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Foreword

I am happy to bring to you the 2019 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 2019.

MTLs mission is to foster world-class research, education, and innovation at the nanoscale. This mission is pred-
icated on the notion that nanoscale science and technology can help solve some of the world's most pressing
problems in areas of energy, communications, water, health, information, and transportation, among others. In all
these and other important areas of human concern, as showcased in this report, researchers at MIT are engaged in
fundamental science and technology research in materials, structures, devices, circuits, and systems. A hallmark
of MTLs research is its interdisciplinarity. MTL brings together scientists and technologists from different disci-
plines and operating at different levels of abstraction to collaborate in identifying solutions to some of the world’s
most persistent problems. MTLs activities encompass integrated circuits, systems, electronic and photonic devic-

es, MEMS, bio-MEMS, molecular devices, nanotechnology, sensors, and actuators, to name a few.

Fiscal Year 2019 marked the beginning of a new era for the “nano” community at MIT. It saw the completion of the
new Bldg. 12 and its new world-class infrastructure for nanoscale research. FY19 also witnessed the launch of MIT.
nano, a new administrative entity created to run the facilities and programs enabled by the new building. With
this new beginning and after 35 years of service to the MIT community, last year MTL transferred administrative
oversight of its facilities and toolset of over 150 nanofabrication and analytical instruments in buildings 39 and
24 to MIT.nano.

Yet, our commitment to our mission is undiminished. In close collaboration with our colleagues in MIT.nano, the
MTL administration continues to steward the extraordinary capabilities of the Bldg. 39 fab. These facilities are
open to the entire MIT community and the outside world. Around 400 MIT students and postdocs from 27 differ-
ent MIT Departments, Laboratories, or Centers carried out their research in the Bldg. 39 facilities in the last fiscal
year. In addition, numerous researchers from several companies, as well as government research laboratories and

domestic and international universities, took advantage of these capabilities last year.

Throughout the transition to the new building, the Bldg. 39 facilities will strive to continue 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, pack-
aging, and many others. Our lab supports substrates from small, odd-shaped pieces to 6-inch wafers. The range of
materials that the lab can handle continues to expand well beyond Si and Ge to include III-V compound semicon-
ductors, nitride semiconductors, graphene, and other 2D materials, ferroelectric and magnetic materials, complex

oxides, polymers, glass, organics, and many others.

MTL also manages an information technology infrastructure that supports state-of-the-art computer-aided de-

sign (CAD) tools and process design kits for device, circuit, and system design. Together with a set of relationships
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with major semiconductor manufacturers, MTL enables access to its community to some of the most advanced
commercial integrated circuit fabrication processes available in the world today. In FY19, nearly 230 students and
postdocs took advantage of these services in their research projects.

MTL could not accomplish its mission without the vision, engagement, and generosity of the companies associ-
ated with the Microsystems Industrial Group (MIG). The MIG has supported MTLs programs for 35 years and its
commitment now propagates to the new facilities and services in Bldg. 12. The MIG also advises the faculty on
research directions, trends, and industrial needs, an invaluable resource. 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, rain or shine, the MTL staff strives to support
the realization of the dreams of the MTL community. They do this in a professional and unassuming manner.
Their names are often mentioned in the acknowledgment section of research papers, and, from time to time, also
in the author list! To them and to all of you who support in your own way the activities of MTL, a most sincere
thank you!

Jesuis A. del Alamo

Director, Microsystems Technology Laboratories

Donner Professor

Professor of Electrical Engineering

Department of Electrical Engineering and Computer Science
July 2019
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Hybrid Intelligence in Design

H. Akay, S-G. Kim
Sponsorship: MIT-Sensetime

One of the greatest challenges facing society is address-
ing the complexities of the big-picture, system-level,
interdisciplinary problems in a holistic way. Human
designers, architects, and engineers have come to rely
on steadily improving computational tools to design,
model, and analyze their systems of interest. The de-
sign of real-world systems (engineering, architecture,
software, industrial, financial, and social systems) is,
however, often a tumultuous endeavor fraught with
great triumphs and, at times, significant regrets. Many
believe that only human experts can conceptualize and
orchestrate big projects upstream of designing sys-
tems.

There are two challenging issues in the current
practice of a heuristic way of systems design. Firstly,
it takes too long (decades) to become area experts
through accumulating experience in many successes
and some failures. Secondly, human experts also fail
sometimes, especially at critical times. The questions
one might ask at this stage are, “‘How could we teach
junior engineers, architects, and scientists to design
complex systems successfully without spending years
of effort training on the job? Could we also assist
human experts to minimize the probability of failure
by leveraging recent developments in Al and big data?”
While the resurgence of artificial intelligence and
machine learning suggests ways to even more fully
automate downstream tasks in the design process, we
propose to go upstream of design, where all the key

-

//F’ﬁnctional Space ™\

Meta Space
[[1dentiy the problem ,

concepts are determined. Could machine intelligence
help this early stage of designing beyond routine
design and the optimization of pre-specified goals
toward the generation of good, novel designs?

Our solution to the question above will be the use
of Hybrid Intelligence: combining human intelligence,
which grows through experience, and machine
intelligence, which can learn from all the past successes
and failures and does not forget them at all. Early-
stage design across disciplines requires high-level
intelligence based on one’s intuition and experiential
perceptions to understand challenges, constraints,
and requirements in achieving the goals set. Instead of
replacing humans with computational systems such as
machine intelligence, we see humans and computers as
workingtogetherwithinanecosystem whereeachmust
bring their strengths to bear. We propose in the long
run a fundamentally broad investigation of this likely
convergence across the disciplines of Architecture,
Structural Engineering, System Engineering, Mechanical
Engineering, and Product Design. We call this approach
Hybrid Intelligence because our concern is not with the
intelligence of artifice, or the constraining of human
designers, but rather with the effectiveness of their
hybridized combination. Hybrid Intelligence for design
is an umbrella term in which humans and computers
collaborate from their strengths to find new processes
for thinking, working, and designing.
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A Figure 1: lllustration of the use of axiomatic design to reverse-map the past design successes and failures in terms
of functional requirements and design parameters, which will then form hierarchical trees via design matrices.

FURTHER READING

« S.G.Kim, S. M. Yoon, M. Yang, J. Choi, H. Akay, and E. Burnell, ‘Al for Design: Virtual Design Assistant,” CIRP Annals.
« N.P Suh, “The Principles of Design,” New York: Oxford University Press, 1990.
e N.P Suh, S.Kim, Bell, et al., “Optimization of Manufacturing Systems through Axiomatics,” CIRP Annals, vol. 31, pp. 383-388, 1978.
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HAQ: Hardware-aware Automated Quantization

K.Wang, Z. Liu, Y. Lin, J.Li, S. Han

Sponsorship: IBM, QI, SONY, Intel, Samsung, Xilinx, Qualcomm, ARM, AMD, Amazon

Model quantization is a widely used technique to
compress and accelerate deep neural network (DNN)
inference. Emergent DNN hardware accelerators be-
gin to support mixed precision (1-8 bits) to improve
the computation efficiency further. This goal raises a
great challenge to find the optimal bitwidth for each
layer: it requires domain experts to explore the vast
design space, trading off among accuracy, latency, ener-
gy, and model size, which is both time-consuming and
sub-optimal. The conventional quantization algorithm
ignores the different hardware architectures and quan-
tizes all the layers uniformly.

In this paper, we introduce the Hardware-aware
Automated Quantization (HAQ) framework, which
leverages the reinforcement learning to determine the
quantization policy automatically, and we take the
hardware accelerator’s feedback in the design loop.
Rather than relying on proxy signals such as FLOPs

4 Al, Communication, Imaging, Navigation, Sensing Systems

and model size, we employ a hardware simulator to
generate direct feedback signals (latency and energy)
tothe RL agent. Compared with conventional methods,
our framework is fully automated and can specialize
the quantization policy for different neural network
architectures and hardware architectures. Our
framework effectively reduced the latency by 1.4-1.95x
and the energy consumption by 1.9x with negligible
loss of accuracy compared with the fixed bit width
(8 bits) quantization. Our framework reveals that the
optimal policies on different hardware architectures
(i.e., edge and cloud architectures) under different
resource constraints (ie, latency, energy, and model
size) are drastically different. We interpreted the
implications of different quantization policies, which
offer insights for both neural network architecture
design and hardware architecture design.
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AMC: AutoML for Model Compression and Acceleration on Mobile Devices

Y. He, J. Lin, Z. Liu, H. Wang, L.-J. Li, S. Han

Sponsorship: IBM, QI, SONY, Intel, Samsung, Xilinx, Qualcomm, ARM, AMD, Amazon

Model compression is a critical technique to efficiently
deploy neural network models on mobile devices, which
have limited computation resources. Conventional
model compression techniques rely on hand-crafted
heuristics and rule-based policies that require domain
experts to explore the large design space, which is usu-
ally sub-optimal and time-consuming. In this paper,
we propose AutoML for Model Compression (AMC),
which leverages reinforcement learning to provide the
model compression policy. This learning-based policy

outperforms conventional rule-based policy by having
a higher compression ratio, better preserving the accu-
racy, and freeing human labor. Under 4x floating point
operations per second (FLOPs) reduction, we achieved
2.7% better accuracy than the hand-crafted compres-
sion policy for VGG-16 on ImageNet. We applied this
automated compression pipeline to MobileNet and
achieved a 1.81x speedup of measured inference latency
on an Android phone and 1.43x speedup on the Titan
XP GPU, with only 0.1% loss of ImageNet accuracy.

L] . :
«l» AN g . Reward= -Errorlog(FLOP)
9 : T Y Srie Layer t+1
& h 1 2%
. A ction: Compress with /l 4
AMC Engine ctor Sparsity ratio a; (e.g. 50%) Layer t
2 PR ¥ 50%
L] ® /1,-: 2
. . L . 1 7 Layer t-1
G e Embedding - g seNCH W] |} s 0%
® ’ L] L] . . 5 . e
L . :
Agent: DDPG *

Model Compression by Al:
Automated, Higher Compression Rate, Faster

Environment: Channel Pruning

A Overview of AutoML for Model Compression (AMC) engine.
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Transferable Automatic Transistor Sizing with Graph Neural Networks and

Reinforcement Learning

H.Wang, K. Wang, J. Yang, L. Shen, N. Sun, H.-S. Lee, S. Han

Sponsorship: IBM, QI, SONY, Intel, Samsung, Xilinx, Qualcomm, ARM, AMD, Amazon

Automatic transistor sizing is challenging due to the
large design space, complex performance trade-offs,
and fast technology advancement. Although much
work has focused on transistor sizing targeting one
circuit, limited research has explored transferring
knowledge from one circuit to another to reduce re-de-
sign overhead. We propose leveraging a Reinforcement
Learning (RL) algorithm to conduct knowledge trans-
fer between different technology nodes and schemat-
ics. Inspired by the fact that circuits are graphs, we also
propose to learn on the schematic graph with Graph
Convolutional Neural Networks (GCN). The GCN-RL
agent extracts features on the schematic graph, whose
vertices are transistors and edges are wires. By learning
the schematic information, our method consistently
achieves higher Figures of Merit (FoMs) on four differ-
ent circuits than conventional black box optimization
methods (Bayesian Optimization, Evolutionary Algo-
rithms). Experiments on transfer learning between five
technology nodes and two circuit schematics demon-

[ @ }_T transfer
L_‘_M:; +_I— Qi
Stéte 1_\1_1 J) Emé)ed

Evaluate

GCN-Actor

GCN-Critic

Reward ez
© | ® :
S ==y
Action Refine %
GCN-RL-agent ® . @ Ty
LL Simulator
—u

A Figure 1: Overview: (1) Circuit schematic embedded into the
graph (nodes: transistors, edges: wires) generates state vector for
transistor. (2) Feed graph and states to RL agent. (3) RL agent
processes vertices and generates sizes for transistor. (4) Envi-
ronment refines actions. (5) circuit simulation (6) computes FoM
value as reward, updating RL agent.

FURTHER READING

strate that with the same number of simulations, RL
with transfer learning can achieve much higher FoMs
than agents without knowledge transfer.

To the best of our knowledge, we are the first
to leverage RL to transfer knowledge between
technology nodes and schematics and to leverage GCN
tolearn on the schematic graph. Our work makes three
main contributions. First, we leverage the schematic
graph information in the optimization loop (open-box
optimization) to build a GCN based on the circuits
schematic graph to open the optimization black
box effectively and embed the domain knowledge
of circuits to improve performance. We use RL as an
optimization algorithm; it consistently achieves better
performance than a human expert, random search,
Evolution Strategy, Bayesian Optimization, and
MACE. Third, we use knowledge transfer with GCN-
RL between technology nodes and circuit schematics
to reduce the required number of simulations and
shorten the design cycle.

RCNP | iAo el
@000
State vector

Shared weight

—_—
Unique weight 7
Aggregation

Actions:

T :

A Figure 2: Actor-Critic based GCN-RL Agent. Actor’s first
layeris fully-connected (FC) layer whose weight is shared among
transistors. Critic’s first layer is shared FC layer with transis-
tor-specific encoder to encode different actions. Actor’s last
layer has transistor-specific decoder to decode hidden activa-
tions to different actions. Critic has shared FC layer to compute
Q-values.

« H.Wang, J. Yang H. S. Lee, and S. Han, “Learning to Design Circuits,” arXiv preprint arXiv:1812.02734, 2018.
« Y. He,J Lin, Z. Liu, H. Wang, L. J. Li, and S. Han, “AMC: AutoML for Model Compression and Acceleration on Mobile Devices,” Proc. European

Conference on Computer Vision (ECCV), pp. 784-800, 2018.

6 Al, Communication, Imaging, Navigation, Sensing Systems

MTL ANNUAL RESEARCH REPORT 2019



ProxylessNAS: Direct Neural Architecture Search on Target Task and Hardware

H.Cai, L. Zhu, S. Han

Sponsorship: MIT Quest for Intelligence, MIT-IBM Watson Al lab, SenseTime, Xilinx, Snap Research, AWS

Neural architecture search (NAS) has a great impact
by automatically designing effective neural network
architectures. However, the prohibitive computational
demand of conventional NAS algorithms (e.g., 104 GPU
hours) makes it difficult to directly search the archi-
tectures on large-scale tasks (e.g, ImageNet). Differ-
entiable NAS can reduce the cost of GPU hours via a
continuous representation of network architecture but
suffers from the high GPU memory consumption issue
(grow linearly w.rt. candidate set size). As a result, they
need to utilize proxy tasks, such as training on a smaller
dataset, or learning with only a few blocks, or training
just for a few epochs. These architectures optimized on
proxy tasks are not guaranteed to be optimal on the
target task.

In this paper, we present ProxylessNAS that can
directly learn the architectures for large-scale target

(1) Previous proxy-based approach

{242 Transfer

Learner Task

A Figure 1 ProxylessNAS directly optimizes neural network
architectures on target task and hardware. Benefiting from the
directness and specialization, ProxylessNAS can achieve remark-
ably better results than previous proxy-based approaches.

FURTHER READING

tasks and target hardware platforms. We address
the high memory consumption issue of differentiable
NAS and reduce the computational cost (GPU hours
and GPU memory) to the same level of regular
training while still allowing a large candidate set.
Experiments on CIFAR-10 and ImageNet demonstrate
the effectiveness of directness and specialization. On
CIFAR-10,our model achieves 2.08% test error with only
5.7M parameters, better than the previous state-of-the-
art architecture AmoebaNet-B, while using 6X fewer
parameters. On ImageNet, our model achieves 3.1%
better top-1 accuracy than MobileNetV2, while being
1.2X faster with measured GPU latency. We also apply
ProxylessNAS to specialize neural architectures for
hardware with direct hardware metrics (e.g., latency)
and provide insights for efficient CNN architecture
design.

(2) Our proxy-less approach
S

Architecture

Learner

Updates
w P

A Figure 2: ProxylessNAS  consistently outperforms
MobileNetV2 under various latency settings. On Ima-
geNet, with only 200 GPU hours, our searched CNN
model for mobile achieves the same level of top-1accuracy

as MobileNetV2 1.4 while being 1.8X faster.

« M. Tan,et al, “Mnasnet: Platform-aware Neural Architecture Search for Mobile,” arXiv preprint arXiv:1807.11626, 2018.
e M. Sandler, et al.,, “Mobilenetv2: Inverted Residuals and Linear Bottlenecks,” Proceedings of the IEEE Conference on Computer Vision and

Pattern Recognition, 2018.

e C.Han,L.Zhu, and S. Han. “ProxylessNAS: Direct Neural Architecture Search on Target Task and Hardware,” ICLR, 2019.

MTL ANNUAL RESEARCH REPORT 2019

Al, Communication, Imaging, Navigation, Sensing Systems 7



Defensive Quantization: When Efficiency Meets Robustness

J.Lin, C. Gan, S. Han
Sponsorship: IBM, QI, Google, Facebook

Neural network quantization is becoming an industry
standard to efficiently deploy deep learning models
on hardware platforms such as CPU, GPU, TPU, and
FPGAs. However, we observe that the conventional
quantization approaches are vulnerable to adversarial
attacks. This paper aims to raise awareness about the
security of the quantized models, and we designed a
novel quantization methodology to optimize the effi-
ciency and robustness of deep learning models jointly.

We first conduct an empirical study to show that
vanilla quantization suffers more from adversarial
attacks. We observe that the inferior robustness
comes from the error amplification effect, where
the quantization operation further enlarges the

100% T

5% femmm e e e e ————

I
|
| No or little loss

| of accuracy at
| bit=5

90%

VGG-16

VGG-16 Full Precision
—&— Wide ResNet
=== Wide ResNet Full Precision

85%

Clean Image Test Accuracy

80%

1 2 3 4 5 6 7 8
Number of Bits

(a) Quantization preserves the accuracy till 4-5 bits on
clean image.

distance caused by amplified noise. Then we propose
a novel defensive quantization (DQ) method by
controlling the Lipschitz constant of the network
during quantization, such that the magnitude of
the adversarial noise remains non-expansive during
inference. Extensive experiments on CIFAR-10 and
Street View House Number datasets demonstrate
that our new quantization method can defend neural
networks against adversarial examples and even
achieves superior robustness to their full- precision
counterparts while maintaining the same hardware
efficiency as vanilla quantization approaches. As
a by-product, DQ can also improve the accuracy of
quantized models without adversarial attack.

