium Alloys,” 
Physical Review Applied, 6, 054001, 2016.

J. Han, A. Richardella, S. S. Siddiqui, J. Finley, N. Samarth, 
and L. Q. Liu, “Room Temperature Spin-Orbit Torque 
Switching Induced by a Topological Insulator,” [preprint], 
arXiv: 1703.07470, 2017.
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Paulo C. Lozano
R.L. Bisplinghoff Professor
Department of Aeronautics and Astronautics

Ion beams for space micropropulsion and materials processing applications. 
Rm. 37-401 | 617-258-0742 | plozano @ mit . edu

RESEARCH SCIENTISTS
Corey Fucetola, MIT
David Krejci, Vienna University of Technology

GRADUATE STUDENTS
Caroline Bates, AeroAstro, Lincoln Scholar
Alex Bost, AeroAstro
Ximo Cidoncha, AeroAstro, Caixa Fellow
Tom Coles, AeroAstro
Dakota Freeman, AeroAstro
Daniel Getty, AeroAstro
Fernando Mier-Hicks, AeroAstro, Conacyt Fellow
Catherine Miller, AeroAstro, NASA Fellow
Nancy Wu, AeroAstro, Draper Scholar

UNDERGRADUATE STUDENTS
Blake Berk, AeroAstro
Kelly Mathesius, AeroAstro
Diego Mundo, AeroAstro

SUPPORT STAFF
Jean Sofronas, Administrative Assistant

SELECTED PUBLICATIONS
J. Rojas-Herrera, C. Fucetola, D. Krejci, D. Freeman, I. Jiva-
nescu, and P. C. Lozano, “Porous Materials for Ion-Elec-
trospray Spacecraft Micro-Engines,” Nanomechanics 
and Micromechanics, 7(3), 2017.

F. Mier-Hicks and P. C. Lozano, “Spacecraft Charging 
Characteristics Induced by the Operation of Electrospray 
Thrusters,” J. Propulsion and Power, 33(2), 456-467, 2017. 

D. Krejci, F. Mier-Hicks, R. Thomas, T. Haag, and, P. C. 
Lozano, “Emission Characteristics of Passively Fed Elec-
trospray Microthrusters with Propellant Reservoirs,” J. 
Spacecraft and Rockets, 54(2), 447-458, 2017. 

F. Mier-Hicks and P. C. Lozano, “Electrospray Thrusters as 
Fine-Pointing Actuators for Small Satellites,” J. Guidance, 
Control and Dynamics, 40(3), 642-649, 2017.

J. Rojas-Herrera and P. C. Lozano, “Mitigation of Anom-
alous Expansion of Carbon Xerogels and Controllability 
of Mean-Pore-Size by Changes in Mold Geometry,” J. 
Non-Crystalline Solids, 458, 22-27, 2017. 

C. Coffman, F. Higuera, M. Martinez-Sanchez, and P. C. 
Lozano, “Structure of the Menisci of Leaky Dielectric 
Liquids during Electrically-Assisted Evaporation of Ions,” 
Applied Physics Lett., 109, 231602, 2016.

C. Guerra-Garcia, D. Krejci, and P. C. Lozano, “On the 
Spatial Uniformity of an Array of Passively Fed Elec-
trospray Porous Emitters,” J. Physics D: Applied Physics, 
49, 115503, 2016. 

P. C. Lozano, B. L. Wardle, P. Moloney, and S. Rawal, “Nano-
engineered Thrusters for the Next Giant Leap in Space 
Exploration,” Materials Research Society Bulletin, 40, 2015.

C. Perez-Martinez and P. C. Lozano, “Ion Field Evaporation 
from Ionic Liquids Infusing Carbon Xerogel Microtips,” 
Applied Physics Lett., 107, 043501, 2015. 

M. Canonica, B. Wardle, and P. Lozano, “Micro-Patterning 
of Porous Alumina Layers with Aligned Nanopores,” J. 
Micromechanics and Microengineering, 25, 015017, 2015. 

C. Perez-Martinez, J. A. Rojas, and P. C. Lozano, “Alter-
native Emitter Substrates for Ionic Liquid Ion Source 
Implementation in Focused Ion Beams,” Microelectronic 
Engineering, 123, 13-17, 2014. 

D. G. Courtney, H. Li, and P. C. Lozano, “Electrochemical 
Micromachining on Porous Nickel for Arrays of Electro-
spray Ion Emitters,” J. Microelectromechanical Systems, 
22(2), 471-482, 2013. 
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Robert J. Macfarlane
AMAX Career Development Assistant Professor in Materials 
Science and Engineering
Department of Materials Science and Engineering

Hybrid materials constructed at the nanoscale - developing a set of design 
principles for synthesizing new inorganic/organic composites, where nanoscale 
structure can be manipulated to tune the emergent physical properties of a 
bulk material.
Rm. 13-5056 | 617-715-2828 | rmacfarl @ mit . edu

POSTDOCTORAL ASSOCIATE
Jianyuan Zhang, DMSE

GRADUATE STUDENTS
Paul Gabrys, DMSE, NSF Fellow
Josh Kubiak, DMSE (PPSM), NDSEG Fellow
Diana Lewis, Aero Astro, Draper Fellow
PJ Santos, DMSE, NSF Fellow
Leo Zornberg, DMSE, NSF Fellow

UNDERGRADUATE STUDENTS
Ha Dang, DMSE
Megan Diehl, DMSE
Caroline Liu, DMSE
Sara Wilson, DMSE

VISITOR
Prof. Kimberly Stieglitz, Roxbury Community College

SELECTED PUBLICATIONS
J. Zhang, P. J. Santos, P. A. Gabrys, S. Lee, C. Liu, and R. J. 
Macfarlane, “Self-Assembling Nanocomposite Tectons,” 
JACS, 138, 16228-16231, 2016.

M. Wang, S. Seo, P. A. Gabrys, D. Fleischman, B. Lee, Y. Kim, 
H. Atwater, R. J. Macfarlane, and C. A. Mirkin, “Epitaxy: 
Programmable Atom Equivalents Versus Atoms,” ACS 
Nano, 11, 180-185, 2017.



184 Faculty Profiles MTL ANNUAL RESEARCH REPORT 2017

Scott R. Manalis
Viterbi Professor
Departments of Biological and Mechanical Engineering

Development of quantitative and real-time techniques for biomolecular detec-
tion and single cell analysis. We use conventional silicon processing techniques 
to fabricate fluidic devices and exploit the unique physical properties associat-
ed with micro and nanoscale dimensions for developing precision measurement 
methods.
Rm. 76-261 | 617-253-5039 | srm @ mit . edu

POSTDOCTORAL ASSOCIATES
Josephine Bagnall, KI
Robert Kimmerling, KI
Scott Knudsen, BE
Teemu Miettinen, KI
Selim Olcum, KI

GRADUATE STUDENTS
Nigel Chou, BE
Davi da Silva, HST
Bashar Hamza, EECS
Joon Ho Kang, Physics
Clara Park, MechE
Max Stockslager, MechE

UNDERGRADUATE STUDENTS
Jennifer Li, BE
Lucy Yang, BE

RESEARCH SPECIALIST
Kris Payer, MTL

SUPPORT STAFF
Mariann Murray, Administrative Assistant

SELECTED PUBLICATIONS
J. S. Bagnall, S. Byun, D. T. Miyamoto, J. H. Kang, S. 
Maheswaran, S. L. Stott, M. Toner, and S. R. Manalis,  

“Deformability-Based Cell Selection with Downstream 
Immunofluorescence Analysis,” Integrative Biology, 8(5), 
654-64. 2016.

N. Cermak, S. Olcum, F. F. Delgado, S. C. Wasserman, K. 
R. Payer, M. A. Murakami, S. M. Knudsen, R. J. Kimmer-
ling, M. M. Stevens, Y. Kikuchi, A. Sandikci, M. Ogawa, V. 
Agache, F. Baleras, D. M. Weinstock, and S. R. Manalis, 

“High-Throughput Measurement of Single-Cell Growth 
Rates Using Serial Microfluidic Mass Sensor Arrays,” 
Nature Biotechnology, 34(10), 1052-9, 2016.

R. J. Kimmerling, G. L. Szeto, J. W. Li, A. S. Genshaft, S. W. 
Kazer, K. R. Payer, J. D. Borrajo, P. C. Blainey, D. J. Irvine, 
A. K. Shalek, and S. R. Manalis, “A Microfluidic Platform 
Enabling Single-Cell RNA-Seq of Multigenerational Lin-
eages,” Nature Communications, 7, 2016.

M. M. Stevens, C. L. Maire, N. Chou, M. A. Murakami, D. S. 
Knoff, Y. Kikuchi, R. J. Kimmerling, H. Y. Liu, S. Haidar, N. 
L. Calistri, N. Cermak, S. Olcum, N. A. Cordero, A. Idbaih, 
P. Y. Wen, D. M. Weinstock, K. L. Ligon, and S. R. Manalis, 

“Drug Sensitivity of Single Cancer Cells is Predicted By 
Changes in Mass Accumulation Rate,” Nature Biotech-
nology, 34(11), 1161-1167, 2016.

S. Olcum, N. Cermak, S. C. Wasserman, and S. R. Mana-
lis, “High-Speed Multiple-Mode Mass-Sensing Resolves 
Dynamic Nanoscale Mass Distributions,” Nature Com-
munications, vol. 6, 7070, 2015.

S. Byun, V. C. Hecht, and S. R. Manalis, “Characterizing 
Cellular Biophysical Responses to Stress by Relating 
Density, Deformability, and Size,” Biophysical Journal, 
vol. 109, no. 8, 1565-73, 2015. 

S. Olcum, N. Cermak, S. C. Wasserman, K. S. Christine, H. 
Atsumi, K. R. Payer, W. J. Shen, J. C. Lee, A. M. Belcher, S. 
N. Bhatia, and S. R. Manalis, “Weighing Nanoparticles 
in Solution at the Attogram Scale,” PNAS, vol. 111, no. 4, 
1310-5, 2014.

S. Byun, S. Son, D. Amodei, N. Cermak, J. Shaw, J. H. Kang, 
V. C. Hecht, M. M. Winslow, T. Jacks, P. Mallick, and S. R. 
Manalis, “Characterizing Deformability and Surface 
Friction of Cancer Cells,” PNAS, vol. 110, no. 19, 7580-5, 2013.

S. Son, A. Tzur, Y. Weng, P. Jorgensen, J. Kim, M. W. 
Kirschner, and S. R. Manalis, “Direct Observation of 
Mammalian Cell Growth and Size Regulation,” Nature 
Methods, vol. 9, 910-912, 2012.

W. H. Grover, A. K Bryan, M. Diez-Silva, S. Suresh, J. M. 
Higgins, and S. R. Manalis, “Measuring Single-Cell Den-
sity,” PNAS, vol. 108, 10992-6, 2011.