50%

40% A

Large drop
of robustness
at bit=5

30% 1

20% 1

10% A

Adversarial Image Test Accuracy

T T T T t T T T

Number of Bits

(b) Quantization no longer preserves the accuracy un-
der adversarial attack (same legend as left).

A Figure 1: Quantized neural network is more vulnerable to adversarial attack.
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Scalable Free-space Optical Neural Networks

L. Bernstein, A. Sludds, R. Hamerly, D. Englund
Sponsorship: P NSERC, NSF, ORISE IC Postdoctoral Fellowship at MIT (U.S. DOE / ODNI), U.S. ARO through the ISN at MIT

The transformative impact of deep neural networks
(DNNs) in many fields has motivated the develop-
ment of hardware accelerators to improve speed and
power consumption. We present a novel photonic ap-
proach based on homodyne detection where inputs
and weights are encoded optically and can be repro-
grammed and trained on the fly. This architecture is
naturally adapted to free-space optics where both ful-
ly-connected and convolutional networks can be im-
plemented and scaled to millions of neurons. By utiliz-
ing passive optical fan-out and performing arithmetic
coherently with optical interference, this scheme cir-
cumvents fundamental limits of irreversible electronic
processing. We study the effect of detector shot noise
on neural-network accuracy to establish a “standard
quantum limit” for this system. This bound, which can
be as low as 50 zJ/FLOP, suggests performance below
the Landauer (thermodynamic) limit is theoretically
possible with photonics.
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DeeperLab: Single-shot Image Parser

T.-J.Yang, M. D. Collins, Y. Zhu, J.-J. Hwang, T. Liu, X. Zhang, V. Sze, G. Papandreou, L.-C. Chen

Sponsorship: MIT, Google

Image parsing is the process of partitioning an image
into multiple semantically meaningful regions (called
semantic segmentation), such as car and road, and tell-
ing different countable instances apart (called instance
segmentation), such as car A and car B. It is a long-last-
ing unsolved problem in computer vision and a basic
component of many applications, such as autonomous
driving. Recent approaches to image parsing typically
employ separate standalone neural networks for the
semantic and instance segmentation tasks and require
multiple passes of inference.

Instead, the proposed DeeperLab image parser
performs image parsing with a significantly simpler,
more fully convolutional approach that jointly

addresses the semantic and instance segmentation
tasks and requires only one pass of inference (ie.,
one-shot), resulting in a streamlined system that
better lends itself to fast processing. For quantitative
evaluation, we use both the instance-based panoptic
quality (PQ) metric and the proposed region-based
parsing covering (PC) metric, which better captures
the image parsing quality on non-countable classes
and larger object instances. We report experimental
results on the challenging Mapillary Vistas dataset, in
which our single model achieves 31.95% (val) / 31.6% PQ
(test) and 55.26% PC (val) with 3 frames per second (fps)
on a graphics processing unit (GPU) or near real-time
speed (22.6 fps on GPU) with reduced accuracy.

Semantic Map

Fully-
Convolutional
Network

Parsing Result

A Figure 2: Visualization on Mapillary Vistas Validation Set

FURTHER READING

« T-J Yang et al, “DeeperLab: Single-shot Image Parser,” arXiv, 2019.

e L.-C.Chenetal, “Encoder-decoder with Atrous Separable Convolution for Semantic Image Segmentation,” ECCV, 2018.
« G.Papandreou et al., “Personlab: Person Pose Estimation and Instance Segmentation with a Bottom-up, Part-based, Geometric Embedding

Model,” ECCV, 2018.
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Architecture-level Energy Estimation of Accelerator Designs

Y. N. Wu, J. S. Emer, V. Sze
Sponsorship: DARPA

With Moore’s law slowing down and Dennard scaling
ending, energy-efficient domain-specific accelerators,
such as deep neural network (DNN) processors for
machine learning and programmable network switch-
es for cloud applications, have become a promising
direction for hardware designers to continue bringing
energy-efficiency improvements to data and computa-
tion intensive applications. To ensure fast exploration
of accelerator design space, architecture-level energy
estimators, which perform energy estimations without
requiring complete hardware description of the de-
signs, are critical to designers. However, using existing
architecture-level energy estimators to obtain accurate
estimates for accelerator designs is hard, as accelerator
designs are diverse and sensitive to data patterns (e.g,
sparsity in DNNs).

To solve this problem, we present Accelergy
(Figure 1), an architecture-level energy estimation
methodology for accelerator designs. Accelergy
interprets a design in terms of its components (e.g.,
an arithmetic logic unit (ALU) design consists of
multipliers and adders). Since accelerator design

save ERTO
Design Energy M Saved Genferated by
description reference TP IIAY R
(yaml) table (ERT)
Generated by generator ’JE
designers Act'mn
Energy Action
counts
Primitive . calculator (yaml)
component library P
I -
L’
Primitive component |,/ Energy estimation

energy estimators (yaml)

A Figure 1: System diagram of Accelergy. Accelergy takes in
design description and run time action counts as inputs and
generates the energy estimation as the output.

FURTHER READING

space is very diverse, Accelergy allows users to define
their own components to describe the designs. At the
same time, to reflect the energy differences brought
by special data processing (e.g., zero-gating in DNN
accelerators), Accelergy allows users to define special
actions types related to the components (e.g., read
and gated read actions for SRAM). To illustrate the
usage of Accelergy methodology, we implemented
a sample framework for energy estimations of
DNN accelerators. The framework provides a set
of primitive components for users to describe the
design or construct their new components. To further
enhance flexibility, Accelergy provides an interface
to communicate with different primitive component
estimators for system-level estimations of designs
that involve emerging technologies (e.g., optical DNN).
Accelergy achieves 95% accuracy on total energy
estimation with a well-known accelerator design -
Eyeriss. Accelergy can also produce accurate energy
breakdown across components estimations comparing
to other estimation methodologies (Figure 2).
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A Figure 2: Energy estimation comparison on the energy break-
down across the processing engines (PEs); in Eyeriss PE array
(only selected PE are shown).

e Y-H.Chen, T. Krishna, J. Emer, and V. Sze, “Eyeriss: An Energy-efficient Reconfigurable Accelerator for Deep Convolutional Neural Networks,”

IEEE J. of Solid-State Circuits, vol. 52, pp. 127-138, 2016.

e T-J Yang Y-H. Chen, J. Emer, and V. Sze, "A Method to Estimate the Energy Consumption of Deep Neural Networks,” Asilomar, 2017.
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FastDepth: Fast Monocular Depth Estimation on Embedded Systems

D. Wofk, F. Ma, T.-J. Yang, S. Karaman, V. Sze
Sponsorship: Analog Devices, Inc.

Depth sensing is a critical function for many robotic
tasks such as localization, mapping, and obstacle de-
tection. There has been significant and growing inter-
est in performing depth estimation from a single red-
green-blue image, due to the relatively low cost and
size of monocular cameras. However, state-of-the-art
single-view depth estimation algorithms are based on
fairly large deep neural networks that have high com-
putational complexity and slow runtimes on embed-
ded platforms. This poses a significant challenge when
cameras perform real-time depth estimation on an
embedded platform, for instance, mounted on a micro
aerial vehicle.

Our work addresses this problem of fast depth
estimation on embedded systems. We investigate
efficient and lightweight encoder-decoder network
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A Figure 1: Impact of optimizations on our lightweight encod-
er-decoder network architecture for depth estimation. Our
approach achieves significant reduction in inference runtime of
encoder and decoder. Stacked bars represent encoder-decoder
breakdown; total runtimes appear above bars.

FURTHER READING

architectures. To further improve their computational
efficiency in terms of real metrics (e.g., latency), we
apply resource-aware network adaptation (NetAdapt)
to automatically simplify proposed architectures.
In addition to reducing encoder complexity, our
proposed optimizations significantly reduce the
cost of the decoder network (Figure 1). We perform
hardware-specific compilation targeting deployment
on the NVIDIA Jetson TX2 platform. Our methodology
demonstrates that it is possible to achieve accuracy
similar to that of prior work on depth estimation, but at
inference speeds that are an order of magnitude faster
(Figure 2). Our proposed network, FastDepth, runs at
178 fps on a TX2 GPU and at 27 fps when using only the
TX2 CPU, with active power consumption under 10 W.
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A Figure 2: Accuracy vs. runtime (in fps) on NVIDIA Jetson
TX2 GPU for various depth estimation algorithms. Top right rep-
resents desired characteristics: high throughput and high accu-
racy. Our work is an order of magnitude faster than prior work,
maintaining comparable accuracy.

« T-J Yang A. Howard, B. Chen, X. Zhang, A. Go, M. Sadler, V. Sze, and H. Adam, “NetAdapt: PlatformAware Neural Network Adaptation for
Mobile Applications,” European Conference on Computer Vision (ECCV), 2018.
e V.Sze Y-H. Chen, T-J. Yang, and J. S. Emer, “Efficient Processing of Deep Neural Networks: A Tutorial and Survey,” Proc. IEEE, vol. 105, no. 12,

Pp. 2295-2329, 2017.
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Low-power Adaptive Time-of-Flight Imaging for Multiple Rigid Objects

J. Noraky, C. Mathy, A. Cheng, V. Sze
Sponsorship: Analog Devices, Inc.

Time-of-Flight (ToF) cameras are becoming increasing-
ly popular for many mobile applications. To obtain ac-
curate depth maps, ToF cameras must emit many puls-
es of light, which consumes a lot of power and lowers
the battery life of mobile devices. However, lowering
the number of emitted pulses results in noisy depth
maps. To obtain accurate depth maps while reducing
the overall number of emitted pulses, we propose an al-
gorithm that adaptively varies the number of pulses to
infrequently obtain high-power depth maps and uses
them to help estimate subsequent low- power ones as
shown in Figure 1. To estimate these depth maps, our
technique uses the previous frame by accounting for

High Power

Emitted
Pulses

the 3D motion in the scene. We assume that the scene
contains independently moving rigid objects and show
that we can efficiently estimate the motions.

In contrast to our previous work, this approach
uses only the data from the ToF camera and does not
need RGB images to estimate the 3D motion in the
scene. The resulting algorithm estimates 640 x 480
depth maps at 30 frames per second on an embedded
processor. We evaluate our approach on data collected
with a pulsed ToF camera and show that we can reduce
the mean relative error of the low-power depth maps
by up to 65% (see Figure 2) and the number of emitted
pulses by up to 80%.

Low Power Low Power

Infrared
Image

Depth
Map

Frame #0

Time

Frame #1 Frame #2

A Figure 1: We adaptively vary the number of pulses a ToF camera emits. For low-power depth maps,
our depth estimation algorithm uses data from the previous frame along with the current one.

IR Image

High Power

Low Power This Work

A Figure 2: Our estimated depth map is less noisy than the low-power one. Best viewed in color.

FURTHER READING

e J. Noraky and V. Sze, “Low Power Depth Estimation for Time-of-Flight Imaging,” IEEE International Conference on Image Processing, 2017.
« J. Noraky and V. Sze, “Depth Estimation of non-Rigid Objects for Time-of-Flight Imaging," IEEE International Conference on Image

Processing, 2018.

« J. Noraky and V. Sze, “Low Power Depth Estimation of Rigid Objects for Time-of-Flight Imaging,” IEEE Transactions on Circuits and Systems

for Video Technology (TCSVT)..
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Fast Shannon Mutual Information Accelerator for Autonomous Robotics Exploration

P.Z.X.Li, Z. Zhang, S. Karaman, V. Sze

Robotic exploration problems arise in various contexts,
ranging from search and rescue missions to underwater
and space exploration. In these domains and beyond,
exploration algorithms that can rapidly reduce uncer-
tainty can provide significant benefits, for instance,
by shortening time and reducing resources required
for exploration. Unfortunately, principled algorithms
based on rigorous information-theoretic metrics, such
as maximizing Shannon mutual information (MI) along
the exploration path, are computationally extremely
demanding.

We propose a novel computing hardware
architecture to efficiently compute Shannon MI
on an occupancy grid map, which is the standard
probabilistic representation for a 2D environment.
The proposed architecture consists of multiple MI
computation cores, each evaluating the MI between
a single sensor beam and the occupancy grid map. We
find that parallelization alone is not sufficient for high-
throughput computation due to the limited bandwidth
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A Figure 1: Diagonal partitioned occupancy grid map minimizes
memory read conflicts at each cycle, indexed by the numbers.
Since each bank has two (read) ports, the same color cannot
appear more than twice in each row or column of the map.

FURTHER READING

ofthememory.Infact,itiscritical to consider1) memory
management of the occupancy grid map storage and
2) data delivery from the occupancy grid map to MI
cores. Thus, our key contributions consist of 1) a novel
memory architecture that diagonally partitions the
occupancy grid map into multiple banks to minimize
the memory access conflicts among multiple cores
(Figure1); 2) a fast and fair memory request arbiter that
ensures effective utilization of all MI computation
cores; and 3) an energy-efficient, high-throughput MI
computation core.

This architecture (Figure 2) was optimized for 16
MI computation cores and was implemented on a field-
programmable gate array. We show that it computes
the MI metric for an entire map of 20m x 20m at 0.1m
resolution in near real time, at 2 frames per second,
which is approximately two orders of magnitude
faster, while consuming an order of magnitude less
power than an equivalent implementation on a Xeon
CPU.
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A Figure 2: Overview of the top-level architecture consisting of
memory request generator (Bresenham ray-casting), fast and fair
arbiter, diagonally partitioned occupancy grid map, and fast M|
computation cores.

« P.Z.X.Lj,Z. Zhang, S. Karaman, and V. Sze, “High-throughput Computation of Shannon Mutual Information on Chip,” Robotics: Science and

Systems (RSS), Freiburg, Germany, 2019.

« Z.Zhang, T. Henderson, S. Karaman, and V. Sze, “ESMI: Fast Computation of Shannon Mutual Information for Information-theoretic
Mapping,” International Conference on Robotics and Automation (ICRA), Montreal, Canada, 2019.
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An Energy-efficient Configurable Lattice Cryptography Processor for the Quantum-

secure Internet of Things

U. Banerjee, A. P. Chandrakasan
Sponsorship: Texas Instruments

Modern public-key cryptography protocols, such as
Rivest-Shamir-Adleman and elliptic-curve cryptog-
raphy (ECC) will be rendered insecure by Shor’s algo-
rithm when large-scale quantum computers are built.
Therefore, cryptographers are working on quantum-re-
sistant algorithms, and lattice-based cryptography
has emerged as a prime candidate. However, the high
computational complexity of these algorithms makes
it challenging to implement lattice-based protocols on
resource-constrained Internet of things (IoT) devices,
which need to secure data against both present and
future adversaries. To address this challenge, we pres-
ent a lattice cryptography processor with configurable
parameters that enables energy savings of up to two
orders of magnitude and 124k-gate reduction in system
area through architectural optimizations. This is also
the first ASIC implementation that demonstrates mul-
tiple lattice-based protocols proposed in the National
Institute of Standards and Technology’s post-quantum

standardization process.

Figure 1shows a block diagram of our system along
with the chip micrograph. The chip was fabricated
in a 40-nm low-power CMOS process and supported
voltage scaling from 11V down to 0.68V. Our lattice
cryptography processor occupies 106k NAND Gate
Equivalentsand uses40.25KB of SRAM. When executing
the Kyber-768 and NewHope-1024 key exchange
schemes, our design is 28x and 37x more energy-
efficient, respectively, than Cortex-M4 software,
after accounting for voltage scaling. Moreover, post-
quantum key exchange using our processor is 30x more
energy-efficient than state-of-the-art pre-quantum
ECC-based key exchange at the same pre-quantum
security level. Through architectural and algorithmic
optimizations, this work demonstrates practical
hardware-accelerated quantum-resistant lattice-based
cryptographic protocols that can be used to secure
resource-constrained IoT devices of the near future.
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A Figure 1: System block diagram and chip micrograph.

FURTHER READING

« U Banerjee, A. Pathak, and A. P. Chandrakasan, “An Energy-efficient Configurable Lattice Cryptography Processor for the Quantum-secure
Internet of Things,” IEEE International Solid- State Circuits Conference (ISSCC), pp. 46-48, Feb. 2019.

« U.Banerjee, C. Juvekar, A. Wright, Arvind, and A. P. Chandrakasan, "‘An Energy-efficient Reconfigurable DTLS Cryptographic Engine for End-
to-End Security in IoT Applications,” IEEE International Solid-State Circuits Conference (ISSCC), pp. 42-44, Feb. 2018.
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Power Side-channel Attack on Successive Approximation Register Analog-to-digital

Converters

T. Jeong, H.-S. Lee, A. P. Chandrakasan

Sponsorship: Analog Devices, Inc., Korea Foundation for Advanced Studies

When sensing hardware is used to acquire a private
signal, there must be no information leakage through-
out the entire signal chain. Applications that require
such security include biomedical and military sensor
platforms. Industrial and infrastructure monitoring
sensing hardware must also be secure to prevent po-
tentially harmful activities of adversaries. By using
well-established cryptographic primitives, communica-
tion links for sensing hardware can be protected from
hackers. However, once hackers physically access the
sensing hardware, the sensor-interface circuit can leak
critical information via its power side-channel.

Both analog and digital circuit blocks of the sensor-
interface circuit can leak through a power side-channel
as their operations depend on the sensor output value.
Since the first discovery of the encryption engine’s
power side-channel leakage, countermeasures against
digital circuit's power side-channel attacks have been
researched in the cryptographic hardware community.
However, unlike digital circuit blocks that can be

Oscilloscope

protected by countermeasures, analog/mixed-signal
circuit blocks are now wvulnerable to side-channel
attacks as their exploitations have not been recognized
yet.

In this work, we have developed practical power
side-channel attack scenarios that make analog/
mixed-signal circuit blocks become the security
loophole of the entire system. We chose analog-to-
digital converters (ADCs) as our target block of study.
We focused our research on successive approximation
register (SAR) ADCs because they are more power-
efficient than other ADC types in the performance
range (resolution, sampling rate) that is suitable for
most sensor platforms. To experiment with power
side-channel attack on SAR ADCs, we devised an attack
method and mounted it on two SAR ADC products
from different manufacturers. The experimental
results show that SAR ADCs' input waveforms could
be faithfully reconstructed from their current traces.
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A Figure 1: Overview of SAR ADC Power Side-channel Attack Experimental Setup.

FURTHER READING

« P.C.Kocher, J. Jaffe, and B. Jun, “Differential Power Analysis,” Advances in Cryptology - CRYPTO 99, 19th Annual International Cryptology

Conference, pp. 388- 397, Santa Barbara, CA, Aug. 15-19, 1999.
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Energy-efficient SAR ADC with Background Calibration and Resolution

Enhancement

H.S.Khurana, A. P. Chandrakasan, H.-S. Lee
Sponsorship: Center for Integrated Circuits and Systems

Many signals, for example, medical signals, do not
change much from sample to sample most of the time.
Conventional switching schemes for SAR ADCs do not
exploit this signal characteristic and test each bit start-
ing with the MSB. Previous work called least-signifi-
cant-bit (LSB)-first saves energy and bit-cycles by start-
ing with a previous sample code and searching for the
remainder by testing bits from the LSB end. However,
certain code transitions consume unnecessary energy,
even when the code change over the previous code is
small.
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This work addresses it with a new algorithm called
Recode then LSB-first (RLSB-first) that reduces the
switching energy and bit-cycles required for all cases
of small code change across the full range of possible
previous sample codes. RLSB-first uses split-DAC to
systematically encode the previous code before LSB-
first. RLSB-first lowers switching energy by up to 2.5
times and uses up to 3 times fewer bit-cycles than
LSB-first. In addition to an energy-efficient SAR ADC,
this work aims to use the savings for background
calibration and resolution enhancement.
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A Figure 1: Algorithm for RLSB-first.

E. M. Yaul and A. P. Chandrakasan, “11.3 A 10b 0.6nW SAR ADC with Data-dependent Energy Savings using LSB-first Successive
Approximation,” 2014 IEEE International Solid-State Circuits Conference Digest of Technical Papers (ISSCC), pp. 198-199, 2014.
H. S.Khurana, A. P. Chandrakasan, and H. Lee, “Recode then LSB-first SAR ADC for Reducing Energy and Bit-cycles,” 2018 IEEE International

Symposium on Circuits and Systems (ISCAS), pp. 1-5, Florence, Italy, 2018.
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An 8-bit Multi-GHz Flash ADC with Time-based Techniques

X.Yang, H.-S. Lee
Sponsorship: MIT Center for Integrated Circuits and Systems

High-speed and medium-to-low-resolution flash an-
alog-to-digital converters (ADCs) are widely used in
applications such as 60-GHz receivers, serial links, and
high-density disk drive systems. In this project, we
propose an 8-bit, multi-gigahertz flash ADC with two
major innovations: the time-based comparator offset
calibration and the time-based 4x interpolation.

A high-speed, low-power comparator with low
noise and offset requirements is a key building block.
Figure1shows the two-stage dynamic comparator used
in our design. With the scaling of CMOS technology,
the offset voltage of the comparator keeps increasing
due to greater transistor mismatches, making offset
calibration a necessity. Traditional offset calibration
methods that use digitally-controlled capacitor banks
or extra input transistor pairs add extra parasitics to
the comparators and slow down the operation. In this
work, the proposed time-based comparator offset
calibration put no additional load on the comparators
and avoids the speed penalty of traditional methods.
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A Figure 1: Schematic of the two-stage dynamic comparator.

FURTHER READING

The number of comparators in a flash ADC grows
exponentially with resolution. Thisis a major drawback
of flash ADCs. Time-domain interpolation is a popular
technique that utilizes the timing information from
adjacent comparatorstoresolve extra bits of resolution
without adding comparators. Figure 2 shows the pro-
posed flash ADC. Sixty-five comparators are used to
achieve the six most significant bits (MSBs). Sixty-four
interpolators are inserted between the comparators
to obtain two extra bits by comparing the delay from
neighboring comparators. The input capacitance of
this design is ¥ 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.

The prototype ADC is realized in 65-nm CMOS
technology. At 2.8 GS/s, the prototype measures an
SNDR of 43.3 dB at Nyquist input frequency and
achieves a state-of-the-art figure-of-merit.
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A Figure 2: Flash ADC architecture, with 65 comparators and
64 2-bit interpolators.

« M. Miyahara, Y. Asada, D. Paik, and A. Matsuzawa, “A Low-noise Self-calibrating Dynamic Comparator for High-speed ADCs,” Proc. IEEE Asian

Solid-State Circuits Conf. (A-SSCC), pp. 269-272, Nov. 2008.

e Y-S.Shu, ‘A 6b 3GS/s 1mW Fully Dynamic Flash ADC in 40nm CMOS with Reduced Number of Comparators,” Symp. on VLSI Circuits Dig. Tech.

Papers, pp. 26-27, 2012.
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A Sampling Jitter-tolerant Continuous-time Pipelined ADC in 16-nm FinFET

R. Mittal, G. Manganaro, A. P. Chandrakasan, and H.-S. Lee
Sponsorship: Analog Devices, Inc.

Analog-to-digital converters (ADCs) interface re-
al-world analog signals with digital systems, and hence
they are an essential part of any electronic system. Al-
though there have been steady improvements in the
performance of ADCs, the improvements in conversion
speed have been less significant because the speed-res-
olution product is limited by the sampling clock jitter.
The effect of sampling clock jitter has been considered
fundamental. However, it has been shown that con-
tinuous-time delta-sigma modulators may reduce the
effect of sampling jitter. Since delta-sigma modulators
rely on relatively high oversampling, they are unsuit-
able for high-frequency applications such as 5G base-
band processors. Therefore, ADCs with low oversam-
pling ratio are desirable for high-speed data conversion.

In conventional Nyquist-rate ADCs, the input is
sampled upfront (Figure 1). Any jitter in the sampling

S/H Upfront

clock directly affects the sampled input and degrades
the signal-to-noise ratio (SNR). For fast varying
input signals, the sampling jitter severely limits the
maximum attainable SNR. It is well known that for a
known rms sampling jitter o, the maximum achievable
SNR s limited to1/(2nf; c,), where f; is the input signal
frequency. Typically, reducing the rms jitter below 100
fs is difficult. This challenge limits the maximum SNR
to just 44 dB (which is equivalent to 7 bits) for a 10-GHz
input signal. Therefore, unless the effect of sampling
jitter is reduced, the performance of an ADC would be
greatly limited for high-frequency input signals.

In this project, we propose a hybrid ADC with
reduced sensitivity to sampling jitter. We are designing
this ADC in 16-nm FinFET technology to give a proof-
of-concept for improved sensitivity to the sampling
clock jitter.

DT

stage

DT
Back-end
ADC

S I

Digital Error
Correction

Digital
Output

A Figure 1: A conventional discrete-time pipelined ADC with a sample-and-hold up
front. This fundamentally limits the maximum achievable SNR for a given clock jitter.

FURTHER READING

R. van Veldhoven, ‘A Tri-mode Continuous-time/spl Sigma//spl Delta/modulator with Switched-capacitor Feedback DAC for a GSM-EDGE/
CDMA2000/UMTS Receiver,” Solid-State Circuits Conference, Digest of Technical Papers. ISSCC. 2003 IEEE International, pp. 60-477, 2003.

MTL ANNUAL RESEARCH REPORT 2019

Al, Communication, Imaging, Navigation, Sensing Systems 19



Studies on Long-term Frequency Stability of OCS Molecular Clock

M. Kim, C. Wang, Z. Hu, R. Han
Sponsorship: Texas Instruments, NSF

Miniature clocks with high long-term stability are
critical to navigation, sensing, and communication
networks.  Crystal/micro-electro-mechanical  sys-
tems (MEMS) oscillators with typical stability of 104
to 108 are not well suited for high-precision systems.
Small-volume atomic clocks improved the stability to
10™ to 1072 by probing hyperfine transitions of Cs and
Rb atoms at microwave frequencies, but their compli-
cated electro-optical implementation leads to exceed-
ingly high cost. Recently, complementary metal-oxide
semiconductor (CMOS) molecular clocks emerged as
a promising alternative to miniature clocks with high
long-term stability. By probing the rotational lines of
gaseous carbonyl sulfide (OCS) molecules at 267.530
GHz and then calibrating the clock’s 10 MHz output fre-
quency according to the measured terahertz transition
frequency of OCS, the molecular clock achieved Allan
deviation of 1x10™* with fully electronic operations. To
verify the clock’s robustness to external environmental
variations, two critical metrics related to the long-term
stability of THz OCS clocks were studied: temperature
and magnetic field.
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A Figure 1: Measured instantaneous temperature of the gas cell
and deviation of the clock output frequency from its mean value
near 10 MHz, as the gas cell is heated up.

FURTHER READING

The intrinsic frequency OCS transition line is
very robust to the temperature change having the
temperature coefficient of a few parts per trillion per
kelvin. However, the clock’s sensitivity to temperature is
increased by the baseline tilting, which is mainly caused
by the reflection of the THz wave at the waveguide
vacuum sealing window. Also, with the presence of a
magnetic field, the rotational energy levels associated
with different magnetic quantum numbers deviate from
their degenerate value at zero field due to the Zeeman
effects. While first-order Zeeman effects of all transition
sub-levels maintain the symmetry of the transition line
and introduce no shift, the clock shift caused by the
second-order Zeeman effects is, by theory, 4x1073,

Inour preliminary testing, the temperature coefficient
of the clock is ~1.3x107°/°C without ovenized temperature
stabilization and temperature compensation, and the
upper limit of the magnetic-induced shift in response to
a 75-Gauss external magnetic field is 4x10™ This study
verifies the molecular clock’s high robustness under
temperature variations and strong-magnetic conditions.
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A Figure 2: Measured frequency deviation with the external
field turned on and off every 2 minutes.

« C.Wang, X.Yi, J. Mawdsley, M. Kim, Z. Wang, and R. Han, "“An On-chip Fully Electronic Molecular Clock based on Sub-terahertz Rotational

Spectroscopy,” Nature Electron., vol. 1, no. 7, pp. 421-427, 2018.

« M.Kim, C. Wang, Z. Hu, and R. Han, “Chip-scale Terahertz Carbonyl Sulfide (OCS) Clock: an Overview and Recent Studies on Long-term
Frequency Stability of OCS Transitions,” IEEE Transactions on Terahertz Science and Technology, 2019.
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Miniaturized, Ultra-stable Chip-scale Molecular Clock

C.Wang, X.Yi, J. Mawdsley, M. Kim, Z. Wang, R. Han

Sponsorship: NSF, MIT Lincoln Lab, MIT CICS, Texas Instruments

Mobile electronic devices require stable, portable,
and energy-efficient frequency references (or clocks).
However, current approaches using quartz-crystal
and micro-electro-mechanical systems (MEMS) oscil-
lators suffer from frequency drift. Recent advances in
chip-scale atomic clocks, which probe the hyperfine
transitions of evaporated alkali atoms, have led to de-
vices that can overcome this issue, but their complex
construction, cost, and power consumption limit their
broader deployment. Here, we show that sub-terahertz
rotational transitions of polar gaseous molecules can
be used as frequency bases to create low-cost, low-pow-
er miniaturized clocks.

A molecular clock probing 231.061 GHz (J=19¢-18)
spectral line of carbonyl sulfide (*602C32S) is shown
in Figure 1. Based on complementary metal-oxide
semiconductor (CMOS) technology, a terahertz phase-
locked loop with built-in frequency-shifting-keying
(ESK), referenced to an 80-MHz crystal oscillator, and
generates the probing signal. The OCS molecules are
accessed within a compact WR4.3 waveguide gas cell.
The relative frequency error through comparing the
probing frequency and selected spectral line center is
detected by envelope rectification and phase-sensitive
detection in a CMOS receiver.

Finally, a type-I frequency locking feedback loop
is established to stabilize the crystal frequency. Figure
2 shows the photograph of the CMOS molecular clock
chipset. Figure 3 shows that with an averaging time
of 103 s, the clock stability (defined by Allan deviation)
achieves 3.8x107°. Compared with chip-scale atomic
clocks, our approach is less sensitive to external
influences (temperature variation, electromagnetic
field fluctuation, and mechanical vibration); offers
faster frequency error compensation; and, by
eliminating the need for alkali metal evaporation, offers
faster start-up time and lower power consumption.
Our work demonstrates the feasibility of monolithic
integration of atomic-clock-grade frequency references
in mainstream silicon-chip systems.

FURTHER READING
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A Figure 1: Schematic of CMOS molecular clock adopting
Frequency-Shift-Keying (FSK) for spectral line center probing
of OCS at 231.061GHz.
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« C.Wang, X.Yi, J. Mawdsley, M. Kim, Z. Wang, and R. Han, "“An On-chip Fully-electronic Molecular Clock Based on Sub-terahertz Rotational

Spectroscopy,” Nature Electronics, vol. 1, no. 7, pp. 1-7, Jul. 2018.

« C.Wang, X.Yi, M. Kim, Y. Zhang, and R. Han, "A CMOS Molecular Clock Probing 231.061-GHz Rotational Line of OCS with Sub-ppb Long-term
Stability and 66-mW DC Power,” 2018 Symposium on VLSI Circuits (VLSI), pp. 113-114, 2018.
« C.Wang, X.Yi, J. Mawdsley, M. Kim, Z. Hu, Y. Zhang, B. Perkins, and R. Han, “Chip-scale Molecular Clock,” IEEE J. of Solid-State Circuits (JSSC), vol.

54, NO. 4, Pp. 914-926, Apr. 2019.
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A Dense 240-GHz 4x8 Heterodyne Receiving Array on 65-nm CMOS Featuring

Decentralized Generation of Coherent Local Oscillation Signals

Z.Hu, C. Wang, R. Han
Sponsorship: NSE, MIT-SMART, TSMC

There is a growing interest in pushing the frequency of
beam-steering systems towards the terahertz range, in
which case narrow beams can be formed at chip scale.
However, this calls for disruptive changes to traditional
terahertz receiver architectures, e.g., square-law direct
detector arrays (with low sensitivity and no phase in-
formation preserved) and small heterodyne mixer ar-
rays (bulky and not scalable). Specifically, for the latter
case, corporate feed (for generating and distributing
the local oscillation (LO) signals), typically a necessary
component, can be very lossy at large scale. Here, we
report a highly scalable 240-GHz 4x8 heterodyne array
achieved by replacing the LO corporate feed with a net-
work that couples LOs generated locally at each unit. A
major challenge for this architecture is that each unit
should fit into a tight A/2xA/2 area to suppress side lobes
in beamforming--it makes the integration of mixer, lo-
cal oscillator, and antenna in a unit extremely difficult.
This challenge is well addressed in our design, where
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A Figure 1: (a) Architecture of the entire array; (b) die
photo of the chip.

FURTHER READING

highly compact units enable the implementation of
two interleaved 4x4 phase-locked sub-arrays in an area
of 1.2 mm?2.

The architecture of the entire array is shown in
Figure 1(a). Its core component is a self-oscillating
harmonic mixer (SOHM), which simultaneously (1)
generates high-power LO signal and (2) down-mixes
the radio frequency (RF) signal. Owing to the coupling,
LOs generated in each unit are all locked to an external
reference signal, so that the array is coherent. Die
photo showing the placement of the array and the
phase-locked loop (PLL) is given in Figure 1(b). A
measured spectrum at 475-MHz (beyond the noise
corner frequency) baseband signal is shown in Figure 2.
The measured sensitivity (required incident RF power
to achieve SNR=1 at baseband) over 1-kHz detection
bandwidth is 58fW-a more than 4000x improvement
over prior state-of-the-art large-scale square-law
detector arrays in silicon.
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A Figure 2: Measured 475-MHz baseband spectrum.

« C.lJiang 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. of Solid-State Circuits, vol. 51, no. 11, pp. 2596-2609, 2016.

« K.Sengupta, D. Seo, L. Yang, and A. Hajimiri, “Silicon Integrated 280 GHz Imaging Chipset with 4x4 SiGe Receiver Array and CMOS Source,”
IEEE Transactions on Terahertz Science and Technology, vol. 5, no. 3, pp. 427-437, 2015.

« Z.Hu, C.Wang, and R. Han, ‘A 32-Unit 240-GHz Heterodyne Receiver Array in 65-nm CMOS with Array-wide Phase Locking,” IEEE J. of Solid-

State Circuits, vol. 54, no. 5, pp. 1216-1227, 2019.

22

Al, Communication, Imaging, Navigation, Sensing Systems

MTL ANNUAL RESEARCH REPORT 2019



A PLL-free Molecular Clock based on Second-order Dispersion Curve Interrogation

of a Carbonyl Sulfide Transition at 231 GHz

M. Kim, J. Mawdsley, C. Wang, R. Han
Sponsorship: Texas Instruments, NSF

Miniature clocks with high long-term stability are
critical to navigation, sensing, and communication
networks. Crystal/MEMS oscillators with a typical
stability of 10 to 108 are not well suited for high-pre-
cision systems. Small-volume atomic clocks improved
the stability to 10" to 102 by probing hyperfine tran-
sitions of Cs and Rb atoms at microwave frequencies,
but their complicated electro-optical implementation
leads to exceedingly high cost. Recently, CMOS molec-
ular clocks that use a sub-THz spectrometer to probe
the absorption lines of carbonyl sulfide molecules have
emerged to achieve a low-cost miniature clock with
high long-term stability.

To generate the sub-THz probing signal within
the lock-range, molecular clocks require a voltage-
controlled crystal oscillator (VCXO) and a fractional-N
phase-locked loop (PLL) as a frequency multiplier.
However, eliminating the VCXO and PLL is necessary
to further reduce the power consumption and form
factor. In addition, using PLL leads to degraded in-band
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noise because of the high-frequency multiplication
factor of the PLL.