J. Lee, R. Chunara, W. Shen, K. Payer, K. Babcock, T. Burg, 
and S. R. Manalis, “Suspended Microchannel Resonators 
with Piezoresistive Sensors,” Lab on a Chip, vol. 11, 645-
651, 2011.

M. Godin, F. F. Delgado, S. Son, W. H. Grover, A. K. Bryan, 
A. Tzur, P. Jorgensen, K. Payer, A. D. Grossman, M. W. 
Kirschner, and S. R. Manalis, “Using Buoyant Mass to 
Measure the Growth of Single Cells,” Nature Methods, 
vol. 7, 387-391, 2010.
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Jurgen Michel
Senior Research Scientist
Materials Processing Center

Silicon photonics for optical interconnects. Ge epitaxy for detectors, modula-
tor, and lasers. Novel optical designs for concentrator solar cells. High perfor-
mance, Si based, parallel junction photovoltaic cells with thermal management. 
Octave spanning optical frequency comb generation.  
Rm. 13-4110 | 617-253-7091 | jmichel @ mit . edu

RESEARCH SCIENTIST
Bing Wang, SMART

POSTDOCTORAL ASSOCIATE
Ruitao Wen, MPC

GRADUATE STUDENTS
Brian Albert, DMSE
Yiding Lin SMA3
Danhao Ma, DMSE
Brian Pearson, MechE
Gianluca Roscioli, DMSE
Cong Wang, SMA3
Xueying Zhao, DMSE

UNDERGRADUATE STUDENT
Kevin A. Santillan, DMSE

SUPPORT STAFF
Julliana E. Jennings, Administrative Assistant

SELECTED PUBLICATIONS
C. Bao, P. Liao, L. Zhang, Y. Yan, Y. Cao, G. Xie, A. Moha-
jerin-Ariaei, L. Li, M. Ziyadi, A. Almaiman, A. M. Agarwal, 
L.C. Kimerling, J. Michel, and A. E. Willner, “Effect of a 
Breather Soliton in Kerr Frequency Combs on Optical 
Communication Systems,” Opt. Lett., 41, 1764. https://doi.
org/10.1364/OL.41.001764, 2016.

B. Wang, C. Wang, D. A. Kohen, R. I. Made, K. E. K. Lee, 
T. Kim, T. Milakovich, E. A. Fitzgerald, S. F. Yoon, and J. 
Michel, “Direct MOCVD Epitaxy of GaAsP on SiGe virtual 
Substrate without Growth of SiGe,” J. Crystal Growth, 441, 
78, http://dx.doi.org/10.1016/j.jcrysgro.2016.02.011, 2016.

K. H. Lee, S. Bao, B. Wang, C. Wang, S. F. Yoon, J. Michel, 
E. Fitzgerald, and C. S. Tan, “Reduction of Threading 
Dislocation Density in Ge/Si Using a Heavily As-Doped 
Ge Seed Layer,” AIP Advances, 6, 025028, http://dx.doi.
org/10.1063/1.4943218, 2016. 

C. Wang, B. Wang, K. H. Lee, C. S. Tan, S. F. Yoon, and J. 
Michel, “Epitaxy and Characterization of GaInP/AlInP 
Light-Emitting Diodes on As-Doped Ge/Si Substrates,” Opt. 
Express, 24, 23130, http://dx.doi.org/10.1364/OE.24.023129, 
2016. 

Y. Guo, Z. Jafari, A. M. Agarwal, L. C. Kimerling, G. Li, J. 
Michel, and L. Zhang, “Bilayer Dispersion-Flattened Wave-
guides with Four Zero-Dispersion Wavelengths,” Opt. 
Lett., 41, 4939, https://doi.org/10.1364/OL.41.004939, 2016. 

Q. Deng, Q. Yan, L. Liu, X. Li, J. Michel, and Z. Zhou, “Robust 
Polarization-Insensitive Strip-Slot Waveguide Mode Con-
verter Based on Symmetric Multimode Interference,” Opt. 
Express, 24, 7347, https://doi.org/10.1364/OE.24.007347, 2016. 

Q. Deng, L. Liu, X. Li, J. Michel, and Z. Zhou, “Linear-Re-
gression-Based Approach for Loss Extraction from 
Ring Resonators,” Opt. Lett., 41, 4747-4750, https://doi.
org/10.1364/OL.41.004747, 2016. 

C. Monmeyran, I. F. Crowe, R. M. Gwilliam, J. Michel, L. C. 
Kimerling, and A. M. Agarwal, “Strategies for Increased 
Donor Electrical Activity in Germanium (Opto-) Elec-
tronic Materials: A Review,” International Materials 
Reviews, http://dx.doi.org/10.1080/09506608.2016.12612
23, Dec. 2016. 

https://doi.org/10.1364/OL.41.001764
https://doi.org/10.1364/OL.41.001764
http://dx.doi.org/10.1016/j.jcrysgro.2016.02.011
http://dx.doi.org/10.1063/1.4943218
http://dx.doi.org/10.1063/1.4943218
http://dx.doi.org/10.1364/OE.24.023129
https://doi.org/10.1364/OL.41.004939
https://doi.org/10.1364/OE.24.007347
https://doi.org/10.1364/OL.41.004747
https://doi.org/10.1364/OL.41.004747
http://dx.doi.org/10.1080/09506608.2016.1261223
http://dx.doi.org/10.1080/09506608.2016.1261223
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Tomás Palacios
Professor 
Department of Electrical Engineering & Computer Science

Design, fabrication, and characterization of novel electronic devices in wide bandgap 
semiconductors and two dimensional materials; polarization and bandgap engineering; 
transistors for sub-mm wave power and digital applications; new ideas for power con-
version and generation; interaction of biological systems with semiconductor materials 
and devices; large area and ubiquitous electronics based on two dimensional materials. 
Rm. 39-567a | 617-324-2395 | tpalacios @ mit . edu

POSTDOCTORAL ASSOCIATES
Jie Hu, EECS
Amirhasan Nourbakhsh, EECS
Noelia Vico Triviño, EECS

GRADUATE STUDENTS
Nadim Chowdhury, EECS
Marek Hempel, EECS
Sameer Joglekar, DMSE
Yuxuan Lin, EECS
Charles Mackin, EECS
Elaine McVay, EECS
Daniel Piedra, EECS
Robert Radway, EECS
Min Sun, EECS
Lili Yu, EECS
Mengyang Yuan, EECS
Xu Zhang, EECS
Yuhao Zhang, EECS
Ahmad Zubair, EECS

UNDERGRADUATE STUDENTS
Jitesh Maiyuran, EECS
Ayrton Munoz, EECS
Ertem Nusret Tas, EECS

SUPPORT STAFF
Joseph Baylon, Administrative Assistant
Jami Hinds, Administrative Assistant

SELECTED PUBLICATIONS
L. Zhou, A. Zubair, Z. Wang, X. Zhang, F. Ouyang, K. Xu, 
W. Fang, K. Ueno, J. Li, T. Palacios, M. S. Dresselhaus, and 
J. Kong, “Synthesis of High-Quality Large-Area Homog-
enous 1T’ MoTe2 from Chemical Vapor Deposition,” Adv. 
Materials, 28, 43, 9526-9531, Sep. 2016.

Y. Zhang, D. Piedra, M. Sun, J. Hennig, A. Dadgar, L. Yu, 
and T. Palacios, “High-Performance 500 V Quasi- and 
Fully-Vertical GaN-on-Si pn Diodes,” IEEE Electron Device 
Lett., vol. 38, no. 2, Feb. 2017. 

Y. Zhang, M. Sun, Z. Liu, D. Piedra, M. Pan, X. Gao, Y. Lin, 
A. Zubair, L. Yu, and T. Palacios, “Novel GaN Trench MIS 
Schottky Barrier Diodes with Field Rings,” Proc. of 2016 
International Electron Devices Meeting, 10.2, Dec. 2016. 

L. Yu, D. EI-Damak, U. Radhakrishna, A. Zubair, D. Piedra, 
X. Ling, Y. Lin, Y. Zhang, Y. H. Lee, D. A. Antoniadis, J. Kong, 
A. P. Chandrakasan, and T. Palacios, “High-Yield Large 
Area MoS2 Technology: Material, Device and Circuits 
Co-Optimization,” Proc. of 2016 International Electron 
Devices Meeting, 5.7, Dec. 2016.

L. Yu, D. EI-Damak, U. Radhakrishna, X. Ling, A. Zubair, 
Y. Lin, Y. Zhang, M. H. Chuang, Y. H. Lee, D. A. Antoniadis, 
J. Kong, A. P. Chandrakasan, and T. Palacios, “Design, 
Modeling and Fabrication of CVD Grown MoS2 Circuits 
with E-Mode FETs for Large-Area Electronics,” Nano Lett., 
vol. 16, no. 10, Sep. 2016.

A. Nourbakhsh, A. Zubair, R. N. Sajjad, A. Tavakkoli, W. 
Chen, S. Fang, and T. Palacios, “MoS2 Field-Effect Tran-
sistor with Sub-10 nm Channel Length,” Nano Lett., vol. 
16, no. 12, 7798–7806, Nov. 2016.

A. Nourbakhsh, A. Zubair, M. S. Dresselhaus, and T. Pala-
cios, “Transport Properties of a MoS2/WSe2 Heterojunc-
tion Transistor and its Potential for Application,” Nano 
Lett., 16, 2, 1359–1366, Jan. 2016.

S. Joglekar, C. Lian, R. Baskaran, Y. Zhang, T. Palacios, 
and A. Hanson, “Finite Element Analysis of Fabrication- 
and Operation-Induced Mechanical Stress in AlGaN/
GaN Transistors,” IEEE Transactions on Semi-conductor 
Manufacturing, vol. 29, no. 4, 349, Aug. 2016.

C. Mackin and T. Palacios, “Large-Scale Sensor Systems 
Based on Graphene Electrolyte-Gated Field-Effect Tran-
sistors,” Analyst, vol. 141, no. 9, 2704-2711, Jan. 2016.

M. Soltani, R. Soref, T. Palacios, and D. Englund, “AlGaN/
AlN Integrated Photonics Platform for Ultraviolet and 
Visible Spectral Range,” Optics Express, vol. 24, no. 22, 
25415-25423, Oct. 2016. 

S. Joglekar, M. Azize, M. Beeler, E. Monroy, and T. Palacios, 
“Impact of Recess Etching and Surface Treatments on 
Ohmic Contacts Regrown by Molecular-Beam Epitaxy for 
Algan/Gan High Electron Mobility Transistors,” Applied 
Physics Lett., vol. 109, no. 4, Jul. 2016.