This work proposes a molecular clock without
a VCXO and a PLL. A sub-THz voltage-controlled
oscillator (VCO) is directly controlled by a negative
feedback loop and then locked to the center of the
absorption line. For frequency initialization and coarse
frequency tuning, the second-harmonic dispersion
curve of the absorption line profile was utilized instead
of a PLL. Since the polarity of the second-harmonic
dispersion curve is positive only when the frequency
of the probing signal is very close to the absorption
line, detection of the absorption line does not depend
on the signal strength. Also, the second harmonic
signal is robust against spectral baseline variations.
By eliminating the VCXO and PLL from the loop and
using the proposed coarse frequency tuning method,
the noise performance of the proposed molecular clock
is expected to improve, and further miniaturization of
an ultra-stable clock can be achieved.
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A Figure 1: Block diagram of the proposed architecture. A coarse frequency tuning circuit sets the f - within the lock range by

changing V y; while ensuring the 2nd harmonic of f_ in the square law detector’s output (Sgy,) is positive.

FURTHER READING

« C.Wang, X.Yi, J. Mawdsley, M. Kim, Z. Wang, and R. Han, "“An On-chip Fully Electronic Molecular Clock based on sub-Terahertz Rotational

Spectroscopy,” Nature Electron., vol. 1, no. 7, pp. 421-427, 2018.

« C.Wang, X.Yi, M. Kim, Y. Zhang, and R. Han, "A CMOS Molecular Clock Probing 231.061-GHz Rotational Line of OCS with sub-ppb Long-term
Stability and 66-mW DC Power,” Proc. Symp. VLSI Technol. Circuits, pp. 113-114, Honolulu, HI, Jun. 2018.
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Chip-scale Scalable Ambient Quantum Vector Magnetometer in 65-nm CMOS

M. L. Ibrahim, C. Foy, D. R. Englund, R. Han
Sponsorship: NSF

Room-temperature coherent spin state control and de- microwave delivery structure, which consists of an
tection of nitrogen-vacancy (NV) centers in diamond array of current-carrying conductors. We control the
have enabled magnetic field sensing with high sensitiv- current flowing in each conductor to achieve a uniform
ity and spatial resolution. However, current NV sens- magnetic-field profile. This uniform field enables
ing apparatuses use bulky off-the-shelf discrete com- coherent driving of the NV centers, which enhances
ponents, which increases the system scale and limits the sensitivity. The on-chip optical readout follows the
practical applications. To address this challenge, we de- microwave manipulation of the NV spin ensembles. We
veloped a hybrid complementary metal-oxide semicon- implemented a CMOS-compatible, three-layer grating
ductor (CMOS)-NV platform to shrink this spin-based structure to filter out the green excitation. The filter
magnetometer to chip scale. In this work, we present a reduces the shot noise of the photo-detector caused by
fully integrated CMOS-NV quantum sensor fabricated the input green laser. The Talbot effect is used in the
using a 65-nm CMOS process. filter, where we place layers of gratings with positions

Magnetic field sensing is accomplished by the aligned with the maxima and minima of the green
excitation and detection of the spin states of the NV. and the red diffraction patterns generated from the
The frequency of the spin states is determined through preceding grating layer. We detect the spin-dependent
optically detected magnetic resonance (ODMR). red fluorescence of the NV centers using on-chip
The magnetic field is proportional to the frequency N-Well/P-sub photodiode. This work presents a hybrid
splitting of the spin states (2.8 MHz/Gauss). Our NV-CMOS platform that can perform coherent spin
CMOS-NV magnetometer system is composed of (i) a control and readout of the NV ensemble’s spin state:
microwave generation and delivery system to control a highly advanced, scalable, and compact platform for
the NV's spin states and (ii) an optical system for the quantum sensing.
readout of spin states. We implement a highly scalable

Cross-sectional view A-A’ - P i Transi Quantum Sensing Region (Microwave
32 Wires (158 Sub Wires Test Structures Amplifier (TIA) Array, tonic Filter, and P
B WikesIncludingiDumrmy, Wires) (8 Wires Sreen XY

I
=g

Excitation
Bulk Diamond 1=3], %
with NVs\ 200pm
o o
600um,
\ 15=3l
%

~
Curent Array/
Optical Filter

‘A" LlonMs

Optical Filter L2 on M6

~Optical Filter L3 on M3

1.5mm

Fluorescence

Microwave Pulse Control l
Photodiode
(Not Used Here) | = Ly L Ly ‘Nwﬂl 1 P-Sub)

frar~100MHZ [ Transimpedance
Divider _~ Amplifier (TIA)

2.87GHz Phased Locked Loop (PLL)

1mm

A Figure 1: Block diagram of the NV-based magnetic sensor in A Figure 2: Chip die photo.
65-nm CMOS.

FURTHER READING

e M.I Ibrahim, C. Foy, D. R. Englund, and R. Han, "A Scalable Quantum Magnetometer in 65-nm CMOS with Vector-field Detection Capability,”
IEEE Intl. Solid-State Circuit Conf. (ISSCC), San Francisco, CA, 2019.

e M.I Ibrahim, C. Foy, D. Kim, D. R. Englund, and R. Han, presented at “Room-temperature Quantum Sensing in CMOS: On-chip Detection of
Electronic Spin States in Diamond Color Centers for Magnetometry,” IEEE VLSI Circuits Symposium, Honolulu, HI, 2018.

«  “Nanoscale Imaging Magnetometry with Diamond Spins under Ambient Conditions,” Nature, 455, no. 7213, pp. 648-651, 2008.
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Broadband Inter-chip Link using a Terahertz Wave on a Dielectric Waveguide

J. Holloway, R. Han

Sponsorship: Intel, Office of Naval Research, MIT Lincoln Laboratories

The development of data links between different mi-
crochips of an onboard system has encountered a
speed bottleneck due to the excessive transmission
loss and dispersion of the traditional inter-chip elec-
trical interconnects. 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 pro-
vides an alternative path to solve the problem, thanks
to the excellent transmission properties of optical fi-
bers; however, the existing solutions are still not fully
integrated (e.g., off-chip laser source) and normally re-
quire process modification to the mainstream comple-
mentary metal-oxide semiconductor (CMOS) technolo-
gies. 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 suf-
ficiently low loss (~0.1dB/cm) and bandwidth (>100GHz)
for board-level signal transmission (Figure 1). In com-
mercial CMOS/BiCMOS platforms, we have previously
demonstrated high-power THz generation with modu-
lation, frequency conversion, and phase-locking capa-
bilities.

In addition, a room-temperature Schottky-barrier
diode detector (in 130-nm CMOS) with <10pW/Hz!2
sensitivity (antenna loss excluded) is also reported.
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The prototype 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, passive channelizers,
broadband THz modulators, and sub-harmonic
carrier generation. 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
isshown 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). Additionally, our on-chip and on-interposer
channelizers provide a compact and efficient means of
reducing ISI while combining incoherent parallel data
streams.
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A Figure 1: (Top) High-speed, energy-efficient inter-chip trans- A Figure 2: The measured back-to-back insertion loss using a
mission using guided THz wave. (Bottom) A test structure with  two-port network analyzer in the WR-3 band.

back-to-back THz integrated couplers separated by a 2-cm
dielectric waveguide.

FURTHER READING

« C.Yeh, F. Shimabukuro, and P. H. Siegel, “Low-loss Terahertz Ribbon Waveguides,” Applied Optics, vol. 44, no. 28, pp. 5937-5946, Oct. 2005.
« R.Han,C.Jiang, A. Mostajeran, M. Emadi, H. Aghasi, H. Sherry, A. Cathelin, and E. Afshari, ‘A 320GHz Phase-locked Transmitter with 3.3mW
Radiated Power and 22.5dBm EIRP for Heterodyne THz Imaging Systems,” presented at IEEE Int. Solid-State Circuit Conf. (ISSCC), San

Francisco, CA, 2015.

« R.Han,Y. Zhang, Y. Kim, D. Kim, H. Shichijo, E. Afshari, and K. K. O, “Active Terahertz Imaging using Schottky Diodes in CMOS: Array and 860-
GHz Pixel,” IEEE J. of Solid-State Circuits (JSSC), vol. 48, no. 10, Oct. 2013.
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Low-energy Current Sensing with Integrated Fluxgate Magnetometers

P. Garcha, V. Schaffer, B. Haroun, S. Ramaswamy, J. Wieser, D. Buss, J. H. Lang, A. P. Chandrakasan

Sponsorship: Texas Instruments

The ability to sense current is crucial to many industri-
al applications including power line monitoring, motor
controllers, battery fuel gauges, etc. We are developing
smart connectors with current sensing abilities for use
in the industrial Internet of things (IoT). These connec-
tors can be used for 1) power quality management to
measure real power, reactive power, and distortion and
2) machine health monitoring applications for continu-
ous monitoring, control, prevention, and diagnosis.

At the system level, the smart connectors need
to 1) measure AC, DC, and multiphase currents; 2)
reject stray magnetic fields; and 3) detect impending
connector failure. On the sensor level, they need high
accuracy and performance and a small area to fit inside
the outer plastic encasing of the connectors. Therefore,
the sensors must not use large external magnetic cores
as field concentrators.

A good system solution is to use an array of
integrated fluxgate (FG) sensors (Figure 1), which
offer a better alternative than Hall/magneto-resistive

A small _
Magnetic
connector
\ sensors
:_l_ |
Flexible PCB or Central
processor

plastic encasing—

A Figure 1: Proposed contactless current sensing approach for
smart connectors, including a central processor and multiple sen-
sors to measure multiphase currents and reject disturbances. The
system can be wrapped around or plugged into the connectors.

FURTHER READING

sensors and shunt-sensing in terms of dynamic range
(~1075), sensitivity (200 V/T), linearity (0.1%), low
temperature drift, and inherent isolation. But high
power consumption is a drawback for FG sensors. FG
sensors work by driving magnetic cores in and out of
saturation and sensing the resulting voltage difference
(Figure 2). They achieve high linearity by balancing
the external magnetic fields within the core with an
equivalent compensation current, which can be quite
power-hungry. We need to reduce the energy needs
of the FG sensors so they can be used in an array,
especially in energy-constrained environments.

We propose a low-energy front-end design
with bandwidth scalability and lower energy per
measurement for FG sensors. We use a mixed-signal
architecture with quick convergence techniques to
enable duty cycling from >50 kHz bandwidth for
machine health monitoring to <1 kHz for power quality
management.
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A Figure 2: FG sensor with two magnetic cores and three sets
of coils: excitation, sense, and compensation. When excited, one
core saturates before the other, producing voltage Vg or as a
function of (B)\-Beopmp)- Compensation provides feedback to
improve linearity.

«  HARTING, 04. Industrial Connector Han e-Catalogue [Online], Available: https://www.harting.com/sites/default/files/2018-02/

DevCon_o07_5_E_Kapos4_Industrial-Connectors-Han.pdf, Feb. 2018.

« M. F Snoeij, V. Schaffer, S. Udayashankar, and M. V. Ivanov, “Integrated Fluxgate Magnetometer for use in Isolated Current Sensing,” IEEE J.

Solid-State Circuits, vol. 51, no. 7, pp. 1684-1694, Jul. 2016.
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Contactless Current and Voltage Detection using Signal Processing and Machine

Learning

A.Casallas, J. H. Lang
Sponsorship: HARTING, Texas Instruments

Measuring current and voltage in electrical systems is
a critical task in industrial environments and can be
used to monitor power quality and machine and pro-
cess performance. Easily retrofitted contactless mea-
surements are preferred, but they can require difficult
installations and bulky hardware. In contrast, we are
developing a contactless clip-on sensor that will esti-
mate voltage and current in three-phase power cables.
Our goal is to create a measurement system that uses
less hardware than present state-of-the-art solutions
while maintaining a high level of accuracy.

Current is estimated using an array of magnetic
field sensors embedded in a yoke that fits around
the cables, as shown in Figure 1. The measurements
are filtered to remove magnetic fields from external
sources, such as adjacent cables or eddy currents. This
filtering employs a Best Linear Unbiased Estimate
of cable currents that is based on a covariance
matrix calculated from a probabilistic model of
external magnetic fields detected by the sensor

A Figure 1: A photograph of the yoke with magnetic field sen-
sors to estimate current and active shielding hardware to esti-
mate voltage.

FURTHER READING

array. Additionally, we are using collected data to
train neural networks and explore whether machine
learning can generate a better estimate. To estimate
voltage, we employ guarded electrodes in the yoke
that fit snugly against the cables. We then sense cable
voltage capacitively coupled to the electrodes and use a
physical model of the electrode system to estimate the
voltage differences between cables. A voltage estimate
example is shown in Figure 2.

At present, our system can estimate voltage with
anerror of less than 1% and current with an error of less
than 2%, even in the presence of electric and magnetic
field interference. This performance is comparable
to currently used contactless detection systems but
uses significantly less hardware and should thus be
less costly to manufacture. Furthermore, since our
estimates produce full current and voltage waveforms,
we can calculate quantities such as instantaneous
power and power quality.

Actual vs. Estimated Voltage

Voltage (V)
o

54
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4.00 4.02 4.04 4.06 4.08 410

Time (sec)
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A Figure 2: An example of an estimated voltage waveform dis-
played over a true voltage waveform measured using electrical
contacts.

« G.DAntona, L. Di Rienzo, R. Ottoboni, and A. Manara, “Processing Magnetic Sensor Array Data for AC Current Measurement in
Multiconductor Systems,” IEEE Transactions on Instrumentation and Measurement, vol. 50, no. 5, pp. 1289-1295, 2001.
« L.DiRienzo and Z. Zhang, “Spatial Harmonic Expansion for use with Magnetic Sensor Arrays,” IEEE Transactions on Magnetics, vol. 46, no. 1,

Pp. 53-58, 2010.
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SHARC: Self-healing Analog Circuits with RRAM and CNFETs

A. Amer, R. Ho, G. Hills, A. P. Chandrakasan, M. M. Shulaker
Sponsorship: Analog Devices, Inc., DARPA 3DSoC

Next-generation applications require processing of a
massive amount of data in real time, exceeding the ca-
pabilities of electronic systems today. This has spurred
research in a wide range of areas: from new devices
to replace silicon field-effect transistors (FETs) to im-
proved circuit implementations to new system archi-
tectures with dense integration of logic and memory.
However, isolated improvements in any one area are
insufficient. Rather, enabling these next-generation
applications will require combining benefits across all
levels of the computing stack: leveraging new devices
to realize new circuits and architectures.

For instance, carbon nanotube (CNT) field-effect
transistors (CNFETSs) for logic and resistive random-
access memory (RRAM) for memory are two promising
emerging nanotechnologies for energy-efficient
electronics. However, CNFETs suffer from inherent
imperfections (such as of metallic CNTs (m-CNTs)),
which have prohibited realizing large-scale CNFET
circuits in the past. M-CNTs create shorts between
the CNFET source and drain, which translates into
(1) a 100x intrinsic gain reduction for analog circuits
causing the failure of the whole system and (2) high
power consumption and degraded noise margin for
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digital circuits. This work proposes a circuit design
technique (called self-healing analog circuitry with
RRAM correction (SHARC)) that integrates and
combines the benefits of both CNFETs and RRAM to
realize three-dimensional circuits that are immune to
m-CNTs. Non-volatile RRAMs are 3D-integrated with
CNFETs, whereas each CNFET is split into multiple
minimum-width FETs (ie., “sub-CNFETs"), with a
RRAM cell in series fabricated directly under (or over)
the source or drain contact of each sub-CNFET.

SHARC is a non-volatile technique that self-
reconfigures the circuit by programming RRAMs. The
sub-FETsincludingm-CNTsbecome connectedin series
toreset high-resistance RRAM that effectively removes
those sub-CNFETs from the circuit, while CNFETs
containing only semiconducting CNTs are connected
in series with set low-resistance RRAM. Leveraging this
technique, we experimentally demonstrate the first
and largest CMOS CNFET mixed-signal systems robust
to m-CNTs (by implementing SHARC in amplifiers and
switches) such as a 4b-DAC and 4b-SAR ADC. SHARC
can also be combined with additional existing circuit
techniques to further improve performance for very-
large-scale integrated circuits.

Switches
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A Figure 1: 4-Bit SAR DAC with SHARC. (top) Schematic and die photo. (bottom) Measured characteristics show
the ADC behavior with offset (35mV), non-linearity, and gain error whereas the DNL (-0.5 LSB— 0.75 LSB).

FURTHER READING

« AyaG. Amer, et al. “29.8 SHARC: Self-healing Analog with RRAM and CNFETSs,” 2019 IEEE International Solid-State Circuits Conference-

(ISSCC), IEEE, 2019.