P. Srivastava, S.W. Chung, D. Piedra, H.-S. Lee, and T. 
Palacios, “GaN High Electron Mobility Transistor Track-
and-Hold Sampling Circuit with over 100-dB Signal-to-
Noise Ratio,” IEEE Electron Device Lett., vol. 37, no. 10, 
1314-1317, Aug. 2016.
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Rajeev J. Ram
Professor, MacVicar Faculty Fellow 
Department of Electrical Engineering & Computer Science

Photonic devices and systems for applications ranging from CMOS inte-
gration for high-performance computing and communications to nano- and 
microfluidic systems for molecular and cellular biophysics to fundamental 
performance limits of photonic devices including quantum-limited sensing and 
ultra-high efficiency LEDs. 
Rm. 36-491 | 617-253-4182 | rajeev @ mit . edu

RESEARCH SCIENTIST
Amir Atabaki, EECS

POSTDOCTORAL ASSOCIATE
William Herrington, EECS

GRADUATE STUDENTS
Neerja Aggarwal, EECS
Ningren Han, EECS
Jaehwan Kim, EECS, Kwangeong Fellowship
Danielus Kramnik, EECS
Zheng Li, DMSE
Huaiyu Meng, EECS
Gavin West, EECS, NSF Fellow
Jin Xue, EECS, A*STAR Fellow

UNDERGRADUATE STUDENT
Ebrahim Al Johani, EECS

VISITOR
Marc Cea de la Falco, U. Poly. Barcelona

SUPPORT STAFF
Shayne Fernandes, Administrative Assistant

SELECTED PUBLICATIONS
S. Moazeni et al., “29.3 A 40Gb/s PAM-4 Transmitter Based 
on a Ring-Resonator Optical DAC in 45nm SOI CMOS,” 2017 
IEEE International Solid-State Circuits Conference (ISSCC), 
486-487, San Francisco, CA, 2017.

A. H. Atabaki, H. Meng, L. Alloatti, K. K. Mehta, and R. J. 
Ram, “High-Speed Polysilicon CMOS Photodetector for 
Telecom and Datacom,” Applied Physics Lett., 2016.

K. K. Mehta, C. D. Bruzewicz, R. McConnell, R. J. Ram, J. M. 
Sage, and J. Chiaverini, “Integrated Optical Addressing of 
an Ion Qubit,” Nature Nanotechnology, online Aug. 8, 2016.

P. Perez-Pinera, N. Han, S. Cleto, J. Cao, O. Purcell, K. A. 
Shah, K. Lee, R. J. Ram, and T. K. Lu, “Synthetic Biol-
ogy and Microbioreactor Platforms for Programmable 
Production of Biologics at The Point-of-Care,” Nature 
Communications, 2016/07/29.

L. Alloatti and R. J. Ram, “Infrared Vertically-Illuminated 
Photodiode for Chip Alignment Feedback,” AIP Advances, 
6, 085219, 2016.

E. Ye, A. H. Atabaki, N. Han, and R. J. Ram, “Miniature, 
Sub-Nanometer Resolution Talbot Spectrometer,” Opt. 
Lett., 41, 2434-2437, 2016.

https://scholar.google.com/scholar?oi=bibs&cluster=4773765420853500403&btnI=1&hl=en
https://scholar.google.com/scholar?oi=bibs&cluster=4773765420853500403&btnI=1&hl=en
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Michael P. Short
Assistant Professor
Department of Nuclear Science and Engineering

Direct quantification of radiation and material damage by stored energy 
fingerprints. Non-contact, non-destructive picosecond ultrasonic materi-
al diagonstics. Fouling resistant material development from lab to industrial 
scales. Multimetallic layered composite (MMLC) design for advanced nuclear 
reactors. Radiation effects in solid matter.
Rm. 24-204 | 617-347-7763 | hereiam @ mit . edu 

POSTDOCTORAL ASSOCIATES
Penghui Cao
Kangpyo So (co-advised with Ju Li)

GRADUATE STUDENTS
Max Carlson, NSE, NSF Fellow
Rachel Connick, NSE (co-advised with R. Scott Kemp)
Cody Dennett, NSE, NSF, SSGF Fellow (joint with DMSE)
Ittinop Dumnernchanvanit, NSE
Andrew Dykhuis, NSE
Alicia Elliott, NSE
Sara Ferry, NSE
Charles Hirst, NSE
Miaomiao Jin, NSE
Samuel McAlpine, NSE
Weiyue Zhou, NSE

UNDERGRADUATE STUDENTS
Logan Abel, NSE, SuperUROP
Rasheed Auguste, NSE, SuperUROP
Ki-Jana Carter, NSE
Hadrick Green, NSE
Rossana Iturbide, NSE
Sean Lowder, NSE
Daniel Schumaker, NSE
Natasha Skowronski, NSE

SUPPORT STAFF
Rachel Batista, Administrative Assistant

SELECTED PUBLICATIONS
C. A. Dennett and M. P. Short. “Time-Resolved, Dual 
Heterodyne Phase Collection Transient Grating Spec-
troscopy,” Appl. Phys. Lett. 110(21), 2017.

M. Jin and M. P. Short, “Multiphysics Modeling of Two-
Phase Film Boiling within Porous Corrosion Deposits,” 
Comp. Phys., 316:504-518, 2016. 

M. P. Short, D. R. Gaston, M. Jin, L. Shao, and F. A. Garner, 
“Modeling Injected Interstitial Effects on Void Swell-
ing in Self-Ion Irradiation Experiments,” J. Nucl. Mater., 
471(1):200-207, 2016. 

C. A. Dennett, P. Cao, S. E. Ferry, A. Vega-Flick, A. A. Maznev, 
A. T. Nelson, A. G. Every, and M. P. Short, “Bridging the Gap 
to Mesoscale Radiation Materials Science with Transient 
Grating Spectroscopy,” Phys. Rev. B, 94:214106, 2016. 

X. Gong, R. Li, M. Sun, Q. Ren, T. Liu, and M. P. Short, 
“Opportunities for the LWR ATF Materials Development 
Program to Contribute to the LBE-Cooled ADS Materials 
Qualification Program,” J. Nucl. Mater., 482:218-228, 2016. 

Y. Li, Y. Yang, M. P. Short, Z. Ding, and Z. Zeng, J. Li, “Ion 
Radiation Albedo Effect: Influence of Surface Roughness 
on Ion Implantation and Sputtering of Materials,” Nucl. 
Fusion, 57(1):16038, 2016.

M. Carlson, K. Yau, R. Simpson, and M. P. Short, “Con-
ceptual Design of a Pick-and-Place 3-D Nanoprinter for 
Materials Synthesis,” 3DP+, 2(3):123-130, 2015. 

M. P. Short and S. Yip, “Materials Aging at the Meso-
scale: Kinetics of Thermal, Stress, Radiation Activations,” 
COSSMS, 19(4):245-252, 2015. 

M. P. Short, C. A. Dennett, S. E. Ferry, Y. Yang, V. Mishra, J. 
K. Eliason, A. Vega-Flick, A. A. Maznev, and K. A. Nelson, 

“Applications of Transient Grating Spectroscopy to Radi-
ation Materials Science,” JOM, 67(8):1840-1848, 2015. 

O. V. Emelyanova, P. S. Dzhumaev, V. L. Yakushin, B. A. 
Kalin, M. G. Ganchenkova, A. T. Khein, M. V. Leontye-
va-Smirnova, R. Z. Valiev, N. A. Enikeev, L. Shao, E. Aydo-
gan, M. P. Short, and F. A. Garner, “Surface Modification 
of Low Activation Ferritic–Martensitic Steel EK-181 
(Rusfer) by High Temperature Pulsed Plasma Flows,” 
Nucl. Instrum. Meth. B, 365(A):218-221, 2015. 

Y. Li, Y. Yang, M. P. Short, Z. Ding, and Z. Zeng, J. Li, “IM3D: 
A Parallel Monte Carlo Code for Efficient Simulations of 
Primary Radiation Displacements and Damage in 3D 
Geometry,” Sci. Rep., 5:18130, 2015. 

D. R. Gaston, C. Permann, J. W. Peterson, A. E. Slaughter, 
D. Andrš, Y. Wang, M. P. Short, D. M. Perez, M. R. Tonks, J. 
Ortensi, L. Zou, and C. Martineau, “Physics-Based Multi-
scale Coupling for Full Core Nuclear Reactor Simulation,” 
Ann. Nucl. Ener., 84:45-54, 2015. 

S. Yip, M. P. Short, “Multiscale Materials Modelling at the 
Mesoscale,” Nat. Mater., 12:774-777, 2013. 
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Max M. Shulaker
Assistant Professor  
Emanuel E. Landsman Career Development Chair 
Department of Electrical Engineering & Computer Science

Emerging nanotechnologies for energy-efficient electronics. Novel integration for heterog-
enous technologies, such as computation immersed in memory, sensing, and monolithic 3-D 
integration. Nanosystems (leveraging the unique properties of emerging nanotechnologies and 
nanodevices to create new systems and architectures with improved performance & enhanced 
functionality). Experimental demonstrations of VLSI carbon nanotube-based electronic systems.
Rm. 39-567b | 617-324-2730 | shulaker @ mit . edu

GRADUATE STUDENTS
Mindy Bishop, HST
Tathagata Srimani, EECS

UNDERGRADUATE STUDENTS
Helmuth Naumer, EECS
Kade Phillips, EECS

SUPPORT STAFF
Joseph Baylon, Administrative Asstistant

SELECTED PUBLICATIONS
M. Shulaker, et. al., “3D NanoSystem Integrated Hetero-
geneous Nanotechnologies for Computation Immersed 
in Memory,” [in press], 2017.

T. Srimani, et. al., “Improving VLSI System Energy Effi-
ciency by Optimizing Nanotechnology Design and Fabri-
cation: A Case-Study with Carbon Nanotube Field-Effect 
Transistors,” [in press], 2017.
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Charles G. Sodini
LeBel Professor 
Department of Electrical Engineering and Computer Science

Electronics and integrated circuit design and technology. Specifically, his re-
search involves technology intensive integrated circuit and systems design, with 
application toward medical electronic devices for personal monitoring of clini-
cally relevant physiological signals.
Rm. 39-527b | 617-253-4938 | sodini @ mtl . mit . edu

COLLABORATORS
Jeff Ashe, GE
Dennis Buss, Texas Instruments
Sam Fuller, Analog Devices, Inc.
Tom O’ Dwyer, Analog Devices, Inc.

GRADUATE STUDENTS
Grant Anderson, EECS
Margaret Delano, EECS
Sidney R. Primus, EECS
Joohyun Seo, EECS
Jason Yang, EECS

SUPPORT STAFF
Joanna MacIver, Administrative Assistant

SELECTED PUBLICATIONS
E. S. Winokur, T. O’Dwyer, and C. G. Sodini, “A Low-Power, 
Dual-Wavelength Photoplethysmogram (PPG) SoC with 
Static and Time-Varying Interferer Removal,” IEEE Trans-
actions on Biomedical Circuits and Systems, 581-589, Aug. 
2015.

J. Seo, S. Pietrangelo, H.-S. Lee, and C. G. Sodini, “Nonin-
vasive Arterial Blood Pressure Waveform Monitoring 
using Two-Element Ultrasound System,” Ultrasonics, IEEE 
Transactions on Ferroelectrics, and Frequency Control, 
776-784, Sep. 2015

D. He, E. S. Winokur, and C. G. Sodini, “An Ear-Worn Vital 
Signs Monitor,” IEEE Transactions on Biomedical Engi-
neering, 2547-2552, Nov. 2015.

K. Chen, H.-S. Lee, and C. G. Sodini, “A Column-Row-Paral-
lel ASIC Architecture for 3-D Portable Medical Ultrasonic 
Imaging, “IEEE J. Solid State Circuits, 738-751, Mar. 2016. 

B. G. Do Valle, S. S. Cash, and C. G. Sodini, “Low-Power 
8-Channel Recorder and Seizure Detector ASIC for a 
Subdermal Implantable System,” IEEE Transactions on 
Biomedical Circuits and Systems, vol. 10, no. 6, 1058-1067, 
Dec. 2016.



MTL ANNUAL RESEARCH REPORT 2017 Faculty Profiles 191

Vivienne Sze
Assistant Professor
Electrical Engineering and Computer Science

Joint design of signal processing algorithms, architectures, VLSI and systems 
for energy-efficient implementations.  Applications include computer vision, 
machine learning, image processing and video coding.
Rm. 38-260 | 617-324-7352 | sze @ mit . edu

GRADUATE STUDENTS
Yu-Hsin Chen, EECS (co-advised with Joel Emer)
Hsin-Yu Lai, EECS
James Noraky, EECS
Gladynel Saavedra Pena, EECS
Amr Suleiman, EECS, ODGE Fellowship
Mehul Tikekar, EECS (co-supervised with Anantha 

Chandrakasan)
Tien-Ju Yang, EECS
Zhengdong Zhang, EECS

UNDERGRADUATE STUDENTS
Kevin Chan, EECS
Collin Fijalkovich, EECS
Valerie Sarge, EECS
Diana Wofk, EECS

SUPPORT STAFF
Janice L. Balzer, Administrative Assistant

SELECTED PUBLICATIONS
Y.-H. Chen, J. Emer, and V. Sze, “Using Dataflow to Optimize 
Energy Efficiency of Deep Neural Network Accelerators,” 
IEEE Micro’s Top Picks from the Computer Architecture 
Conferences, May/Jun. 2017.

A. Suleiman*, Y.-H. Chen*, J. Emer, and V. Sze, “Towards 
Closing the Energy Gap between HOG and CNN Features 
for Embedded Vision,” IEEE International Symposium of 
Circuits and Systems (ISCAS), Invited Paper, May 2017. 

V. Sze, Y.-H. Chen, J. Emer, A. Suleiman, and Z. Zhang, 
“Hardware for Machine Learning: Challenges and Oppor-
tunities,” IEEE Custom Integrated Circuits Conference 
(CICC), Invited Paper, May 2017. 

A. Suleiman, Z. Zhang, and V. Sze, “A 58.6mW 30fps Real-
Time Programmable Multi-Object Detection Accelerator 
with Deformable Parts Models on Full HD 1920×1080 
Videos,” IEEE J. Solid State Circuits (JSSC), vol. 52, no. 3, 
844-855, Mar. 2017. 

Y.-H. Chen, T. Krishna, J. Emer, and V. Sze, “Eyeriss: An 
Energy-Efficient Reconfigurable Accelerator for Deep 
Convolutional Neural Networks,” IEEE J. Solid State Cir-
cuits (JSSC), ISSCC Special Issue, vol. 52, no. 1, 127-138, 
Jan. 2017. 

A. Suleiman, Z. Zhang, and V. Sze, “A 58.6mW Real-
Time Programmable Object Detector with Multi-Scale 
Multi-Object Support Using Deformable Parts Model on 
1920x1080 Video at 30fps,” Symposium on VLSI, Jun. 2016.

Y.-H. Chen, J. Emer, and V. Sze, “Eyeriss: A Spatial Archi-
tecture for Energy-Efficient Dataflow for Convolutional 
Neural Networks,” International Symposium on Computer 
Architecture (ISCA), Jun. 2016.

Y.-H. Chen, T. Krishna, J. Emer, and V. Sze, “Eyeriss: An 
Energy-Efficient Reconfigurable Accelerator for Deep 
Convolutional Neural Networks,” IEEE International Con-
ference on Solid-State Circuits (ISSCC), 262-264, Feb. 2016.
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Carl V. Thompson
Stavros Salapatas Professor of Materials Science and Engineering
Department of Materials Science & Engineering

Processing and property optimization of thin films and nanostructures for ap-
plications in electronic, microelectromechanical, and electrochemical devices 
and systems. Interconnect and device reliability.
Rm. 13-5069 | 617-253-7652 | cthomp @ mit. edu

POSTDOCTORAL ASSOCIATES
Riko I. Made, SMART
Daniele Perego, SMART
Wardhana Sasangka, SMART
Lin Thu Ye, SMART

GRADUATE STUDENTS
Thomas Batcho, DMSE
Jinghui, Miao, DMSE
Yoon Ah Shin, DMSE
Govindo Syaranamual, SMA3 Fellow, NTU
Lin Xu, DMSE
Gao Yu, SMA3 Fellow, NTU
Wen Zheng, DMSE

VISITORS
Ahmed Alamoudi, University of Waterloo
Seong-Ho Baek, Daegu Gyeongbuk Institute of Science 

& Technology
Berke Piskin, Middle East Technical University

SUPPORT STAFF
Kathleen Fitzgerald, Administrative Assistant

SELECTED PUBLICATIONS
A. Al-Obeidi, D. Kramer, R. Moenig, and C. V. Thompson, 

“Mechanical Stresses and Crystallization of Lithium 
Phosphorous Oxynitride-Coated Germanium Electrodes 
during Lithiation and Delithiation,” J. Power Sources, vol.  
306, 817-825, 2016.

D. G. Kwabi, V. S. Bryantsev, T. P. Batcho, D. M. Itkis, C. V. 
Thompson, and Y. Shao-Horn, “Experimental and Com-
putational Analysis of the Solvent-Dependent O2/Li+-O2- 
Redox Couple: Standard Potentials, Coupling Strength, 
and Implications for Lithium–Oxygen Batteries,” Ange-
wandte Chemie, vol. 128, 3181, 2016.

R. V. Zucker, W. C. Carter, and C. V. Thompson, “Power-Law 
Scaling Regimes for Solid-State Dewetting of Thin Films,” 
Scripta Materialia, vol. 116, 143-145, 2016.

D. G. Kwabi, M. Tulodziecki, N. Pour, D. M. Itkis, C. V. 
Thompson, and Y. Shao-Horn, “Controlling Solution-Me-
diated Reaction Mechanisms of Oxygen Reduction using 
Potential and Solvent for Aprotic Lithium-Oxygen Bat-
teries,” J. Phys. Chem. Lett., vol. 7, 1204-1212, 2016.

R. V. Zucker, G. H. Kim, J. Ye, W. C. Carter, and C. V. 
Thompson, “The Mechanism of Corner Instabilities in 
Single-Crystal Thin Films during Dewetting,” J. Applied. 
Physics, vol. 119, 125306, 2016. 

S. Y. Sayed, K. P. C. Yao, D. G. Kwabi, T. P. Batcho, C. V. 
Amanchukwu, S. Fengs, C. V. Thompson, and Y. Shao-Horn, 

“Revealing Instability and Irreversibility in Nonaqueous 
Sodium-O2 Battery Chemistry,” Chemical Communica-
tions, vol. 52, 9691-9694, 2016.

G. J. Syaranamual, W. A. Sasangka, R. I. Madea, S. Arul-
kumaran, G. I. Nga, S. C. Foo, C. L. Gan, and C. V. Thomp-
son, “Role of Two-Dimensional Electron Gas (2DEG) in 
Algan/Gan High Electron Mobility Transistor (HEMT) 
ON-State Degradation,” Microelectronics Reliability, vol. 
64, 589-593, 2016.

A. Al-Obeidi, D. Kramer, S. T. Boles, R. Mönig, and C. V. 
Thompson, “Mechanical Measurements on Lithium Phos-
phorous Oxynitride Coated Silicon Thin Film Electrodes 
for Lithium-Ion Batteries during Lithiation and Delithi-
ation,” Applied Physics Lett., vol. 109, 071902, 2016. 

G. H. Kim, W. Ma, B. Yildiz, and C. V. Thompson, “Effect 
of Annealing Ambient on Anisotropic Retraction of Film 
Edges during Solid-State Dewetting of Thin Single Crystal 
Films,” J. Applied Physics, vol. 120, 075306, 2016.

D. Kwabi, T. P. Batcho, S. Feng, L. Giordano, C. V. Thompson,  
and Y. Shao-Horn, “The Effect of Water on Discharge 
Product Growth and Chemistry in Li-O2 Batteries,” Chem. 
Phys. Phys. Chem., vol. 14, 24944-2495, 2016.

W. A. Sasangka, G. J. Syaranamual, R. I. Made, C. L. Gan, 
and C. V. Thompson, “Threading Dislocation Movement 
in AlGaN/GaN-on-Si High Electron Mobility Transistors 
under High Temperature Reverse Bias Stressing,” AIP 
Advances, vol. 6, 095102, 2016.

S. C. Tan, H. Zhao, and C. V. Thompson, “Fabrication of 
High Aspect Ratio AFM Probes with Different Materials 
Inspired by TEM “Lift-Out” Method,” J. Vacuum Science 
& Technology, B, vol. 34(5), 051805, 2016.

W. Zheng, Q. Cheng, D. Wang, and C.V. Thompson, 
“High-Performance Solid-State On-Chip Supercapacitors 
Based on Si Nanowires Coated with Ruthenium Oxide 
via Atomic Layer Deposition,” J. Power Sources, vol. 341, 
1-10, 2017.
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Harry L. Tuller
Professor
Department of Materials Science and Engineering

Energy related materials, solid oxide fuel cells, transparent conductive oxides, 
resonant and chemoresistive sensors, thin film transistors, memory devices.
Rm. 13-3126 | 617-253-6890 | tuller @ mit . edu

POSTDOCTORAL ASSOCIATES
Dima Kalaev, MPC
Clement Nicollet, MPC

GRADUATE STUDENTS
Michael Campion, DMSE
Thomas Defferriere, DMSE
Changsub Kim, DMSE
Sunho Kim, DMSE
Jian Wang, Xi’an Jiaotong University, DMSE

VISITORS
Alexis Grimaud, CNRS Paris
Nicola Perry, Kyushu University
Jonathan Polfus, SINTEF, Oslo

SUPPORT STAFF
Elisabeth Anderson, Administrative Assistant

SELECTED PUBLICATIONS
S.-J. Choi, S.-J. Kim, H.-J. Cho, J.-S. Jang, Y.-M. Lin, H. L. 
Tuller, G. C. Rutledge, and I.-D. Kim, “WO3 Nanofiber-Based 
Biomarker Detectors Enabled by Protein-Encapsulated 
Catalyst Self-Assembled on Polystyrene Colloid Tem-
plates,” Small, 12, 7, 911-920, 2016.