28 Al, Communication, Imaging, Navigation, Sensing Systems

MTL ANNUAL RESEARCH REPORT 2019



Biological, Medical Devices, and Systems

Optofluidic Real-time Cell Sorter for Longitudinal CTC Studies in Mouse Models of Cancer ... 31
Continuous Online Monitoring of Biologics Quality during Continuous Biomanufacturing using

Micro/NANOFTUIdIC SYSEEM ... 32
Electrokinetic Purification for DINA ANGIYSIS ...t 33
Multi-parameter Cell-tracking Intrinsic Cytometry for Characterization of Single Cells ..., 34
Point-of-Care Biomarker Detection through Electronic Microfluidics ..., 35
A Microfluidic System for Modeling Human Atherosclerosis and Pathophysiology.............ccccoooiioii, 36
Biochip for Drug Delivery using TERCOM ... 37
Nanocone-arrayed SERS Substrate for Rapid Detection of Bacterial SEpsis .........ccccoiviiiioriioiiiiciciicciccceccececan, 38
Avrterial Blood Pressure Estimation using Ultrasound Technology and a Transmission Line Arterial Model..................... 39

Human Subject Studies of Ultrasound for Continuous and Non-invasive Arterial Blood Pressure

WAVEFOTT IMMONIEOMING ... 40
Measuring Saccade Latency using Smartphone Cameras. ... 41
A Simplified Design for Modeling Coronary Capillary Fluid Transport ina PDMS Model ... 42

MTL ANNUAL RESEARCH REPORT 2019 Biological, Medical Devices, and Systems

29



30

Biological, Medical Devices, and Systems

MTL ANNUAL RESEARCH REPORT 2019



Optofluidic Real-time Cell Sorter for Longitudinal CTC Studies in Mouse Models of

Cancer

B.Hamza, S. R. Ng, S. M. Prakadan, F. F. Delgado, C. R. Chin, E. M. King, L. F. Yang, S. M. Davidson, K. L. DeGouveiab, N.
Cermak, A. W. Naviab, P. S. Winter, R. S. Drake, J. S. Bagnall, S. M. Knudsen, M. G. Vander Heiden, S. C. Wasserman, T. Jacks,

A.K.Shalek, S. R. Manalis
Sponsorship: NIH, Ludwig

Circulating tumor cells (CTCs) play a fundamental role
in cancer progression. However, in mice, limited blood
volume and the rarity of CTCs in the bloodstream pre-
clude longitudinal, in-depth studies of these cells using
existing liquid biopsy techniques. We developed an op-
tofluidic system (Figures 1, 2) that continuously collects
fluorescently labeled CTCs from a genetically engi-
neered mouse model (GEMM) for several hours per day
over multiple days or weeks. The system is based on a
microfluidic cell-sorting chip connected serially to an
unanesthetized mouse via an implanted arteriovenous
shunt. Pneumatically controlled microfluidic valves
capture CTCs as they flow through the device, and
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A Figure 1: Peristaltic pump withdraws blood from a surgically
implanted cannula in the carotid artery of a mouse. The blood is
directed into the main flow channel of the CTC sorter chip. For
tdTomato-positive cells, a green (532-nm) laser illuminates two
points along the main flow channel of the CTC chip separated by
a known distance. Thus, fluorescent CTCs emit two red-shifted
pulses of light, which are detected by a photomultiplier tube.
Based on the timing of the pulses, a LabVIEW program com-
putes the velocity of the cells and operates computer-controlled
pneumatic valves to redirect fluorescent CTCs toward a collec-
tion tube. After exiting the chip, CTC-depleted blood returns to
the jugular vein of the mouse via a second surgically implanted
cannula.

FURTHER READING

CTC-depleted blood is returned back to the mouse via
the shunt. To demonstrate the utility of our system, we
profile CTCs isolated longitudinally from animals over
four days of treatment with the BET inhibitor JQ1 using
single-cell RNA sequencing (scRNA-Seq) and show that
our approach eliminates potential biases driven by in-
ter-mouse heterogeneity that can occur when CTCs are
collected across different mice. The CTC isolation and
sorting technology presented here provides a research
tool to help reveal details of how CTCs evolve over time,
allowing studies to credential changes in CTCs as bio-
markers of drug response and facilitating future stud-
ies to understand the role of CTCs in metastasis.

A Figure 2: Outlet by which blood is returned to the mouse is
briefly sealed while the opposite outlet is opened to allow for
CTC isolation in real time. After collection, CTCs are further
enriched by a secondary CTC sorting chip designed with a par-
allel channel to flush CTCs into wells containing cell lysis buffer
for downstream scRNA-Seq.

« B.Hamza, S.R. Ng, S. M. Prakadan, F. E. Delgado, C. R. Chin, E. M. King, L. E. Yang, S. M. Davidson, K. L. DeGouveiab, N. Cermak, AW. Naviab, P.S.
Winter, R. S. Drake, J. S. Bagnall, S. M. Knudsen, M. G. Vander Heiden, S. C. Wasserman, T. Jacks, A. K. Shalek, and S. R. Manalis, “Optofluidic Real-
time Cell Sorter for Longitudinal CTC Studies in Mouse Models of Cancer,” PNAS, vol. 116, pp. 2232-2236, 2019.
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Continuous Online Monitoring of Biologics Quality during Continuous
Biomanufacturing using Micro/Nanofluidic System

T.Kwon, S. H. Ko, J.-F. P. Hamel, J. Han

Sponsorship: Singapore-MIT Alliance for Research and Technology (SMART) Centre BioSyM IRG, DARPA,

Samsung Scholarship

The growing trend in the biopharmaceutical industry
is to adopt continuous biomanufacturing to reduce
manufacturing cost and improve product quality. How-
ever, several challenges must be solved. First, a reliable
and efficient cell retention device is required. Currently,
using a hollow fiber membrane is a widely adopted cell
retention method in industry to maintain suspended
cells in the bioreactor and remove biologics from the
bioreactor. However, it suffers from membrane fouling/
clogging due to cells and cell debris. Moreover, product
recovery efficiency becomes significantly low over cul-
tivation time, resulting in low manufacturing efficien-
cy.

Second, there is no robust online sensor for critical
quality attributes, such as purity and binding affinity,
during manufacturing to understand the real-time
relationship between the critical quality attributes
and bioprocesses. For example, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), size
exclusion chromatography (SEC), and capillary gel
electrophoresis (CGE or CE-SDS) are commonly used to

Microfluidic
cell retention device
>

®; CHO'colls ~ 700 mL/day

Microfluidic Cell sorting in the
cell retention retention device
device

check protein purity, but they offer only at-line/offline
discontinuous analysis.

In this context, we developed a novel micro/
nanofluidic system to demonstrate continuous
online monitoring of protein size distribution of cell
culture supernatant during perfusion culture (Figure
1). The system consists of perfusion culture, online
sample preparation, and detection of protein size
distribution. To enable long-term perfusion culture,
we used a membraneless microfluidic cell retention
device. The cell retention is based on size-based cell
sorting. Its high cell-concentration-capacity (>40E+6
cells/mL), scalability, long-term biocompatibility,
and high product recovery efficiency have already
been demonstrated. The online sample preparation
consists of buffer-exchange, cell clarification, protein
labeling, and denaturation. At the end of the system,
the nanofluidic device continuously monitors protein
size distribution. It has nanofilter array and supports
continuous-flow size-based protein separation and
concentration.

'pump- Buffer exchange

Buffer exchange

SDS, DTT

Buffer

| (10X TBE) |
i i Ground

Denaturation (Electrode)

nanofluidic device

A Figure 1: The micro/nanofluidic system for continuous monitoring of protein size distribution
of cell culture supernatant containing monoclonal antibodies (IgG1) during perfusion culture.

FURTHER READING

« T. Kwon, H. Prentice, J. D. Oliveira, N. Madziva, M. E. Warkiani, J.-F. P. Hamel, and J. Han, “Microfluidic Cell Retention Device for Perfusion of
Mammalian Suspension Culture,” Scientific Reports, vol. 7, p. 6703, 2017.
« S.H.Ko, D. Chandra, W. Ouyang, T. Kwon, P. Karande, and J. Han, “Nanofluidic Device for Continuous Multiparameter Quality Assurance of

Biologics,” Nature Nanotechnology, vol. 12, pp. 804-812, 2017.

« T.Kwon, S. H. Ko, J. -E. P. Hamel, and J. Han, “Long-term Continuous Online Monitoring of Antibody Purity using a Nanofluidic Device during
High-concentration Perfusion Culture,” Proc. of 22nd International Conference on Miniaturized Systems for Chemistry and Life Sciences

(MicroTAS), pp. 204-206, 2017.

32

Biological, Medical Devices, and Systems

MTL ANNUAL RESEARCH REPORT 2019



Electrokinetic Purification for DNA Analysis

W. Ouyang, J. Han
Sponsorship: NITH

Rapid detection of ultralow-abundance pathogenic
DNAs in complex clinical samples, which are often
as low as <100 copies/ml (~0.1 aM), is critical for early
diagnosis of infectious diseases. Despite the unprece-
dented amplification capacity of the polymerase chain
reaction (PCR), its detection sensitivity and specificity
are limited by the ability to purify DNAs from clinical
samples with minimal loss. Currently, DNA extraction
relies on slow and labor-intensive spin column-based
solid phase extraction, which introduces significant
losses of DNAs during capture, elution, and final sam-
pling, especially for ultralow-abundance samples.
Ion-concentration-polarization (ICP)-based electro-
kinetic trapping (ET) has attracted much attention
in the past decade as a viable approach for the rapid
concentration of DNAs and other biomolecules, with
enrichment speeds of ten-thousand-fold in ~10 minutes.
Based on this technique, we report the direct enrichment

and purification of DNAs in complex biological samples
by pressure-modulated selective electrokinetic
trapping (PM-SET). We showcase the utility of PM-
SET in human serum that contains 60-80 mg/mL total
serum protein and perhaps represents one of the most
complex backgrounds for molecular detection. Through
modulating the hydrostatic pressure applied to the ICP-
based ET device, we demonstrate the selective trapping
of DNAs (of high electrophoretic mobility) while the
majority of background proteins (of low electrophoretic
mobility) are simultaneously removed (Figure 1),
achieving an enrichment factor of >4800 in 15 minutes
for DNAs.

With these advantages, we believe that PM-SET
could potentially play an enabling role in developing
lab-on-a-chip devices toward point-of-care diagnostics,
on-site food and environment monitoring, and a variety
of other applications in resource-limited settings.

nucleic acids
& proteins

nucleic acids

proteins

A Figure 1: Selective electrokinetic concentration of DNAs (green) and simultaneous filtration

of background proteins (red) in parallel microfluidic channels with induced ion depletion zones.

FURTHER READING

«  W.Ouyang, L. Zirui, and J. Han, “Pressure-modulated Selective Electrokinetic Trapping for Direct Enrichment, Purification, and Detection of
Nucleic Acids in Human Serum,” Analytical Chemistry, 90, no. 19, pp.11366-11375, 2018.

«  W.Ouyang, Y. Xinghui, L. Zirui, and J. Han, “Deciphering ion Concentration Polarization-based Electrokinetic Molecular Concentration at the
Micro-nanofluidic Interface: Theoretical Limits and Scaling Laws,” Nanoscale, 10, no. 32, pp. 15187-15194, 2018.
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Multi-parameter Cell-tracking Intrinsic Cytometry for Characterization of Single

Cells

N. Apichitsopa, J. Voldman
Sponsorship: Bose Research Award

Cells possess biochemical properties that require ex-
trinsic tags, e.g., fluorescent dyes, for detection and
biophysical properties, e.g., morphological, mechanical,
electrical, and optical properties, which are intrinsic
and do not require any labels. While extrinsic labeling
techniques are highly specific to cell states, analyses
of label-free biophysical properties are more suitable
for applications, which require quick turnaround, and
for analysis where biochemical labels for targeting
cell states are not known. Development of single-cell
biochemical analysis techniques with high sensitivity,
throughput, and multiplexing capability has advanced
understanding of complex biological systems and has
established their presence in biological research labs
and clinical practice. In contrast, development of sin-
gle-cell biophysical analysis techniques is often limited
to proof-of-concept due to the low-specificity nature
of the intrinsic markers and the lack of approaches to
combine multiple biophysical assays for high-dimen-
sional biophysical phenotyping of single cells.

To address this challenge, we propose a
general approach to combine multiple biophysical

Microscope
Objective

Size

AFigure 1: System overview of the multi-parameter
intrinsic cytometry, which measures up to five intrinsic
markers of single cells, including size, polarizability at three
frequencies, and deformability.

FURTHER READING

measurements of single cells via optical tracking. To
show specific implementation of this approach, we
developed a microfluidic platform that measures up
to five intrinsic markers of single cells, including size,
deformability, and polarizability at three frequencies
(Figure 1). We chose these intrinsic markers because
each has been associated with important biological
functions and proven useful for cell characterization,
and they are rarely studied together. Cell tracking
was demonstrated on the fully integrated platform,
and multiple intrinsic markers of single cells were
measured from cell samples treated with varying
concentrations of actin polymerization inhibitor. An
unsupervised dimensionality reduction technique,
viSNE, was implemented to visualize the five-
dimensional intrinsic marker measurements in two-
dimensional visualization (Figure 2). Our analysis
showed that an increase in number of intrinsic markers
measured by our intrinsic cytometry platform resulted
in an increase in classification accuracy of cell states
induced by drug treatment.
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A Figure 2: viSNE map of multi-parameter intrinsic measure-
ments of HLOO cell line treated with different concentrations
of Cytochalasin D, inhibitor of actin polymerization, colored by
Cytochalasin D concentrations.

« D.R.Gossett, et al, “Label-free Cell Separation and Sorting in Microfluidic Systems,” Analytical and Bioanalytical Chemistry, vol. 397, no. 8, pp.

3249-3267, 2010.

« N.Apichitsopa, A. Jaffe, and J. Voldman, “Multiparameter Cell-tracking Intrinsic Cytometry for Single-cell Characterization,” Lab on a Chip, vol.

18, 0. 10, pp. 1430-1439, 2018.

« A Jaffe and J. Voldman, “Multi-frequency Dielectrophoretic Characterization of Single Cells,” Microsystems & Nanoengineering, vol. 4, no .1, p.

23,2018.
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Point-of-Care Biomarker Detection through Electronic Microfluidics

D. Wy, K. Kikkeri, J. Lee, J. Voldman
Sponsorship: Novartis

Identification of protein biomarkers is a vital step for
numerous biomedical applications including clinical
diagnostics, monitoring, and treatment. However, tra-
ditional blood analysis techniques require large sam-
ple volumes and centralized laboratories with trained
technicians to perform tests. This translates to long
wait times (~days) for patients and healthcare provid-
ers to receive testing results. Point-of-Care (PoC) de-
vices have emerged as promising alternatives to these
traditional blood assays as they are capable of rapid
analysis (~mins) in non-laboratory settings. Thus, we
are developing an integrated and electronically operat-
ed PoC platform for the rapid identification of protein
biomarkers.

As shown in Figure 1, in principle, the PoC system
is a blood-to-result platform that incorporates an
interface for automated sample withdrawal from
blood collection devices, an electrochemical assay,
and an electronic readout. The electrochemical assay
was developed as a bead-based electronic enzyme-
linked immunosorbent assay (ELISA) to reduce assay

time, lower required sample volume (~pL), and enable
platform automation. The workflow of this bead-
based electronic assay is shown in Figure 2. Following
sample infusion, magnetic microbeads conjugated
with antibodies and enzymes are introduced to the
sample. Target biomarkers bind to antibodies on
the surface of the microbeads and are then sent to
electrodes for detection. Biomarker-bound beads then
attach to capture antibodies coated on the electrodes.
Following an incubation period, enzymes on the
attached microbeads catalyze chemical reactions to
generate current, which is measured electronically.
Electrical readouts are then correlated with the target
biomarker concentrations on the transducer. Results
have indicated that this sensor has the sensitivity
range required for clinically relevant concentrations
of various biomarkers for a variety of biomedical
applications. Furthermore, initial testing has shown
that the platform produces rapid results (within 30
mins) using small volumes (~pL) of blood.
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A Figure 2: Schematic of the bead-based electronic ELISA. The workflow of the assay, which includes incubation of sample with
beads equipped with enzymes and antibodies, incubation of beads with antibody on electrodes, and electrochemical measurement.

FURTHER READING

« D. Wu, D. Rios-Aguirre, M. Chounlakone, S. Camacho-Leon, and J. Voldman, “Sequentially Multiplexed Amperometry for Electrochemical
Biosensors,” Biosensors and Bioelectronics, vol. 117, pp. 522-529, 2018.
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A Microfluidic System for Modeling Human Atherosclerosis and Pathophysiology

S.Varma, W. Liao, J. Voldman
Sponsorship: MIT-GSK Gertrude B. Elion Research Fellowship

Hemodynamic flows and consequent fluid shear stress-
es (FSS) directly regulate endothelial function (EE),
which in turn regulates atherosclerotic disease pro-
gression (atherogenesis). Laminar, helical flows with
a high-magnitude pulsatile FSS waveform enhance
EF (ie, are atheroprotective), while multidirectional
flows with a low-oscillatory FSS waveform impede EF
(i.e., are atheroprone). Understanding atherogenesis re-
quires a microenvironment with representative flows
regulating EF (Figure 1). Current systems usually pro-
vide a single aspect of atheroprotective or atheroprone
flows: high/low shear, oscillatory/unidirectional flow,
uniform/pulsatile flow, etc., but do not recreate all the
spatiotemporal flow features to mimic the complexity
of physiological flows.

We have developed a microfluidic system that,
for the first time, fully recapitulates in vivo-like
spatiotemporal atheroprotective flow simultaneously
with atheroprone flows, both with complex but
programmable features. Applying these flows
upon primary human endothelial cells (hECs),

Human Atherosclerosis

Disease-protected cells

Disease-prone cells

Atheroprotective Flow Atheroprone Flow

A Figure 1: Human atherosclerosis disease progression is regu-
lated by distinct endothelial phenotypes that are preconditioned
to be either disease-protected or disease-prone, depending on
the local spatiotemporal hemodynamic flows.

FURTHER READING

we can concurrently monitor maintenance of EF
and the emergence of endothelial dysfunction in
precise locations within a single cellular monolayer,
as it occurs in vivo. We utilize on-chip valves to
dynamically modulate flows—and hence FSS applied
on cells—mimicking in vivo waveform dynamics and
magnitude. Additionally, we utilize patterned grooves
within the device to impart specific spatial profiles
of flow, enabling us to recapitulate the complete
spatiotemporal flow signatures found in vivo.

Our platform allows us to monitor hECs
cultured under spatiotemporal flows and execute
relevant biological assays for assessing EF. As an
example, we observe cell alignment exclusively under
atheroprotective flows compared to atheroprone flows,
matching known in vivo morphology of functional
hECs (Figure 2). Overall, with this highly relevant
platform, we can, for the first time, systematically and
simultaneously control unexplored hemodynamic
flow parameters that condition hECs to regulate
human disease susceptibility.
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\ 2 /

Disease-protected cells

Atheroprotective Flow Atheroprone Flow

A Figure 2: Our microfluidic system recapitulates the spatio-
temporal hemodynamics and vascular regions relevant to ath-
erosclerosis. Conditioning hECs with on-chip flows induces
distinct phenotypic signatures in the two regions, e.g., flow
alignment, similar to in vivo observations.