M. Moors, K. K. Adepalli, Q. Lu, A. Wedig, C. Bäumer, K. 
Skaja, B. Arndt, H. L. Tuller, R. Dittmann, R. Waser, B. 
Yildiz, and I. Valov, “Investigating Resistive Switching 
Phenomena on TaOx And SrRuO3 Thin Film Surfaces 
with Scanning Tunneling Microscopy,” ACS Nano, 10, 1, 
1481-1492, 2016.

S.-J. Kim, S.-J.Choi, J.-S. Jang, N.-H. Kim, M. Hakim, H. L. 
Tuller, and I.-D. Kim, “Mesoporous WO3 Nanofibers with 
Protein Templated Nanoscale Catalysts for Detection 
of Trace Biomarkers in Exhaled Breath,” ACS Nano, 10, 
6, 5891–5899, 2016. 

S.-J. Choi, S. Chattopadhyay, J. J. Kim, S.-J. Kim, H. L. Tuller, 
G. C. Rutledge, and I.-D. Kim, “Coaxial Electrospinning 
of WO3 Nanotubes Functionalized with Bio-Inspired Pd 
Catalyst and Their Superior Hydrogen Sensing Perfor-
mance,” Nanoscale, 8, 9159-9166, 2016.

J. Sheth, D. Chen, W. J. Bowman, P. Crozier, H. L. Tuller, 
S. T. Misture, S. Zdzieszynski, B. W. Sheldon, and S. R. 
Bishop, “Coupling of Strain, Stress, and Oxygen Non-Stoi-
chiometry in Thin Film Pr0.1Ce0.9O2-,” Nanoscale, 8, 
16499-16510, 2016. 

K. Mukherjee, Y. Hayamizu, C. S. Kim, L. Kolchina, G. Mazo, 
S. Y. Istomin, S. R. Bishop, and H. L. Tuller, “Praseodymium 
Cuprate Thin Film Cathodes for Intermediate Tempera-
ture Solid Oxide Fuel Cells: Roles of Doping, Orientation, 
and Crystal Structure,” ACS Appl. Mater. Interfaces, 8, 
34295-34302, 2016.

W.-T. Koo, S.-J. Choi, S.-J. Kim, J.-S. Jang, H. L. Tuller, and 
I.-D. Kim, “Heterogeneous Sensitization of Metal-Or-
ganic Framework Driven Metal@Metal Oxide Complex 
Catalysts on Oxide Nanofiber Scaffold Toward Superior 
Gas Sensors,” J. Am. Chem. Soc., 138, 40, 13431-13437, 2016.

M. S. Barbosa, P. H. Suman, J. J. Kim, H. L. Tuller, J. A. 
Varela, and M. O. Orlandi, “Gas Sensor Response of Ag- 
And Pd-Decorated SnO Micro-Disks to NO2, H2 and CO: 
Catalyst Enhanced Sensitivity and Selectivity,” Sensors 
and Actuators, B, 239, 253-261, 2017.

T. Goto, D. H. Kim, X. Sun, M. C. Onbasli, J. M. Florez, S. 
P. Ong, P. Vargas, K. Ackland, P. Stamenov, N.M Aimon, 
M. Inoue, H. L. Tuller, G. F. Dionne, J.M.D. Coey, and C.A. 
Ross, “Magnetism and Faraday Rotation in Oxygen Defi-
cient Polycrystalline and Single-Crystal Iron-Substituted 
Strontium Titanate,” Physical Review Applied, 7, 2, 024006, 
Feb. 2017.

C. S. Kim, S. R. Bishop, and H. L. Tuller, “Electro-che-
mo-mechanical Studies of Perovskite-Structured Mixed 
Ionic-Electronic Conducting SrSn1-xFexO3-x/2+ Part I: 
Defect Chemistry,” J. Electroceram, 38, 74-80, 2017.

H. L. Tuller, “Solar to Fuels Conversion Technologies 
– A Perspective,” Mater Renew Sustain Energy, 6:3, 16, 
doi:10.1007/s40243-017-0088-2, 2017.

J. J. Kim, S. R. Bishop, D. Chen, and H. L. Tuller, “Defect 
Chemistry of Pr Doped Ceria Thin Films Investigated 
by in situ Optical and Impedance Measurements,” Chem. 
Mat., 29, 5, 1999-2007, 2017. 

K. K. Adepalli, J. Yang, J. Maier, H. L. Tuller, and B. Yildiz, 
“Tunable Oxygen Diffusion and Electronic Conduction 
in SrTiO3 by Dislocation-Induced Space Charge Fields,” 
Adv. Funct. Mater., 1700243, 2017.
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Luis Fernando Velásquez-García
Principal Research Scientist
Microsystems Technology Laboratories

Micro- and nano-enabled multiplexed scaled-down systems for space, energy, healthcare, 
manufacturing, and analytical applications. Additively manufactured micro and nanosystems. 
Carbon nanotubes; electrospray, electrospinning, field emission, field ionization, plasmas, 
X-rays; vacuum pumps, electrical and chemical nanosatellite propulsion, plasma sensors, por-
table mass spectrometry, 3-D MEMS packaging, x-ray sources, tactile displays and sensors.
Rm. 39-415b | 617-253-0730 | lfvelasq @ mit . edu

POSTDOCTORAL ASSOCIATES
Anirban Basu, MTL
Erika García Lopez, MTL
Daniel Olvera Trejo, MTL
Ran Wang, MTL

GRADUATE STUDENTS
Ashley L. Beckwith, MechE
Yosef S. Kornbluth, MechE
Zhumei Sun, MechE

VISITORS
Frank Boehm, Critical Flow Technologies
Anthony Taylor, Edwards Vacuum

SUPPORT STAFF
Valerie DiNardo, Administrative Assistant

SELECTED PUBLICATIONS
A. P. Taylor and L. F. Velásquez-García, “3-D Printed Minia-
turized Diaphragm Vacuum Pump,” Technical Digest 30th 
IEEE Conference on Micro Electro Mechanical Systems 
(MEMS 2017), Las Vegas, NV, 1292-1295, Jan. 22 - 26, 2017.  

C. Livermore and L.F. Velásquez-García, “Editorial:  
Selected Papers from the 15th International Conference 
on Micro and Nanotechnology for Power Generation and 
Energy Conversion Applications (PowerMEMS 2015),” J. 
Micromechanics and Microengineering, vol. 26, no. 12, 
124003, 1, 2016.

A. Basu and L. F. Velásquez-García, “Electrostatic Ion 
Pump with Nanostructured Si Field Emission Electron 
Source and Ti Particle Collectors for Supporting Ultra-
High Vacuum in Miniaturized Atom Interferometry 
Systems,” J. Micromechanics and Microengineering, vol. 
26, no. 12, 124003, 10, 2016.

D. Olvera-Trejo and L. F. Velásquez-García, “Additively 
Manufactured MEMS Multiplexed Coaxial Electrospray 
Sources for High-Throughput, Uniform Generation of 
Core-Shell Microparticles,” Lab on a Chip, vol. 16, no. 21, 
4121-4132, 2016.

D. Olvera Trejo and L. F. Velásquez-García, “SLA 3-D 
Printed MEMS Coaxial Electrospray Sources for Uni-
form Generation of Core-Shell Microparticles,” Technical 
Digest 17th Solid-State Sensor, Actuator and Microsystems 
Workshop, Hilton Head Island, SC, 176-179, Jun. 5 - 9, 2016.

P. J. Ponce de Leon and L. F. Velásquez-García, “Optimiza-
tion of Capillary Flow through Open-Microchannel and 
Open-Micropillar Arrays,” J. Physics D – Applied Physics, 
vol. 49, no. 5, 055501, 13, 2016.

L. F. Velásquez-García, “SLA 3D-Printed Arrays of Minia-
turized, Internally-Fed, Polymer Electrospray Emitters,” 
J. Microelectromechanical Systems, vol. 24, no. 6, 2117-2127, 
2015.

A. P. Taylor and L. F. Velásquez-García, “Electrospray-Printed 
Nanostructured Graphene Oxide Gas Sensors,” Nanotech-
nology, vol. 26, no. 50, 505301, 8, 2015.

A. P. Taylor and L. F. Velásquez-García, “Microwatt-Pow-
ered, Low-Cost, Printed Graphene Oxide Humidity Sensor 
for Distributed Sensor Networks,” 15th International 
Conference on Micro and Nanotechnology for Power 
Generation and Energy Conversion Applications (Power-
MEMS 2015), J. Physics Conference Series, vol. 660, 012134, 
5, Boston, MA, Dec. 1-4, 2015.

F. A. Hill and L. F. Velásquez-García, “Advances In Vertical 
Solid-State Current Limiters for Regulation of High-Cur-
rent Field Emitter Arrays,” 15th International Conference 
on Micro and Nanotechnology for Power Generation 
and Energy Conversion Applications (PowerMEMS 2015), 
J. Physics Conference Series, vol. 660, 012037, 5, Boston, 
MA, Dec. 1-4, 2015.

A. Basu, M. A. Perez, and L. F. Velásquez-García, “Minia-
turized, Electrostatic, High-Vacuum Ion Pump using a 
Nanostructured Field Emission Electron Source,” 15th 
International Conference on Micro and Nanotechnology 
for Power Generation and Energy Conversion Applications 
(PowerMEMS 2015), J. Physics Conference Series, vol. 660, 
012027, 5, Boston, MA, Dec. 1-4, 2015.
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Joel Voldman
Professor 
Department of Electrical Engineering & Computer Science

Microtechnology for basic cell biology, applied cell biology, neuroscience, and 
human health.
Rm. 36-824 | 617-253-2094 | voldman @ mit . edu

POSTDOCTORAL ASSOCIATES
Samira Hosseini

GRADUATE STUDENTS
Nicha Apichitsopa, EECS
Alex Jaffe, EECS
Lisa Liu, EECS
Boying Meng, EECS
Sarvesh Varma, EECS
Dan Wu, MechE

UNDERGRADUATE STUDENTS
Lorenzo Vigano, EECS 

VISITORS
Jose Eric Ortiz Castillo, Tecnológico de Monterrey
Diego Rios Aguirre, Tecnológico de Monterrey

SUPPORT STAFF
Chadwick Collins, Administrative Assistant

SELECTED PUBLICATIONS
S. Varma, A. Fendyur, A. Box, and J. Voldman, “Multiplexed 
Cell-Based Sensors for Assessing the Impact of Engi-
neered Systems and Methods on Cell Health,” Analytical 
Chemistry, vol. 89, 4663-4670, 2017.