« S.Varma, B.R. Slegtenhorst, G. Garcia-Cardefia, and J. Voldman, “Atherofluidic System for Modeling Human Atherogenesis and Pathophysiology

in-Vitro,” presented at MicroTAS Conference, Dublin, Ireland, 2016.

« M. A Gimbrone and G. Garcia-Cardefia, “Endothelial Cell Dysfunction and the Pathobiology of Atherosclerosis,” Circulation Research, vol. 118,

no. 4, pp. 620636, 2016.
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Biochip for Drug Delivery using TERCOM

J. Protz

Sponsorship: Protz Lab Group, BioMolecular Nanodevices, LLC

Targeted drug delivery has been an area of active in-
vestigation for several decades. Most approach target
cell-borne receptors chemically or genetically. Some
use external stimuli such as heat or radio waves to
drive spatially-localized release. In one approach, par-
ticles estimate their own location within the body by
correlating their sensed environment (e.g., tempera-
ture, pressure, salinity, sugar levels, pH, etc.) or its time
history against a carried map and releases a charge of
a drug based on this estimate. This eliminates external
aids and is closely related to terrain contour matching
(TERCOM) and scene correlation (DSMAC), techniques
used in aircraft navigation.

Previous work by the PI and his group focused on
the development of nanoparticles capable of sensing
and retaining a memory of their environment with

noisy DNA. Current efforts focus on the theory of
estimating location within the body from vectors of
sensed variables and on development of a SiO2 MEMS
biochip (microarray) that can test or screen particles
and molecules for such sensitivity. Preliminarily
explored particle concepts have included liposomes
and proteins (bottom-up fab) and thin films (top-down
fab). A chip concept that implements a microarray
with a half-toned chemical library and material data
drawn from conventional surgical analogs has also
been considered. The objective is to demonstrate a
targeted nanoparticle that implements TERCOM- or
DSMAC-like navigation in the body and a biochip that
can evaluate its selectivity. The concept is outlined in
Figure 1.
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A Figure 1: lllustration of biochip screening for TERCOM functional nanoparticles.

FURTHER READING

« J.M.Protz, “Methods and Compositions for Drug Targeted Delivery,” US Provisional Patent Application Serial No. 62/668,466, 2018.

M. E. Tanner, E. A. Vasievich, and J. Protz, “Experimental Demonstration of Lossy Recording of Information into DNA,” Proc. SPIE 7679, Micro-

and Nanotechnology Sensors, Systems, and Applications II, 767920, doi: 10.1117/12.858775; https://doi.org/10.1117/12.858775, May 5, 2010.
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Nanocone-arrayed SERS Substrate for Rapid Detection of Bacterial Sepsis

N. Jia, S.-G. Kim
Sponsorship: Institute for Medical and Consultations

Rapid detection of bacteria is a very critical part of
treating infectious disease. Sepsis kills more than 25
percent of its victims, resulting in as many as half of all
deaths in hospitals before identification of the patho-
gen for patients to get the right treatment. Raman
spectroscopy is a promising candidate in pathogen di-
agnosis, given its fast and label-free nature if the con-
centration of the pathogen is high enough to provide
reasonable sensitivity. This work develops a new kind
of surface-enhanced Raman spectroscopy (SERS) sub-
strate that will provide high enough sensitivity and
fast and close contact of the target structure to the hot
spots for an immunomagnetic-based, bacteria-concen-
trating and -capturing technique.

The substrate uses an inverted cone structure
array made of transparent PDMS to funnel the light
to the top of the cones, where plasmonic nanorods
are located. A high-reflective and low-loss layer is
deposited on the outer surface of the cone. Given the
geometry of the cone, photons are multi-reflected by
the outer layer and thus the number density of photon
increases by at least an order. After the pattern and
geometric shape of the cones are optimized, the hot
spots of the proposed SERS substrate could have an
enhancement factor of 108 or higher, which could be
high enough to detect immunomagnetically densified
bacteria.
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A Figure 1: The comparison of E4 factor between hexagonal dense packing cone array and the flat surface.

FURTHER READING

e N.Z.lJia, S-G. Kim, R. Karnik, and M. Tellers, “SERS Sensor Array to Rapidly Identify Bacteria,” U. S. patent pending.
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Arterial Blood Pressure Estimation using Ultrasound Technology and a Transmission

Line Arterial Model

K. Beeks, C. G. Sodini
Sponsorship: MEDRC, Analog Devices

This work describes the application of a transmission line
model to arterial measurements in order to derive useful
cardiovascular parameters. Non-invasive ultrasound tech-
niques are used to make these measurements, which has
several benefits over invasive methods such as arterial
catheterization. However, invasive methods are seen as the
‘gold standard” measurements and therefore the most ac-
curate. Having accurate measurements performed non-in-
vasively is very desirable for cardiologists to determine
their patients' risk of developing cardiovascular disease.
This work details how to obtain the “blood” flow and

A Figure 1: The flow phantom experiment is designed to mimic
the heart pumping blood through a single arterial segment. BMF
is pulsing through a latex rubber tube.

FURTHER READING

pulse pressure waveforms with ultrasound transducers
using a flow phantom with blood mimicking fluid (BMF)
shown in Figure 1. Two transducers, one for imaging
and one for Doppler, are used together to derive these
pulse pressure waveforms from distension and “blood”
flow velocity measurements. Unfortunately, the pulse
pressure waveform does not contain diastolic pressure
information. By decomposing the backward and forward
pulse and flow waves and using the transmission line
model, the diastolic pressure can be determined, yielding
a complete arterial blood pressure waveform.

Angle Comected Velocity (cmis)
Normalized Intensity

Time (s)

A Figure 2: The fluid flow velocity of the BMF is measured using
pulsed Doppler ultrasound.

« P Atkinson and P. N. Wells, “Pulse-doppler Ultrasound and its Clinical Application,” Yale J Biol Med 50.4, PMC2595531[pmcid], pp. 367-373, ISSN:

0044-0086, URL: https://www.ncbi.nlm.nih.gov/pubmed/143803, 1977.

« J.Seo, “Continuous and Non-invasive Blood Pressure Monitoring using Ultrasonic Method,” PhD thesis, Massachusetts Institute of Technology,

Cambridge, 2014.

« C.Vlachopoulos, M. O'Rourke, W. W. Nichols, and D. A. MacDonald, “McDonald’s Blood Flow in Arteries: Theoretical, Experimental and Clinical

Principles,” CRC Press, Boca Raton, FL: Jul. 2011.
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Human Subject Studies of Ultrasound for Continuous and Non-invasive Arterial

Blood Pressure Waveform Monitoring

M. S. Feng, H.-S. Lee, C. G. Sodini
Sponsorship: MEDRC, Analog Devices, Inc.

Arterial blood pressure (ABP) is a key physiological
parameter for evaluating the circulatory system of pa-
tients. The ABP reflects the pathophysiologic states of
the cardiovascular system. Currently, the ABP wave-
form is usually obtained via an arterial line (A-line) in
intensive care settings; while considered the gold stan-
dard, the A-line is invasive. Thus, our goal is to develop
areliable, continuous, and non-invasive ABP waveform
estimation system. Ultrasound is an ideal imaging mo-
dality to achieve this goal due to its low cost and por-
tability. Two human subject studies are in progress us-
ing prototype ultrasound devices to develop this ABP
waveform estimation system.

The first human subject study is being done in
collaboration with the Boston Medical Center to
compare the measured ABP waveform on patients with
A-lines with the pulse pressure waveform measured
with the Flow Method we developed at the carotid
artery. In the Flow Method, the blood flow is measured
with pulsed Doppler using a single ultrasound
transducer while the arterial area and distention are
measured by using M-mode imaging with a second
single ultrasound transducer

A drawback of the Flow Method is that it provides
only the pulse pressure waveform rather than the
absolute ABP waveform. Thus, a transmission line
model of the arterial blood flow system is being
developed to make an estimation of the diastolic
pressure, which provides the baseline for the absolute
ABP waveform. The pulse pressure waveform on its
own gives no information on diastolic blood pressure.
However, the transmission line model suggests that
the waveform may contain information regarding
the patient’s vascular resistance. By decomposing the
waveform into the forward and backward traveling
waves, we can derive the reflection coefficient. The
reflection coefficient provides an estimate of the
vascular resistance, which is multiplied with the
measured diastolic blood flow to yield the diastolic
pressure.

The second human subject study is underway in
collaboration with Massachusetts General Hospital to
compare the measured ABP waveform on patients with
A-lines with mean arterial pressure (MAP) calculated
by the transmission line model at the brachial arteries.
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A Figure 1:The prototype ultrasound system and transducer A Figure 2: The prototype ultrasound system and transducer

assembly. The system is capable of sufficient data rate to display assembly. Ultrasound gel pad is utilized to achieve acoustic cou-

blood flow and arterial pulsation simultaneously.

FURTHER READING

pling between the transducer surface and the skin.

« K. A.Beeks, "Arterial Blood Pressure Estimation using Ultrasound Technology and Transmission Line Model,” Master’s Thesis, Massachusetts

Institute of Technology, Cambridge, 2019.

e J. J. Seo, ‘A Non-invasive Central Arterial Pressure Waveform Estimation System using Ultrasonography for Real-time Monitoring,” Ph.D.

Thesis, Massachusetts Institute of Technology, Cambridge, 2018.

e J. Seo, S. J. Pietrangelo, C. G. Sodini, and H.-S. Lee, “Motion Tolerant Unfocused Imaging of Physiological Waveforms for Blood Pressure
Waveform Estimation using Ultrasound,” IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control, vol. 65, no. 5, pp. 766-779,

Mar. 2018.
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Measuring Saccade Latency using Smartphone Cameras

H.-Y. Lai, G. Saavedra-Peiia, C. Sodini, T. Heldt, V. Sze
Sponsorship: SenseTime

With current clinical techniques, it is difficult to ac-
curately determine the condition of a patient with a
neurodegenerative disease (e.g., Alzheimer’s disease).
The most widely used metrics are qualitative and vari-
able, exposing the need for a quantitative, accurate,
and non-obtrusive metric to track disease progression.
Clinical studies have shown that saccade latency--an
eye movement measure of reaction time--can signifi-
cantly differ between healthy subjects and patients. We
propose a novel system that measures saccade latency
outside the clinical environment using videos recorded
with a smartphone camera. This is challenging, given
the absence of infrared illumination and high-speed
cameras, adverse lighting conditions, and the instabil-
ity of the tracking device.

To overcome these challenges and therefore
enable tracking of saccade latency in large cohorts of

subjects, we combined a deep convolutional neural
network (CNN) for gaze estimation with a model-
based approach for saccade onset determination that
provides automated signal-quality quantification and
artifact rejection (Figure 1). A variant of the iTracker
gaze estimation CNN and a hyperbolic tangent model
resulted in mean saccade latencies and associated
standard deviations on iPhone recordings that were
essentially the same as those obtained from recordings
using a high-end, high-speed camera. With our
system, we recorded over 19,000 latencies in 29 self-
reported healthy subjects and observed significant
intra- and inter-subject variability, which highlights
the importance of individualized disease tracking
(Figure 2). Our framework shows that unobtrusive,
individualized tracking of neurodegenerative disease
progression is possible.
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A Figure 1: Saccade latency measurement system. An iPhone 6 video is
processed using an eye-tracking algorithm. Saccade latency values are
estimated by estimating the saccade onset using a hyperbolic tangent

model.

FURTHER READING

Saccade latency (ms)

A Figure 2: Distribution of the mean saccade laten-
cies from 29 subjects. Notice the wide range of mean
saccade latency values across healthy subjects.

« H.Y Lai,G. Saavedra-Peiia, C. Sodini, V. Sze, and T. Heldt, “Measuring Saccade Latency using Smartphone Cameras,” J. of Biomedical and Health

Informatics (JBHI), doi: 10.1109/JBHI1.2019.2913846, 2019.

« H.Y Lai,G. Saavedra-Pena, C. Sodini, T. Heldt, and V. Sze, “Enabling Saccade Latency Measurements with Consumer-Grade Cameras,” Proc. IEEE
International Conference on Image Processing (ICIP), pp. 3169-3173, 2018.

« G.Saavedra-Pefia, H.-Y. Lai, V. Sze, and T. Heldt, “Determination of Saccade Latency Distributions using Video Recordings from Consumer-grade
Devices,” Proc. IEEE Engineering in Medicine and Biology Conference (EMBC), pp. 953-956, 2018.
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A Simplified Design for Modeling Coronary Capillary Fluid Transport in a PDMS

Model

N. Assefa, S. Poesse

Myocardial injury is the leading cause of adult mortal-
ity in the United States. Despite the tremendous scien-
tific interest in modeling the cardiac capillary damage
that is characteristic of this event, few platforms exist
to model in-vivo fluid dynamics, especially capillary
interactions, accurately. Tissue-interface-mimicking
microfluidic devices are the few in-vitro models for
studying the critical behavior of capillaries, but fre-
quently used models require single micrometer resolu-
tion photolithography tools. This study examines and
evaluates an accessible alternative design that employs
centimeter-resolution photolithography to achieve
similar flow properties. Although fundamental fluid
dynamics properties of the new design are in accor-
dance with expectations, some suggestions are made to
improve the applicability of the new design for model-
ing cross-membrane diffusion in capillaries.
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A Bidirectional LLC Converter using Common Mode and Differential Mode Current

Injection

J.D. Boles, J. A. Santiago-Gonzalez, D. M. Otten, D. J. Perreault

Sponsorship: Bosch, NSF GRFP

Power converters are ubiquitous in today's world of
electronics, and the push for higher-power-density
converters has opened new realms of applications for
them. One popular converter topology for high-perfor-
mance, high-power-density converters is the LLC res-
onant converter, which relies on the frequency-depen-
dent gain of an LLC network for voltage conversion.
This LLC network consists of a capacitor, inductor, and
transformer in series, with the transformer’'s magnetiz-
ing inductance serving as the LLC'’s second inductance.
This LLC network’s gain characteristic is advantageous
because it allows the converter to achieve a wide range
of input/output voltage gain with only a narrow range
of switching frequencies. However, with a traditional
LLC converter, this valuable gain characteristic is pres-
ent for power conversion only in the forward direction.
This trait is inopportune for bidirectional converters.
In this work, we have demonstrated a converter
topology that achieves the LLC gain characteristic

during both forward and backward operation. This
topology splits the traditional LLC topology into
two equal halves, as Figure 1 illustrates. Then, we add
an auxiliary inductor L _; between the two inverter
switch nodes to serve the magnetizing inductance
role during reverse operation. Both halves are driven
identically in parallel (the voltages at points A and B
are always equal) for forward operation, resulting in
common-mode current injection into the LLC resonant
tank and no current through the auxiliary inductor.
During reverse operation, the two halves are driven 180
degrees apart, resulting in differential-mode current
injection that passes through the auxiliary inductor. As
aresult, theresonant tank exhibits a gain characteristic
resembling that of an LLC network in both directions.
This topology brings the high-performance of LLC
resonant converters to a variety of new applications
requiring bidirectional power flow, such as consumer
electronics, electric vehicles, and grid energy storage.

A Figure 1: Proposed bidirectional LLC converter topology. During forward operation, two halves operate in parallel, and L,
is unused. During reverse operation, current circulation through L, helps recreate the advantageous LLC gain curve.

FURTHER READING

« J.D.Boles, J. A. Santiago-Gonzalez, D. M. Otten, and D. J. Perreault, ‘A Bidirectional LLC Converter Enabled by Common Mode and Differential
Mode Current Injection,” Proc. IEEE Energy Conversion Congress and Exposition (ECCE), Sep. 2019.
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Electro-Chemo-Mechanical Studies of Perovskite-structured Mixed lonic-electronic

Conducting SrSn,_Fe O; .-

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

Solid oxide fuel cells (SOFCs) convert chemical ener-
gy directly to electricity and thus have high potential
conversion efficiency. Thermo-mechanical stability
and high cathode surface reaction kinetics are two ma-
jor criteria for good SOFC cathodes. In this work, we
extend previous studies on the promising mixed ionic
and electronic conducting perovskite-structured Sr-
Ti, Fe,0,/,.; (STF) materials system whose exchange
kinetics were correlated with the minority electron
charge density by replacing Ti with Sn, due to its dis-
tinct band structure and higher electron mobility.
Oxygen nonstoichiometry and the defect
chemistry of the SrSn  Fe O, ,.; (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
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A Figure 1: Oxygen nonstoichiometry 8 as a function of
pO, and temperature for SSF35.

FURTHER READING

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 using AC impedance spectroscopy.
The electrochemical properties of SSF were found
not to differ significantly from the corresponding
composition in STF. 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. However, due to
asymmetry in the crystal structure caused by the
larger size of Sn, both thermal and chemical expansion
coefficients of SSF35 were found to be around 20%
and 10% lower, respectively, than those of STF35, thus
making SSF35 much more chemo-mechanically stable
in SOFC operating conditions.
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A Figure 2: Measured strains (solid lines), thermal expansions
extended from low-temperature regimes (dashed lines) and

steady-state strains (points) of SSF35 (red) and STF35 (blue).

« C-S.Kim,S. R. Bishop, and H. L. Tuller, “Electro-chemo-mechanical Studies of Perovskite-structured Mixed Ionic-electronic Conducting SrSn,.
«F€,05 /5.5 Part IL: Electrical Conductivity and Cathode Performance,” J. Electroceram., vol. 40, pp. 57-64, 2018.

e« C.-S. Kim, N. H. Perry, S. R. Bishop, and H. L. Tuller, “Electro-chemo-mechanical Studies of Perovskite-structured Mixed Ionic-electronic
Conducting SrSn, ,FexO, . ,.; Part IIl: Thermal and Chemical Expansion,” J. Electroceram., 2018.