R. Yuan, H. Su, J. Lee, E. Levy, Y. Fink, and J. Voldman, 
“Fiber Microfluidics: Complex, Multimaterial Microchan-
nels Fabricated via Dimensional Reduction,” microTAS 
2016, Dublin, Ireland, 138-9, 2016.

S. Varma, B. R. Slegtenhorst, G. Garcia-Cardena, and J. 
Voldman, “Atherofluidic System for Modeling Human 
Atherogenesis and Pathophysiology In Vitro,” microTAS 
2016, Dublin, Ireland, 47-8, 2016.

J. L. Prieto, H.-W. Su, H. W. Hou, M. P. Vera, B. D. Levy, R. M. 
Baron, J. Han, and J. Voldman, “Monitoring Sepsis using 
Electrical Cell Profiling,” Lab on a Chip, 2016.

T. Honegger, M. I. Thielen, S. Feizi, N. E. Sanjana, and J. 
Voldman, “Microfluidic Neurite Guidance to Study Struc-
ture-Function Relationships in Topologically-Complex 
Population-Based Neural Networks,” Scientific Reports, 
vol. 6, 28384, 2016.

B. Dura, M. M. Servos, R. M. Barry, H. L. Ploegh, S. K. Dougan, 
and J. Voldman, “Longitudinal Multiparameter Assay of 
Lymphocyte Interactions from Onset by Microfluidic 
Cell Pairing and Culture,” Proc Natl Acad Sci U.S.A., vol. 
113, E3599-608, Jun. 14, 2016.

P. Aug.sson, J. T. Karlsen, H. W. Su, H. Bruus, and J. Vold-
man, “Iso-Acoustic Focusing of Cells for Size-Insensitive 
Acousto-Mechanical Phenotyping,” Nature Communica-
tions, vol. 7, 11556, 2016.

S. Varma and J. Voldman, “A Cell-Based Sensor of Fluid 
Shear Stress for Microfluidics,” Lab on A Chip, vol. 15, 1563-
1573, 2015.

B. Dura and J. Voldman, “Microfluidic Systems for Cell 
Pairing and Fusion,” Methods Mol. Biol. vol. 1313, 73-94, 2015.

B. Dura and J. Voldman, “Spatially and Temporally Con-
trolled Immune Cell Interactions using Microscale Tools,” 
Current Opinion in Immunology, vol. 35, 23-29, 2015.

B. Dura, H.-W. Su, and J. Voldman, “Microfluidic Tools for 
Assaying Immune Cell Function,” Micro Total Analysis 
Systems, Gyeongju, Korea, 60-62, 2015.

B. Dura, S. K. Dougan, M. Barisa, M. M. Hoehl, C. T. Lo, 
H. L. Ploegh, and J. Voldman, “Profiling Lymphocyte 
Interactions at the Single-Cell Level by Microfluidic 
Cell Pairing,” Nature Communications, vol. 6, 5940, 2015.

M. Castellarnau, G. L. Szeto, H. W. Su, T. Tokatlian, J. C. 
Love, D. J. Irvine, and J. Voldman, “Stochastic Particle 
Barcoding for Single-Cell Tracking and Multiparametric 
Analysis,” Small, vol. 11, 489-498, 2015.

P. Aug.sson and J. Voldman, “Iso-acoustic Focusing for 
Size-Insensitive Cell Separation Based on Acoustic Prop-
erties,” Micro Total Analysis Systems, Gyeongju, Korea, 
14-16, 2015.

T. Sun, J. R. Kovac, and J. Voldman, “Image-Based Sin-
gle-Cell Sorting via Dual-Photopolymerized Microwell 
Arrays,” Analytical Chemistry, vol. 86, no. 15, 977-981, Aug. 
2014.

mailto:voldman@mit.edu
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Evelyn N. Wang
Associate Professor, Gail E. Kendall Professor 
Department of Mechanical Engineering

Heat and mass transport at the micro- and nano-scales, nanoengineered sur-
faces, and thermal microdevices for applications in thermal management, solar 
thermal energy conversion, and water desalination.
Rm. 3-461b | 617-324-3311 | enwang @ mit . edu

POSTDOCTORAL ASSOCIATES
Dion Antao, MechE
Sameer Rao, MechE
Zhenyuan Xu, MechE
Sungwoo Yang, MechE

GRADUATE STUDENTS
Solomon Adera, MechE
Kevin Bagnall, MechE
David Bierman, MechE
Han-Jae (Jeremy) Cho, MechE
Hyunho Kim, MechE
Arny Leroy, MechE
Zhengmao Lu, MechE
Heena Mutha, MechE
Dan Preston, MechE
Jean Sack, MechE
Jay Sircar, MechE
Youngsup Song, MechE
Elise Strobach, MechE
Stephen Walsh, MechE
Kyle Wilke, MechE
Lin Zhao, MechE
Lenan Zhang, MechE
Yajing Zhao, MechE
Yangying Zhu, MechE

UNDERGRADUATE STUDENTS
Ali Booeshaghi, MechE
Matthew De La Ossa, MechE
Tate DeWeese, MechE
Maxwell Drake, MechE
Juan Ferrua, MechE
Dheekshita Kumar, MechE
Georgia Phillips, MechE
Julia Rubin, MSE
Emily Tsang, MechE

SUPPORT STAFF
Alexandra Cabral, Administrative Assistant

SELECTED PUBLICATIONS
K. R. Bagnall, C. E. Dreyer, D. Vanderbilt, and E. N. Wang, 

“Electric Field Dependence of Optical Phonon Frequencies 
in Wurtzite Gan Observed in Gan High Electron Mobility 
Transistors,” J. Applied Physics, 120, 155104, 2016.

H. J. Cho, D. J. Preston, Y. Zhu, and E. N. Wang, “Nanoen-
gineered Materials for Liquid–Vapour Phase-Change 
Heat Transfer,” Nature Reviews Materials, 2, 16092, 2016.

D. M. Bierman, A. Lenert, and E. N. Wang, “Spectral Split-
ting Optimization for High-Efficiency Solar Photovoltaic 
and Thermal Power Generation,” Applied Physics Lett., 
109(24), 243904, 2016.

H. K. Mutha, Y. Lu, I. Y. Stein, H. J. Cho, M. E. Suss, T. Laoui, 
C. V. Thompson, B. L. Wardle, and E. N. Wang, “Porosimetry 
and Packing Morphology of Vertically-Aligned Carbon 
Nanotube Arrays via Impedance Spectroscopy,” Nano-
technology, 28(5), 2016.

D. J. Preston, A. Anders, B. Barabadi, E. Tio, Y. Zhu, D. A. Dai, 
and E. N. Wang, “ElectroWetting-on-Dielectric Actuation 
of a Vertical Translation and Angular Manipulation Stage,” 
Applied Physics Lett., 109(24), 244102, 2016.

Y. Zhu, D. S. Antao, D. W. Bian, S. R. Rao, J. Sircar, T. J. 
Zhang, and E. N. Wang, “Suppressing High-Frequency 
Temperature Oscillations in MicroChannels with Sur-
face Structures,” Applied Physics Lett., 110(3), 033501, 2017.

E. Strobach, B. Bhatia, S. Yang, L. Zhao, and E. N. Wang, 
“High Temperature Annealing for Structural Optimiza-
tion of Silica Aerogels in Solar Thermal Applications,” J. 
non-Crystalline Solids, 462, 72-77, 2017.

K. R. Bagnall, O. I. Saadat, S. Joglekar, T. Palacios, and E. 
N. Wang, “Experimental Characterization of the Ther-
mal Time Constants of Gan Hemts via Micro-Raman 
Thermometry,” IEEE Transactions on Electron Devices, 
64(5), 2121-2128, 2017.
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Brian L. Wardle
Professor 
Department of Aeronautics and Astronautics

Materials comprising carbon nanotubes (CNT), such as hierarchical nanoen-
gineered advanced composites for aerospace applications are promising new 
materials thanks to their mechanical and multifunctional properties.
Rm. 33-408 | 617-252-1539 | wardle @ mit . edu

POSTDOCTORAL ASSOCIATES
Luiz Acauan, AeroAstro
Estelle Cohen, AeroAstro
Kehang Cui, AeroAstro
Itai Stein, AeroAstro
Yue Zhou, AeroAstro

GRADUATE STUDENTS
Hayden Cornwell, AeroAstro
Nathan Fritz, MechE 
Reed Kopp, AeroAstro
Jeonyoon Lee, MechE
Richard Li, AeroAstro
Dale Lidston, AeroAstro
Xinchen Ni, MechE

VISITORS
Christine Furtado, Porto, Portugal
Carlos Teixeira, Porto, Portugal  
Tran Thang, Singapore University

SUPPORT STAFF
Sally Chapman, Administrative Assistant

SELECTED PUBLICATIONS
H. K. Mutha, Y. Lu, I. Y. Stein, H. J. Cho, T. Laoui, C. V. 
Thompson, B. L. Wardle, and E. N. Wang, “Porosimetry 
and Packing Morphology of Vertically Aligned Carbon 
Nanotube Arrays via Impedance Spectroscopy,” Nano-
technology, vol. 28, no. 5, 2016.

S. Kumar, B. L. Wardle, and M. F. Arif, “Strength and 
Performance Enhancement of Bonded Joints by Spatial 
Tailoring of Adhesive Compliance via 3D Printing,” ACS 
Appl. Mater. Interfaces, 9(1), 884–891, 2017.

M. Mehdikhani, A. Matveeva, M. A. Aravand, B. L. Wardle, 
S. L. Lomov, and L. Gorbatikh, “Strain Mapping at the 
Micro-Scale in Hierarchical Polymer Composites with 
Aligned Carbon Nanotube Grafted Fibers,” Composites 
Science and Technology, vol. 137, 12, 24– 34, Dec. 2016.

L. Gorbatikh, B. L. Wardle, and S. V. Lomov, “Hierarchical 
Lightweight Materials for Structural Applications,” MRS 
Bulletin, vol. 41, no. 9, 672-677, Sep. 2016.

R. Guzman de Villoria, P. Hallander, L. Ydrefors, P. Nordin, 
and B. L. Wardle, “In-plane Strength Enhancement of 
Laminated Composites via Aligned Carbon Nanotube 
Interlaminar Reinforcement,” Composites Science and 
Technology, vol. 133, 14, 33-39, Sep. 2016.

M. A. Aravand, O. Shishkina, I. Straumit, A. H. Liotta, 
S. S. Wicks, B. L. Wardle, S. V. Lomov, and L. Gorbatikh, 

“Internal Geometry of Woven Composite Laminates with 
‘Fuzzy Carbon’ Nanotube Grafted Fibers,” Composites 
Part A: Applied Science and Manufacturing, vol. 88, 295-
340, Sep. 2016.