« C-S.Kim,S. R. Bishop, and H. L. Tuller, “Electro-chemo-mechanical Studies of Perovskite-structured Mixed Ionic-electronic Conducting SrSn,.
«F€,05 /245 Part I: Defect Chemistry,” J. Electroceram., vol. 38, pp. 74-80, 2017.
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High Capacity CMOS-compatible Thin Film Batteries on Flexible Substrates

M. J. Chon, A. Weathers, M. Polking, J. Kedzierski, D. Nezich, H. Chea, L. Racz, C. V. Thompson

Sponsorship: Lincoln Laboratories

The miniaturization of sensors through advancements
in low-powered MEMS devices in integrated circuits
has opened up new opportunities for thin film micro-
batteries. However, many of the available thin film
battery materials require high-temperature process-
es that necessitate additional packaging materials,
which reduce the overall energy density of these bat-
teries. Previous research with collaborators in Singa-
pore demonstrated an all-solid-state materials system
with high volumetric capacity that exclusively utilizes
CMOS-compatible (i.e., room temperature) processes.
This process allows integration of these batteries with
CMOS circuits as distributed power supplies or for in-
tegrated autonomous microsystems. Additionally, the
ability to deposit all components of the battery at room
temperature makes it possible to fabricate these bat-
teries on thin, flexible substrates that can be densely
stacked to achieve energy densities comparable to bulk
batteries, which has been the focus of this project.

We have successfully demonstrated a full thin film
microbattery using germanium (Ge) and ruthenium
dioxide (RuO,) as anode and cathode materials,
respectively, with lithium phosphorous oxynitride
(LiPON) as the solid-state electrolyte (Figure 1b).
Although RuO, has traditionally been used as an anode
material, it has significantly higher volumetric capacity
than typical cathode materials and sufficiently high
electrochemical potential versus Ge to provide an
output voltage of about 0.5V at a capacity of about
40 Ah/cm3 (Figure 1a). These materials are deposited
onto a thin (~5 pum), flexible polyimide substrate with
integrated interconnects and peeled off the handle
substrate (Figure 2). These battery films can be stacked
for higher power and energy densities and folded to fit
any volume.

FURTHER READING

« D. Perego, J. S. T. Heng, X. Wang, Y. Shao-Horn, and C. V. Thompson, “

Batteries,” Electrochimica Acta, vol. 283, pp. 228-233, Sep. 2018.
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A Figure 1: (a) Voltage profile of a full battery during dis-
charge. (b) Scanning electron microscope image showing the
components of the solid-state microbattery. The LIPON and
RuO, layers were sputter deposited, allowing them to fully
conform over the edge of the Ge anode.

A Figure 2: Peeling of batteries deposited on a polyimide

membrane off the silicon handle substrate.
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Kinetic Study of Lithiation-induced Crystallization in Amorphous Germanium

Anodes in Thin Film Batteries

J. Miao, B. Wang, C. V. Thompson

Sponsorship: Singapore-MIT Alliance for Research and Technology

Germanium (Ge) is one of the most promising anode
materials for complementary metal-oxide semiconduc-
tor (CMOS)-compatible lithium-ion microbatteries. An
intercalation or allowing anode is needed to avoid the
presence of metallic Li for this application. Ge has a vol-
umetric capacity of 7366 mAh/cm3, which is ten times
as large as the graphite anodes used in commercial bulk
batteries. When Ge is discharged below a threshold
voltage, a crystalline phase Li ,Ge, forms. This phase is
expected to affect the performance of Ge anodes. The
degree of crystallinity is hugely affected by the cutoff
voltage during lithiation (Figure 1), as well as other fac-
tors including cycle number and initial film thickness.
In addition to structural analyses and cyclic voltam-
metry techniques, we have developed a potentiostatic
technique to study the kinetics of crystallization at low
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A Figure 1: Current-voltage curves (cyclic voltammograms) for
Ge thin films lithiated to different cutoff voltages and held for
8 hours. Intensity of sharp peak at 0.55 V indicates amount of
c-LijsGe, formed at end of lithiation.
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voltage in amorphous Ge anodes.

We found double peaks in the current vs. time
curves under specific potentiostatic test conditions
(Figure 2). The existence of double peaks indicates that
two phase transitions occur under the given conditions.
The appearance of peak 1 in Figure 2 exhibits clear
correlations with the applied voltage, cycle number,
and initial film thickness, which all indicate the
formation of the c-Li Ge, phase. Combining kinetic
studies with previously reported spectroscopic
studies, we can attribute peak 1 to the amorphous-
to-crystalline transition, while peak 2 corresponds to
an amorphous-to-amorphous transition. The extent
to which the crystalline phase forms has a dramatic
effect on the delithiation behavior (Figure 1).
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A Figure 2: Current vs. time curves in different cycles for
potentiostatic tests at 200 mV in LIPON-coated germanium
thin film (200 -nm thick).

« A Al-Obeidi, D. Kramer, R. Mo6nig, and C. V. Thompson, C. V. “Mechanical Stresses and Crystallization of Lithium Phosphorous Oxynitride-
coated Germanium Electrodes during Lithiation and Delithiation,” J. of Power Sources, vol. 306, pp. 817-825, 2016.

« A Al-Obeidi, D. Kramer, C. V. Thompson, and R. M6nig, “Mechanical Stresses and Morphology Evolution in Germanium Thin Film Electrodes
during Lithiation and Delithiation,” J. of Power Sources, vol. 297, pp. 472-480, 2015.
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Mechanisms of Li Storage in RuO, Electrodes for Thin Film Batteries

L. Xu, C. V. Thompson

Sponsorship: Skotech Center for Electrochemical Energy Storage

It has been demonstrated that RuO, films can serve as
high-performance electrodes for thin film lithium-ion
batteries due to their large volumetric charge capacity,
excellent cyclability, and rate capability. Unlike oth-
er electrode materials, RuO, films also do not require
high-temperature processing, making them suitable for
integration with low-power CMOS circuits and fabrica-
tion on flexible membranes. However, lithiation and
delithiation mechanisms for RuO, are poorly under-
stood, and an improved understanding is required for
optimization of battery performance and yield.
Lithium is stored in RuO, films through a complex
sequence of phase transformations. We have carried
out detailed electrochemical studies coupled with
the physical characterization of sputtered RuO2 thin
films. The sequence of phase transformations during
lithiation and delithiation was electrochemically
characterized using galvanostatic intermittent
titration technique (GITT) and cyclic voltammetry
(CV) measurements (Figure 1). These characterizations

(1 Delithiation
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1 2 3

Potential vs. Li/Li* (V)

were correlated with ex-situ selected area electron
diffraction (SAED), X-ray photoelectron spectroscopy
(XPS), Raman spectroscopy, optical microscopy (OM),
scanning electron microscopy (SEM), energy-dispersive
X-ray spectroscopy (EDS), and in-situ electrochemical
impedance spectroscopy (EIS) results. This allows
identification of phase transformations a, B, v, and 6 as
reactions of Li storing between the grain boundaries
between nanosized grains, formation of a reversible
SEI layer, main conversion reaction, and formation of
alloy Li,RuO,, respectively, as Figure 2 shows. Current
studies are focused on application of these insights to
optimization of the performance of RuO, electrodes in
full thin film batteries.

The methodology developed in this study can
also be applied to other candidate thin film electrode
materials. In addition, lessons from studying thin
films can be applied to more complex powder-based
electrodes used in bulk batteries.

| Figure 1: /AV vs. voltage curve extracted from GITT tests
of a RuO,/LiPF,/Li cell. The peaks with the same label are

from one reaction and its corresponding reverse reaction.

j a-RuO,
I Liruo,
i‘ SEI layer

| Li,0

i! < ] Ru metal

—— Stored extra Li

A Figure 2: Proposed sequence of phase transformations during lithiation and delithiation of RuO, films.
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Crystal Engineering of Mixed Cation Perovskite for Fabrication of Highly Efficient

Solar Cells

M. M. Tavakoli, J. Kong
Sponsorship: ENI S.p.A

Inorganic-organic perovskite solar cells (PSCs) have
caught tremendous interest from many research
groups in the field of photovoltaic devices due to their
low cost, ease of fabrication, and excellent optical and
electrical properties, which resulted in a record certi-
fied personal consumption expenditure (PCE) of 23.3%.
The presence of surface and grain boundary defects in
organic-inorganic halide perovskite films is detrimen-
tal to both the performance and operational stability
of PSCs. Here, we study the effect of chloride (Cl) addi-
tives on the bulk and surface defects of mixed-cation
and halide PSCs. We found that using an anti-solvent
technique divides the perovskite film into two separate
layers, i.e., a bottom layer with large grains and a thin
capping layer with small grains.

Moreover, we demonstrate that the addition of
formamidinium chloride (FACI) into the precursor
solution removes the small grain perovskite capping
layer and suppresses the formation of bulk and surface
defects (Figure 1). This modification by FACI provides
the perovskite film with remarkably improved
orientation, crystallinity, and large grain size up to over
1 pum (Figure 2a). Time-resolved photoluminescence
measurements show longer lifetimes for perovskite
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A Figure 1. Schematic depiction of perovskite films fabricated by
the anti-solvent method on SnO,-coated FTO glass before (a)
and after (b) annealing and after treatment with Cl additives (c).

Bulk
treatment

FURTHER READING

films modified by FACI and subsequently passivated
by 1-adamantylamine hydrochloride (ADAHCI) than
for the reference sample. Based on these treatments,
we improve the quality of perovskite film and increase
the power conversion efficiency (PCE) from 19.43% for
a reference sample to 21.2% for the modified device
by Cl additives. This efficiency is among the highest
reported values for a planar perovskite solar cell. This
PCE enhancement is mostly due to the improvement
of open circuit voltage (Voc) from 1110 mV to 1152 mV
(Figure 2b).

Moreover, the device modified by Cl additives
shows a lower hysteresis effect than the reference
sample. Importantly,the molecular engineering created
by applying Cl additives greatly enhances the stability
of the PSCs, which show only 5% degradation after
aging for 90 days, which is higher than the 16% PCE
loss of the reference device (Figure 2c). Additionally,
we found that the modified device with Cl additives
shows a smaller ideality factor of 1.8 than 2.1 for the
reference device, due to the lower recombination. Our
proposed approach opens up a new direction for the
commercialization of efficient and stable solar cell
devices.
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A Figure 2. (8) X-ray diffraction patterns of perovskite films for
reference sample and perovskite with the FACI additive. (b) Cur-
rent density-voltage curve and (c) operational stability measure-
ment under continuous illumination for the corresponding PSCs.

e  M.M.Tavakoli, P. Yadav, D. Prochowicz, M. Sponseller, A. Osherov, V. Bulovié, and J. Kong, “Controllable Perovskite Crystallization via Antisolvent
Technique using Chloride Additives for Highly Efficient Planar Perovskite Solar Cells,” Adv. Energy Mater. 2019, 9, 1803587.
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Buckled MEMS Beams for Energy Harvesting from Low-frequency Vibrations

R. Xu, H. Akay, S-G. Kim
Sponsorship: MIT-SUTD International Design Center

Vibration energy harvesters based on the resonance
of the beam structure work effectively only when the
operating frequency window of the beam resonance
matches that of the available vibration source. None
of the resonating micro-electro-mechanical system
(MEMS) structures can operate with low-frequency,
low-amplitude, and unpredictable ambient vibrations
since the resonant frequency rises as the structure gets
smaller. A bi-stable buckled beam energy harvester is
has been developed to lower the operating frequency
window below 100Hz for the first time at the MEMS
scale. This design does not rely on the resonance of the
MEMS structure but operates with the large snapping
motion of the beam at very low frequencies when in-
put energy overcomes an energy threshold. A fully
functional piezoelectric MEMS energy harvester was

A Figure 1: Photograph of released buckled beam energy

harvesting device.

FURTHER READING

designed, monolithically fabricated, and tested.

An electromechanical lumped parameter model
was developed to analyze the nonlinear dynamics
and to guide the design of the nonlinear oscillator-
based energy harvester. Multi-layer beam structure
with residual stress-induced buckling was achieved
through the progressive residual stress control of the
deposition processes along with fabrication steps.
The surface profile of the released device shows bi-
stable buckling of 200um, which matches well with
the amount of buckling designed. Dynamic testing
demonstrates that the energy harvester operates with
50% bandwidth under 70Hz at 0.5g input, operating
conditions that have not been demonstrated by MEMS
vibration energy harvesters before.
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A Figure 2: Surface profile of four beams displaying buckling
on both sides.

« R.Xu, “Low-frequency, Low-Amplitude MEMS Vibration Energy Harvesting,” Doctoral Thesis, Massachusetts Institute of Technology, Cambridge,

2018.

« R.Xuand S.-G. Kim, “Modeling and Experimental Validation of Bi-stable Beam Based Piezoelectric Energy Harvester,” Energy Harvesting and

Systems, vol. 3, no. 4, pp. 313-21, Oct. 2016.

« A Hajati and S.-G. Kim, “Ultra-wide Bandwidth Piezoelectric Energy Harvesting,” Applied Physics Letts., vol. 99, no. 8, p. 083105, 2011.
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A Robust Electromagnetic MEMS Vibration Energy Harvester

Y. Yang, U. Radhakrishna, J. F. Hunter, J. H. Lang
Sponsorship: Analog Devices, Inc.

Modern production plants lack an effective way to
autonomously monitor equipment health. It is uneco-
nomical to engage personnel solely to monitor ma-
chines that function normally most of the time and
impractical to wire plant-wide arrays of sensors for
power and communication. As an alternative, vibration
energy harvesters could power autonomous sensor
networks that communicate wirelessly. Further, vibra-
tion-based machine health monitoring could be an ef-
fective method of assessing real-time machine perfor-
mance. Such monitoring could become preventive by
prompting maintenance prior to unrecoverable plant
failures. To this end, this project seeks to advance the
state of vibration energy harvesting.

Our previous work yielded silicon-micro-electro-
mechanical systems (MEMS) electromagnetic vibration
energy harvesterssuitablefor poweringmachinehealth
sensors. To further improve robustness and increase
electrical power output, a new harvester is designed,
fabricated, and demonstrated using the MP35N alloy.
Its design and optimization follow that developed
for earlier silicon harvesters. The new material has a

A Figure 1: Top, MP35N harvester with dimensions labeled
in mm. Bottom, left to right, the package parts with top and
bottom coil, half- assembled harvester, and fully assembled one.

FURTHER READING

mechanical modulus close to that of the silicon while
not being brittle. Thus, with similar material thickness,
we maintain the harvester footprint while improving
robustness . The MP35N alloy allows for less stressful
full stroke operation, enabling improved output power
while being much more tolerant of external shock.
Fabrication of the new harvester combines
electric discharge machining and water-jet cutting for
prototype production. The Lorentz-force harvester,
with its folded-spring- suspended magnets, is packaged
between two coupling coils using 3D-printed plastic
package parts. The new harvester can survive large
transient accelerations, common in an industrial
setting; such accelerations are unsustainable by a
comparable silicon harvester. This added durability
brings the harvester much closer to practical
application. The improved robustness enables the
installation of back-irons, further improving the
output power. The power output and power density
(.47 mW/cm3) are comparable to that of the previous

record-setting silicon device.
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A Figure 2: Performance plots of the MP35N harvester. Note
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without addition of back irons.

e A Shin, U. Radhakrishna, Q. Zhang, L. Gu, P. Riehl, and A. P. Chandrakasan, J. H. Lang, "A MEMS Magnetic-based Vibration Energy Harvester,”

2017 Power MEMS, J. of Physics: Conf. Series 1052, p. 012082, 2018.

« U.Radhakrishna, P. Riehl, N. Desai, P. Nadeau, Y. Yang, A. Shin, J. H. Lang, and A. P. Chandrakasan, “A Low-power Integrated Power Converter
for an Electromagnetic Vibration Energy Harvester with 150 mV-AC Cold Startup, Frequency Tuning, and 50 Hz AC-to-DC Conversion,” IEEE

Custom Integrated Circuits Conference (CICC), 2018.
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Foulant-agnostic Coatings for Extreme Environments

C. Toparli, M. Carlson, M. A. Dinh, B. Yildiz, M. P. Short
Sponsorship: Exelon

Fouling is ubiquitous in large-scale energy production,
decreasing efficiency and increasing cost due to foulant
buildup. Fouling degrades systems that rely on fluid
flow and heat transfer by increasing system pressure
drops, impeding heat transfer, and accelerating corro-
sion by fostering oxidation or concentrating chemical
species within the foulant itself. This leads directly
to system derating and early failure. To restore these
functions, the deposits must be removed by techniques
such as ultrasonic cleaning or manual removal, or the
affected part must be replaced. However, these actions
are often impractical, prolonging system outages and
incurring significant costs due to downtime and com-
ponent replacement. Therefore, it is crucial to prevent
foulant deposition in the first place. The adhesion of
foulant particles is due to their interaction with materi-
al surfaces, which can comprise many different types of
surface forces. This attraction is dominated by van der
Waals (vdW) forces in extreme environments of interest
to large-scale energy production, where temperatures

and pressures are too high to support electrochemical
double layers, and in the absence of other forces like
magnetism, static charge, or steric bonding. Therefore,
minimizing vdW forces should create an atomistically
slick surface, preventing foulant deposition.

Here, we hypothesize and experimentally
demonstrate a design principle for anti-fouling
coatings that exploits the relation between vdW
forces and the refractive index of the coating, when
vdW forces are dominant. These coatings can be made
foulant-agnostic. Both experimental results and first-
principles calculations support our hypothesis. As can
be seen in Figure 1, the findings show that the closer
the refractive index spectrum of a coating to the
surrounding fluid, the better it resists the deposition
of all foulants. Immediate implications include
improving the efficiency of both geothermal reservoirs
and nuclear power plants, which are two of the largest
sources of carbon-free electricity.
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A Figure. 1: Comparison of DFT calculated Hamaker constant, refractive index,

and adhesive force obtained experimentally.