P. Liu, Z. Jin, G. Katsukis, L. W. Drahushuk, S. Shimizu, 
C. J. Shih, E. D. Wetzel, J. K. Taggart- Scarff, B. Qing, K. J. 
Van Vliet, R. Li, B. L. Wardle, and M. S. Strano, “Layered 
and Scrolled Nanocomposites with Aligned Semi-Infinite 
Graphene Inclusions at the Platelet Limit,” Science, vol. 
353, issue 6297, 22, 364-367, Jul. 2016.

C. A. Amadei, I. Y. Stein, G. J. Silverberg, B. L. Wardle, 
and C. D. Vecitis, “Fabrication and Morphology Tuning 
of Graphene Oxide Nanoscrolls,” Nanoscale, 8, 6783, 2016.

B. L. Wardle and I. Y. Stein, “Mechanics of Aligned Carbon 
Nanotube Polymer Matrix Nanocomposites Simulated 
via Stochastic Three-Dimensional Morphology,” Nano-
technology, 09574484, 27.3, 035701, 2016.

I. Y. Stein and B. L. Wardle, “Packing Morphology of Wavy 
Nanofiber Arrays,” Physical Chemistry Chemical Physics, 
18, 694, 2016.

X. Wang, A. Ugur, H. Goktas, N. Chen, M. Wang, N. Lach-
man, E. Kalfon-Cohen, W. Fang, B. L. Wardle, K. K. Gleason, 

“Room Temperature Resistive Volatile Organic Compound 
Sensing Materials Based on a Hybrid Structure of Verti-
cally Aligned Carbon Nanotubes and Conformal oCVD/
iCVD Polymer Coatings” ACS Sensors, 23793694, 1.4, 374-
383, 2016.

S. V. Lomov, S. Wicks, L. Gorbatikh, I. Berpoest, and B. 
L. Wardle, “Corrigendum to ‘Compressibility of Nanofi-
bre-Grafted Alumina Fabric and Yarns: Aligned Carbon 
Nanotube Forests,’ Compos. Sci. Technology, 90, (2014), 
57–66,” Composites Science and Technology, 02663538, 
131, 88, Aug. 2016.



198 Faculty Profiles MTL ANNUAL RESEARCH REPORT 2017

Bilge Yildiz
Associate Professor 
Department of Nuclear Science and Engineering
Department of Materials Science and Engineering

High-efficiency devices for energy conversion and information processing, based on solid 
state ionic-electronic materials. Design of novel surface/interface chemistries for efficient & 
durable solid oxide fuel cells, thermo/electro-chemical splitting of water & CO2, high energy 
density & high power density solid state batteries, redox based memristive information storage 
and logic, & corrosion resistant films in a wide range of extreme environments. 
Rm. 24-210 | 617-324 4009 | byildiz @ mit . edu
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“Tunable Oxygen Diffusion and Electronic Conduc-
tion in SrTiO3 by Dislocation-Induced Space Charge 
Fields,” Advanced Functional Materials, doi:10.1002/
adfm.201700243, 2017.

M. Youssef, B. Yildiz, and K. J. Van Vliet, “Thermomechan-
ical Stabilization of Electron Small Polarons in SrTiO3 
Assessed by the Quasiharmonic Approximation,” Physical 
Review, B, 95, 161110(R), 2017.

N. Tsvetkov, Q. Lu, L. Sun, E. Crumlin, and B. Yildiz, 
“Improved Chemical and Electrochemical Stability on 
Perovskite Oxides by Less Reducible Cations at the Sur-
face,” Nature Materials, 15, 1010, 2016.

Q. Lu and B. Yildiz, “Voltage-Controlled Topotactic Phase 
Transition in Thin-film SrCoOx Monitored by in situ 
X-Ray Diffraction,” Nano Lett., 16 (2), 1186–1193, 2016.

M. Youssef, M. Yang, and B. Yildiz, “Doping in the Valley 
of Hydrogen Solubility: a Route to Designing Hydro-
gen-Resistant Zirconium Alloys,” Physical Review Applied, 
5, 014008, 2016.

N. Tsvetkov, L. Qiyang, C. Yan, and B. Yildiz, “Accelerated 
Oxygen Exchange Kinetics on Nd2NiO2 Thin Films with 
Tensile Strain along C-Axis,” ACS Nano, 9, 2, 1613-1621, 2015.

L. Sun, D. Marrocchelli, and B. Yildiz, “Edge Dislocation 
Slows Down Oxide Ion Diffusion in Doped CeO2 by Seg-
regation of Charged Defects,” Nature Communications, 
6, article no. 6294, 2015.

D. Marrocchelli, L. Sun, and B. Yildiz, “Dislocations in 
SrTiO3: Easy to Reduce but not so Fast for Oxygen Trans-
port,” JACS, 137, 14, 4735–4748, 2015.

B. Yildiz, “Stretching the Energy Landscape of Oxides 
Inspired from Metals and Polymers: Effects of Elastic 
Strain on Surface Chemistry and Catalysis,” [invited], 
Materials Research Society Bulletin, issue on Elastic Strain 
Engineering, 39, 2, 147-156, 2014.

W. Lee, J. W. Han, Y. Chen, Z. Cai, and B. Yildiz, “Cation 
Size Mismatch and Charge Interactions Drive Dopant 
Segregation at the Surfaces of Manganite Perovskites,” 
JACS, 135, 21, 7909–7925, 2013.

Y. Chen, Z. Cai, Y. Kuru, H. L. Tuller, and B. Yildiz, “Elec-
tronic Activation of Cathode Superlattices at Elevated 
Temperatures - Source of Markedly Accelerated Oxygen 
Reduction Kinetics,” Advanced Energy Materials, 3, 9, 
1221–1229, 2013.

Z. Cai, Y. Kuru, J. W. Han, Y. Chen, and B. Yildiz, “Tempera-
ture- and Strain-Driven Surface Chemistry, Electronic 
Structure and Reactivity of Epitaxial La0.8Sr0.2CoO3 
Thin Films,” JACS, 133, 17696-17704, 2011.

A. Kushima and B. Yildiz, “Oxygen Ion Diffusivity in 
Strained Yttria Stabilized Zirconia: Where is the Fastest 
Strain?” J. Materials Chemistry, 20, 4809-4819, 2010.
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S.B.

• Roberto Brenes (v. bulović)

• Andrew Mullen (a. p. chandrakasan) 
Low-Power Biomedical Sensors and Machine Learning

• Francisco Garcia (p. anikeeva) 
Synthesis and Characterization of Magnetic 
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• Ayrton D. Muñoz (t. palacios)
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Analysis of Mo Sidewall Ohmic Contacts to InGaAs 
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• Hongge Chen (d. s. boning) 
Novel Machine Learning Approaches for Modeling 
Variations in Semiconductor Manufacturing

• Bianca Datta (v. m. bove) 
Emotive Materials: Toward a Shared Language of the 
Meaning of Materials

• Cody Dennett (m. short) 
In-Situ Quantification of Oxidation using Transient 
Grating Spectroscopy

• Joseph Finley (m. baldo/l. liu) 
Spin-Orbit Torque Switching of Compensated 
Ferrimagnetic Cobalt-Terbium Alloys
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Electrochemical Neuromodulation using Electrodes 
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Quantifying the Adhesion of Noble Metal Foulants on 
Structural Materials in a Molten Salt Reactor
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• Jordan Hoffman (d. s. boning) 
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Magnetothermal Multiplexing for Biomedical 
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Modeling
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Circuits for Efficient and Secure Power Delivery in 
Distributed Applications
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Characterization and Mitigation of Porous Crud 
Deposits in Light Water Reactors
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Magnetic Logic Circuits with High Bit Resolution for 
Hardware Acceleration

• Alex Guo (j. a. del alamo) 
Bias Temperature Instability (BTI) in GaN MOSFETs

• Whitney Hess (m. g. bawendi) 
Exploring the Versatility of Lead Sulfide Quantum 
Dots in Low-Temperature, Solution-Processed Solar 
Cells

• Shengxi Huang (j. kong) 
Light-Matter Interactions of Two-Dimensional 
Materials and the Coupled Nanostructures

• Joel Jean (v. bulović) 
Performance Limits for Collodial Quantum Dot and 
Emerging Thin-Film Solar Cells

• Sameer Joglekar (t. palacios) 
Surface and Mechanical Stress Effects in A1GaN/GaN 
High Electron Mobility Transistors

• Gye Hyun Kim (c. thompson) 
Study of Phenomenologies During Templated Solid-
State Dewetting of Thin Single Crystal Films

• Bonnie Lam (a. p. chandrakasan) 
Energy Scalable Systems for 2D and 3D Low-Power 
Ultrasound Beamforming

• Chi Lu (p. anikeeva) 
Flexible Fibers for Optoelectronic Probing of Spinal 
Cord Circuits

• Qiong Ma (p. jarillo-herrero) 
Optoelectronics of Graphene-Based van der Waals 
Heterostructures

S.M. & M. B. A. 
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• Kento Masuyama (p. lozano) 
Electrochemistry in Electrospray Thrusters and 
Double Layer Modeling

• Karan Mehta (r. ram) 
Integrated Optical Quantum Manipulation and 
Measurement of Trapped Ions 

• Fernando Mier-Hicks (p. lozano) 
Charging Phenomena on Spacecraft using Bipolar 
Sources

• Caroline Moore-Kochlacs (e. boyden) 
Extracellular Electrophysiology with Close-Packed 
Recording Sites: Spike Sorting and Characterization

• Heena Mutha (e. n. wang) 
The Characterization and Performance of Vertically-
Aligned Carbon Nanotubes in Capacitive Deionization 
Systems

• Phillip Nadeau (a. p. chandrakasan) 
Ultra-Low Energy electronics for Synthetic Biological 
Sensors

• Kendall Nowocin (j. l. kirtley) 
Microgrid Risk Reduction for Design and Validation 
Using Controller Hardware in the Loop Platforms

• Carla Perez-Martinez (p. lozano) 
Focused Ion Beam with Ionic Liquid Ion Sources

• Sabino Pietrangelo (h. lee/ c. g. sodini) 
A Wearable Transcranial Doppler Ultrasound Phased 
Array System

• Daniel Preston (e. n. wang) 
Enhanced Condensation Heat Transfer for Water and 
Low Surface Tension Fluids

• Evelina Polyzoeva (j. l. hoyt/ j. a. del alamo) 
Tradeoffs of the use of SiGe Buffer Layers in Tandem 
GaAsP/Si Solar Cells

• Paul Rekemeyer (s. gradecak) 
Nanostructured Photovoltaics: Improving Device 
Efficiency and Measuring Carrier Transport

• Katherine Smyth (g. chen) 
Piezoelectric Micro-Machined Ultrasonic Transducers 
for Medical Imaging

• Min Sun (t. palacios) 
Vertical Gallium Nitride Power Devices on Bulk Native 
Substrates

• Yi Song (j. kong) 
Graphene as Transparent Electrodes for Solar Cells

• Zhan Su (m. watts) 
Advanced Silicon Photonics Microcavities for Routing, 
Detection and Lasing Applications

• Sarvesh Varma (j. voldman) 
Cell-Based Sensors for Quantifying Cell Health and 
Disease Progression in Engineered Systems

• Shireen Warnock (j. a. del alamo) 
Dielectric Reliability in High-Voltage GaN Metal-
Insulator-Semiconductor High Electron Mobility 
Transistors

• Yufei Wu (j. a. del alamo) 
Reliability of W-Band InAlN/GaN HEMTs

• Frank Yaul (a. p. chandrakasan) 
Amplifier and Data Converter Techniques for Low 
Power Sensor Interfaces

• Lili Yu (t. palacios) 
MoS2 Electronics: Devices, High Yield Circuits and 
Applications

• Xu Zhang (t. palacios) 
Two-Dimensional Materials: Spectroscopy and 
Electronic Applications

• Yuhao Zhang (t. palacios) 
GaN-based Vertical Power Devices

• Hangbo Zhao (j. hart) 
Liquid Manipulation Using Engineered Carbon 
Nanotube Surfaces

• Xin Zhao (j. a. del alamo) 
III-V Vertical Nanowire Transistors for Ultra-Low 
Power Applications

• Wen Zheng (c. thompson) 
Fabrication of Capacitors Based on Silicon Nanowire 
Arrays Generated by Metal-Assisted Wet Chemical 
Etching

PH.D. (continued)
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Glossary

TECHNICAL ACRONYMS

ADC Analog-to-Digital Converters

CMOS Complementary metal–oxide–semiconductor

CNT Carbon nanotubes

FET Field-effect transistor 

MOSFET Metal–oxide–semiconductor field-effect transistor

MIT ACRONYMS & SHORTHAND

BE Department of Biological Engineering

Biology Department of Biology

ChemE Department of Chemical Engineering

CICS Center for Integrated Circuits and Systems

CMSE Center for Materials Science and Engineering

DMSE Department of Materials Science & Engineering

EECS Department of Electrical Engineering & Computer Science

ISN Institute for Soldier Nanotechnologies

KI  David H. Koch Institute for Integrative Cancer Research

LL Lincoln Laboratory

MAS Program in Media Arts & Sciences

MechE Department of Mechanical Engineering

MEDRC Medical Electronic Device Realization Center

MIT-CG MIT/MTL Center for Graphene Devices and 2D Systems

MITEI MIT Energy Initiative

MIT-GaN MIT/MTL Gallium Nitride (GaN) Energy Initiative

MISTI MIT International Science and Technology Initiatives

MIT-SUTD MIT-Singapore University of Technology and Design Collaboration Office

MIT Skoltech MIT Skoltech Initiative

MTL Microsystems Technology Laboratories

NSE Department of Nuclear Science & Engineering

Physics Department of Physics

Sloan Sloan School of Management

SMA Singapore-MIT Alliance

��SMART Singapore-MIT Alliance for Research and Technology Center

��SMART-LEES SMART Low Energy Electronic Systems Center

SUTD-MIT MIT-Singapore University of Technology and Design Collaboration Office
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U.S. GOVERNMENT ACRONYMS

AFOSR U.S. Air Force Office of Scientific Research

AFRL U.S. Air Force Research Laboratory 

ARL U.S. Army Research Laboratory

��ARL-CDQI U.S. Army Research Laboratory Center for Distributed Quantum Information

ARO Army Research Office

ARPA-E Advanced Research Projects Agency - Energy (DOE)

DARPA Defense Advanced Research Projects Agency

DoD Department of Defense

DoE Department of Energy

��EFRC U.S. Department of Energy: Energy Frontier Research Center (Center for Excitonics)

DTRA U.S. DoD Defense Threat Reduction Agency

IARPA Intelligence Advanced Research Projects Activity

��RAVEN Rapid Analysis of Various Emerging Nanoelectronics

NASA National Aeronautics and Space Administration

��GSRP NASA Graduate Student Researchers Project 

NDSEG National Defense Science and Engineering Graduate Fellowship

NIH National Institutes of Health

��NCI National Cancer Institute 

NRO National Reconnaissance Office

NSF National Science Foundation

��CBMM NSF Center for Brains, Minds, and Machines

��CIQM Center for Integrated Quantum Materials

��CSNE NSF Center for Sensorimotor Neural Engineering

��E3S NSF Center for Energy Efficient Electronics Science

��IGERT NSF The Integrative Graduate Education and Research Traineeship

��NEEDS NSF Nano-Engineered Electronic Device Simulation Node

��SEES NSF Science, Engineering, and Education for Sustainability

��STC NSF Science-Technology Center

ONR Office of Naval Research
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OTHER ACRONYMS

CNRS Paris Centre National de la Recherche Scientifique

CONACyT Consejo Nacional de Ciencia y Tecnología (Mexico)

IEEE Institute of Electrical and Electronics Engineers

IHP Germany Innovations for High Performance Microelectronics Germany

KFAS Kuwait Foundation for the Advancement of Sciences

MASDAR Masdar Institute of Science and Technology

NTU Nanyang Technological University

NUS National University of Singapore

NYSCF The New York Stem Cell Foundation

SRC Semiconductor Research Corporation

��NEEDS NSF/SRC Nano-Engineered Electronic Device Simulation Node

SUTD Singapore University of Technology and Design

TEPCO Tokyo Electric Power Company

TSMC Taiwan Semiconductor Manufacturing Company
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Symbols
2-D Ising ferromagnetism  ..................................................... 118
2-D materials  ...................................................... 122, 123, 141, 150
3-D printing  ......................................................... 9, 12, 94, 96, 98

A
Acoustic energy harvesting  .................................................. 69
Actuators  ................................................................................. 93
ADCs 
 See Analog-to-digital converters
Additive manufacturing  ............................................. 94, 95, 97
Agarwal, Anuradha M.  .......................................................... 155
Akinwande, Akintunde I.  .................................... iv, 99, 100, 199
Analog circuits  .........................................................................16
Analog-to-digital converters  ............................................ 30, 32
Anikeeva, Polina  ..................................................... 156, 199, 200
Anode  ....................................................................................... 80
Antenna tuning unit  ................................................................41
Antoniadis, Dimitri A.  .....................................................59, 200
Arterial blood pressure ...........................................................18
Arterial network  ...................................................................... 21
Augmented reality  ................................................................. 139
Automated modeling  ............................................................... 21
Autonomous navigation  ........................................................ 38

B
Bacteria ..................................................................................... 11
Baldo, Marc A.  .......................................................... 117, 199, 200
Barbastathis, George .............................................................. 86
Batteries  .................................................................................. 79
Bawendi, Moungi G.  ...................................................... 138, 200
Berggren, Karl K.  ............................................................. iii, 200
Bias flip  ..................................................................................... 71
Biological materials .................................................................22
Biomarker  .................................................................................. 5
Biosensor  ................................................................................... 4
Block copolymer  .....................................................................114
Bluetooth LE  ........................................................................... 26
Boning, Duane S.  ........................iii, 13, 107, 108, 131, 157, 199, 200
Bove, V. Michael Jr.  .................................................... 22, 139, 158
Boyden, Edward S.  ..............................................15, 159, 200, 201
Bucci, Matteo  .......................................................................... 89
Bulović, Vladimir  ........................................ iii, 145, 160, 199, 200
Buonassisi, Tonio  ....................................................................161
Buongiorno, Jacopo  ..........................................................89, 162

C
Calorimetry  ............................................................................. 73
Capture  ..................................................................................... 11
Carbon nanotubes  ....................................................124, 125, 126
Cardiovascular system  ........................................................... 21
Cathodes  .................................................................................. 77
Cell counting  ............................................................................. 5
Center for Integrated Circuits and Systems 
 See CICS
Chandrakasan, Anantha P.  .............. 25, 26, 27, 28, 29, 30, 69, 70,  
..............................................................................163, 199, 200, 201

Chaos ......................................................................................... 12
Chaotic flows  ........................................................................... 11
Chemical capacitance  ............................................................ 77
Chemical vapor deposition  ...................................................114
Chen, Gang  ........................................................................ iii, 201
Chromium triiodide  .............................................................. 118
CICS  ........................................................17, 29, 30, 33, 35, 149, 180
Circuits  .................................................................................... 30
Analog circuits  .........................................................................16
Digital circuits  ................................................................... 25, 27
Sampling circuits  ..................................................................... 31
CMOS  .................................................................................87, 134
Beyond CMOS  ........................................................................120
Coaxial electrospray  .............................................................. 98
Comin, Riccardo  ................................................................, 116, B
Compact model  ........................................................................87
Composites  ..............................................................................113
Computational imaging  ........................................................... 3
Concentrator PV  ..................................................................... 72
Confocal microscope  .............................................................. 86
Congestive heart failure  .........................................................16
CVD  ......................................................................................... 123

D
Daniel, Luca  .................................................19, 20, 21, 87, 132, 165
Data-dependent  ...................................................................... 30
Deep-reactive ion etching  ...................................................... 86
Defect chemistry  .................................................................... 76
Defects  ..................................................................................... 73
del Alamo, Jesús A.  ..................... i, iii, v, 53, 54, 55, 56, 58, 59, 60,  
............................................................................. 166, 199, 200, 201
Depth sensing  ......................................................................... 39
Desalination  ...........................................................................103
Deterministic lateral displacement array  ............................. 3
Dielectric  ................................................................................. 56
Dielectric spin-coating  .........................................................107
Digital calibration  .................................................................. 29
Digital post-correction  ........................................................... 31
Displays  .................................................................................. 139
Distributed sensor  ................................................................. 88
DNA  ..........................................................................................113
Domains  .................................................................................. 116
Dresselhaus, Mildred S.  .................................................... 45, 47
DRIE 
 See Deep-reactive ion etching
DSC 
 See Dielectric spin-coating
Duty-cycling  ............................................................................ 26
Dynamic impedance matching .............................................. 40

E
ECP 
 See Electrochemical plating
EEG 
 See Electroencephalography
Electrochemical plating  ........................................................107
Electrochemistry  ..........................................................74, 75, 76
Electroencephalography  ........................................................ 17
Electrokinetics  ......................................................................... 7
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Electronics  ..........................................................................4, 122
Electrorheological materials ..................................................22
Electrospinning  ...................................................................... 96
Electrowetting  ........................................................................ 93
Embedded DRAM .................................................................... 25
Enamel  ....................................................................................... 7
Energy
Energy efficiency  ............................................................... 27, 38
Energy harvesting  .............................................................68, 69
Energy storage  ........................................................................ 79
Englund, Dirk R.  ................................................. 140, 141, 143, 167
epiRAM  .................................................................................... 111
Epitaxy  ..............................................................................111, 112
Evaporation  ............................................................................. 90

F
Fang, Nicholas X.  .............................................................. iv, 146
FETs  .....................................................................................46, 56
FinFETs  ...............................................................................50, 58
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