FURTHER READING

« T Allen, J. Busby, M. Meyer, and D. Petti, “Materials Challenges for Nuclear Systems,” Mater. Today, vol. 13, no. 12, pp. 14—23, 2010.
« N.Mundhenk, et al., “Corrosion and Scaling as Interrelated Phenomena in an Operating Geothermal Power Plant,” Corr. Sci., vol. 70, pp. 17-28.
e J. N. Israelachvili, “6 - Van der Waals Forces in Intermolecular and Surface Forces,” Intermolecular and Surface Forces, 3rd ed. San Diego, CA:

Academic Press, pp.107-132, 2011
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All-solid-state Glucose Fuel Cell for Energy Harvesting in the Human Body

P. Simons, M. A. Gysel, J. L. M. Rupp

Efficiently powering sensors, pacemakers, and bio-elec-
tronic devices for the human body defines a new era
of medicine to track, support, and operate bodily func-
tions. Glucose fuel cells have seen a renaissance in re-
cent years as an implantable power source harvesting
energy from readily available fuels in the human body.
Compared to existing implantable batteries, glucose
fuel cells require much less frequent replacement sur-
gery. However, state-of-the-art glucose fuel cells are
based primarily on relatively bulky polymer electro-
lytes, suffer from long-term stability issues, and exhib-
it low power densities.

Here, we innovate a miniaturized glucose fuel cell
that is fully composed of solid-state materials based
on thin film processing. This all-solid-state glucose
fuel cell can be scaled down to the sub-micrometer
range for unprecedented miniaturization and is
built on a Si chip using semiconductor fabrication
methods suitable for integrated and direct powering

FURTHER READING

« P.Simons and J. L.M. Rupp, US Patent Application US 15/901,732 (2018)

« Y. Shi, AH. Bork, S. Schweiger, J.L.M. Rupp, Nat. Mater., 14 (2015) 721-727.

of bio-electronic implants. Through the use of abiotic
catalysts instead of conventional biological catalysts
such as enzymes and microbes, long-term stability
and increased power density are in perspective. Free-
standing fuel cell membranes based on a proton
conducting oxide on Si chips were assembled using a
microfabrication route with standard semiconductor
processing techniques. Oxide thin films were prepared
via pulsed laser deposition. The anode is in contact
with glucose in phosphate-buffered saline solution to
mimic blood, whereas the cathode is in contact with
oxygen. Performance characterizations were carried
out via electrochemical impedance spectroscopy and
galvanostatic polarization curve measurements. We
report that the proposed cell is electrochemically active
and shows promise in functioning as the first all-solid-
state glucose fuel cell with a roughly 100-fold lowered
thickness of the device (only 250 nm) compared to
polymer-based glucose fuel cells.

« S.Kerzenmacher, J. Ducrée, R. Zengerle, F. von Stetten, J. Power Sources, 182 (2008) 1-17.
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Ultra-thin, Reconfigurable, High-efficiency Meta-optical Devices in Mid-infrared

M.Y. Shalaginov, S. An, Y. Zhang, P. Su, A. Yadav, M. Kang, C. Rios, A. Agarwal, K. Richardson, H. Zhang, T. Gu, J. Hu

Sponsorship: DARPA EXTREME Program

The mid-infrared (MIR) is a frequency band strategi-
cally important for numerous biomedical, military,
and industrial applications. Further development of
MIR devices is hindered by the lack of inexpensive and
efficient basic optical elements such as lenses, wave
plates, filters, etc. Furthermore, the available compo-
nents are typically bulky and passive. Our research ad-
dresses these challenges by leveraging novel low-loss
optical phase-change materials (Ge-Sb-Se-Te) and their
sub-wavelength patterning to achieve ultra-thin (thick-
ness < | 0/s), high-efficiency (>25%), and multi-function-
al MIR components.

As a proof-of-principle, we demonstrated a
reconfigurable bifocal meta-lens with a switchable
focus. Our metalens principle is based on collective Mie
scattering of incident plane waves by subwavelength
dielectric structures, which sustain both electric and
magnetic dipolar resonances. Each of the scatterers,
also known as Huygens' meta-atoms, contributes
to the phase and amplitude of the incident beam.
The amount of phase shift was controlled by the

meta-atom geometry and its refractive index. Proper
spatial arrangement of meta-atoms can reconstruct a
desired phase profile. For instance, lens functionality
can be achieved by introducing a hyperboloid phase
distribution. In amorphous state (A-state) the lens
focuses the incident light at a focal length of 1 mm;
after the heating-induced material state transition, the
focal length changes to 1.5 mm (C-state). The switching
of the focal length was attained by changing the
hyperboloidal phase profiles.

For simplicity, we performed binary discretization
of original continuous phase distributions: 0° and 180°
phase shifts. Then, we formed a library of four distinct
meta-atoms that can realize the binary transitions.
The metalens was fabricated by depositing a 1-m-thick
Ge,Sb,Se,Te, film onto CaF, substrate followed
by patterning processes involving electron-beam
lithography patterning and reactive ion etching with
a mixture of fluoromethane gases. We believe that our
findings will enable a new range of compact, multi-
functional spectroscopic, and thermal imaging devices.

A Figure 1: lllustration of reconfigurable meta-lens, with properties that can be switched by transition-
ing non-volatile phase-change material (GeSbSele) from amorphous (A) to crystalline (C) state.

FURTHER READING

e Y. Zhang J. B. Chou, J. Li, H. Li, Q. Du, A. Yadav, S. Zhou, M. Y. Shalaginov, Z. Fang, H. Zhong, C. Roberts, P. Robinson, B. Bohlin, C. Rios, H. Lin,
M. Kang, T. Gu, J. Warner, V. Liberman, K. Richardson, and J. Hu, “Extreme Broadband Transparent Optical Phase Change Materials for High-

performance Nonvolatile Photonics,” arxiv:1811.00526, 2018.

« L.Zhang, J. Ding, H. Zheng, S. An, H. Lin, B. Zheng, Q. Du, G. Yin, J. Michon, Y. Zhang, Z. Fang, M. Y. Shalaginov, L. Deng, T. Gu, H. Zhang, and J. Hu,
“Ultra-thin High-efficiency mid-Infrared Transmissive Huygens Meta-optics,” Nat. Commun. vol. 9, p. 1481, 2018.
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Reprogrammable Electro-Chemo-Optical Devices

D. Kalaev, H. L. Tuller

Sponsorship: U.S. Department of Energy, Basic Energy Sciences Program

Photonic devices with programmable properties allow
more flexibility in the manipulation of light. Recently,
several examples of reconfigurable photonic devices
were demonstrated by controlling the local/overall in-
dex of refraction in thin films, either by a thermally
induced phase change in chalcogenides or by interca-
lation of lithium into oxides. We propose a novel ap-
proach for design of reprogrammable photonic devices
based on electrochemical modification of ceria-based
electro-chemo-optical devices.

Previously, it was shown that the refractive
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A Figure Ta: Nonvolatile change in the optical transmission
of Pr,Ce, O, 5 (PCO) thin film by electrochemical oxygen
pumping. a. Oxygen pumped into the PCO thin film by an

applied positive bias, resulting in the low optical transmission.
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index of Pr,Ce O,; (PCO) is a function of
oxygen nonstoichiometry §,that can be controlled
electrochemically via closely spaced electrodes in a
lateral device configuration. For transverse modified
configurations, a PCO thin film on yttrium-stabilized
zirconia (YSZ) substrate with transparent conducting
oxide (TCO) top electrode allows for voltage-controlled
oxygen exchange. Enhanced spatial resolution can
be further achieved with the aid of lithographically

patterned nano-dimensioned oxide layers.
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A Figure 1b: Oxygen pumped out of the PCO thin film by
an applied negative bias, resulting in the high optical trans-
mission.
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Y-Branch Compact Model Including the Line Edge Roughness Effect

S.1.El-Henawy, D. S. Boning
Sponsorship: AIM Photonics

Silicon photonics is a booming design platform due to
its ability to support high data rates and enable novel
applications. Since the CMOS fabrication infrastruc-
ture is leveraged in silicon photonics, it becomes crucial
to provide process-variation-aware compact models
as optical components inherit the process variations
found in CMOS. These models would help designers,
enhance yield, and serve as a building block in the sili-
con photonics process design kit (PDK).

We develop a compact model for a basic photonic
component, a Y-branch, that specifies the variations
in the transfer characteristics against line-edge
roughness (LER). LER is a common statistical random
process variation that causes imbalanced transmission
between the two output ports of the Y-branch, which
is supposed to be balanced. As a random process
variation, LER affects the Y-branch transmission in a
random behavior, so the transmission can be described
by its mean (p) and variance (o2). This model provides

the transmission mean and variance as a function of
LER parameters, amplitude (A) and correlation length
(Lc), across the operating wavelength range of interest
).

The flow of modeling, shown in Figure 1, starts
by simulating different A and LC combinations with
multipleinstantiations foreach toget astatistical sense
of the variations. Afterward, the optical behavior of the
Y-branch with the imposed LER is extracted and used
to develop the compact model. The model is developed
using the Gaussian process regression method where
the R? score for both mean and variance predictions is
0.99. Figure 2 shows the model's performance on test
data for predicting mean and variance. This model
can be used in photonic integrated circuit simulators
to predict the performance across process variations
and worst corner cases as the models we rely upon in
CMOS design.
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| Figure 2: Mean and variance prediction for test data using a
Gaussian process regression model across the wavelength of

« S.I El-Henawy, R. Miller, and D. S. Boning, “Effect of a Random Process Variation on the Transfer Characteristics of a Fundamental Photonic
Integrated Circuit Component,” SPIE Optics and Photonics, vol. 10743, p. 1074300-1, 2018.
e L.Chrostowski and M. Hochberg, “Silicon Photonics Design: From Devices to Systems,” Cambridge: Cambridge University Press, 2015.
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Particle Defect Yield Modeling for Silicon Photonics

Z.Zhang, M. B. Mcllrath, D. S. Boning
Sponsorship: AIM Photonics

Silicon photonics, where photons instead of electrons
are manipulated, shows promise for higher data rates,
lower energy communication and information process-
ing, biomedical sensing, and novel optically based func-
tionality applications such as wavefront engineering .
and beam-steering of light. In silicon photonics, both Qs VW
electrical and optical components can be integrated on
the same chip, using a shared silicon integrated circuit
(IC) technology base. However, silicon photonics does
not yet have a mature process, device, and circuit vari-
ation models for the existing IC and photonic process

(b)

A Figure 1: Examples of modeling of particle defects: (a) sili-
con pillar photolithography defect and (b) metal ball for foreign

metal particle.

steps; this lack presents a key challenge for design in 0 ' ' [ o7 T

this emerging industry. -1 ofd T
Our goal is to develop key elements of a robust _| 4 ]

design for manufacturability methodology for silicon @ S °

photonics. Asone part of the goal, here we focus on the § -3 s - 1

impact of particle defects in silicon photonics, which T e

can arise in photolithography, deposition, etching, and = o °

other processes. The model and result will be used @-5 9,°’ 1

to help generate layout design rules and critical area % pl o,o,g |

extraction methods, predicting and optimizing the -

yield of complex silicon photonic devices and circuits -7t 50 0%’ T’

for tomorrow's silicon photonics designers, just as IC . pe®” | | == adioint methon

designers do today. 0 50 100 150 200 250

We model the impact of different types of particle distance [nm]

defects (Figure 1) on different device components, e.g, A Figure 2: Phase shift impact of a dioxide pillar hole of radius
straight waveguides (Figure 2) and y-splitters (Figure 40 nm on a straight silicon waveguide, from both direct simula-
3). We modify and apply the adjoint method, which is  tion and adjoint methods. Distance is measured from the center
widely used in optimization, to accelerate the speed  of the waveguide to the center of the particle.

of simulation and reduce numerical error. The result

from the adjoint method shows good consistency with

direct simulation over different types of particles, ~ B .
different device components, and wavelengths ranging
from 1500 to 1600 nm. The same methodology can be ‘ . ' 4

used on the circuit level and thus predict the yield of
the chip. Present research also focuses on generating
layout design rules and critical area extraction based
on results from the adjoint method.

. |
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A Figure 3: Mapping of transmission impact of a dioxide pillar
hole of radius 40 nm on a y-splitter, as the function of the loca-
tion of the defect, predicted by the adjoint method.

FURTHER READING

e Z.Zhang, S. 1. El-Henawy, A. Sadun, R. Miller, L. Daniel, J. K. White, and D. S. Boning, “Adjoint-based Sensitivity Analysis for Silicon Photonic
Variations,” 2019 IEEE MTT-S International Conference on Numerical Electromagnetic and Multiphysics Modeling and Optimization (NEMO),
Cambridge MA, 2019.

« L.Chrostowski and M. Hochberg, “Silicon Photonics Design: from Devices to Systems,” Cambridge: Cambridge University Press, 2015.
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See-through Light Modulators for Holographic Video Displays

S. Jolly, T. Schoeppner, B. Datta, V. M. Bove, Jr. in collaboration with Daniel Smalley (Brigham Young University)
Sponsorship: MIT Media Lab Research Consortium, U.S. Air Force Research Laboratory

In this research, we design and fabricate acousto-optic,
guided-wave modulators in lithium niobate for use in
holographic and other high-bandwidth displays. Guid-
ed-wave techniques make possible the fabrication of
modulators that are higher in bandwidth and lower in
cost than analogous bulk-wave acousto-optic devices
or other spatial light modulators used for diffractive
displays; these techniques enable simultaneous modu-
lation of red, green, and blue light.

We are investigating multichannel variants of
these devices with an emphasis on maximizing the

X L
Y TE Bragg In-coupling

TE Waveguide Reflection Grating (An.)

number of modulating channels to achieve large
total bandwidths. To date, we have demonstrated
multichannel full-color modulators capable of
displaying holographic light fields at standard-
definition television resolution and 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).
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A Figure 1: Diagram of near-eye version of our device.

A Figure 2: Metal features, waveguides, and reflection gratings fabricated using femtosecond laser processing.

FURTHER READING

e S.Jolly, N. Savidis, B. Datta, D. Smalley, and V. M. Bove, Jr., “Progress in Transparent, Flat-panel Holographic Displays Enabled by Guided-wave
Acousto-optics,” Proc. SPIE Practical Holography XXXII: Displays, Materials, and Applications, p. 10558, 2018.

e S.Jolly, N. Savidis, B. Datta, T. Karydis, W. Langford, N. Gershenfeld, and V. M. Bove, Jr., “Progress in Fabrication of Anisotropic Bragg Gratings
in Lithium Niobate via Femtosecond Laser Micromachining,” Proc. SPIE Advanced Fabrication Technologies for Micro/Nano Optics and

Photonics XI, p. 10554, 2018.
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Bio-inspired Photonic Materials: Producing Structurally Colored Surfaces

B. Datta, S. Jolly, V. M. Bove, Jr.
Sponsorship: MIT Media Lab Research Consortium

Advances in science and engineering are bringing us
closer and closer to systems that respond to human
stimuli in real time. Scientists often look to biology for
examples of efficient, spatially tailored multifunctional
systems, drawing inspiration from photonic structures
like multilayer stacks similar to those in the morpho
butterfly. In this project, we develop an understand-
ing of the landscape of responsive, bio-inspired, and
active materials, drawing on principles of photonics
and bio-inspired material systems. We are exploring
material processing techniques (starting with electron
beam lithography and moving to direct laser writing)
to produce and replicate structurally colored surfaces
while developing simulation and modeling tools (such
as inverse design processes) to generate new structures
and colors. Such complex biological systems require
advanced fabrication techniques. Our designs are re-
alizable through fabrication using direct laser writing
techniques such as two-photon polymerization. We

A Figure 1: “Tree-like” structures replicating the ridge structure
of morpho butterflies, fabricated in poly (methyl methacrylate)
on silicon using electron beam lithography.

FURTHER READING

aim to compare our model system and simulations to
fabricated structures using optical microscopy, scan-
ning electron microscopy, and angular spectrometry.
This process provides a toolkit with which to examine
and build other bio-inspired, tunable, and responsive
photonic systems and expand the range of achievable
structural colors.

Unlike with natural structures, producing
biomimetic surfaces allows researchers to test
beyond tunability that occurs naturally and explore
new theory and models to design structures with
optimized functions. The benefits of such biomimetic
nanostructures are plentiful: they provide brilliant,
iridescent color with mechanical stability and light-
steering capabilities. By producing biomimetic
nanostructures, designers and engineers can capitalize
on unique properties of optical structural color and
examine these structures based on human perception
and response.
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A Figure 2: Color responses generated with incident reflec-
tive illumination using a broadband light source, demonstrating
proof-of-principle optical response.

« B.C.Datta,S.K. Jolly,and V. M. Bove, “Towards Inverse Design of Biomimetic Nanostructures Exhibiting Composite Structural Coloration,” Proc.
SPIE Advanced Fabrication Technologies for Micro/Nano Optics and Photonics XII, vol. p. 10930, 2019.

« R.H.Siddique, S. Diewald, J. Leuthold, and H. Hélscher, “Theoretical and Experimental Analysis of the Structural Pattern Responsible for the
Iridescence of Morpho Butterflies,” Optics Express, vol. 21, p. 12, pp. 14351-14361, 2013.

« G.Zyla, A. Kovalev, M. Grafen, E. L. Gurevich, C. Esen, A. Ostendorf, and S. Gorb, “Generation of Bioinspired Structural Colors via Two-photon
Polymerization,” Scientific Reports, vol. 7, no. 1, p. 17622, 2017.
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Reversible Electrothermal Switching of Nonvolatile Metasurfaces Based on Optical

Phase Change Materials

Y. Zhang, J. Liang, M. Shalaginov, S. Deckoff-Jones, C. Rios, J. B. Chou, C. Roberts, S. An, C. Fowler, S. D. Campbell, B. Azhar, C.

Gongcalves, K. Richardson, H. Zhang, D. H. Werner, T. Gu, J. Hu
Sponsorship: DARPA ASD (R&E)

Chalcogenide phase change materials (PCMs) are high-
ly attractive for active metasurface applications due to
their nonvolatile switching capability. So far, revers-
ible switching of PCM-based metasurfaces is realized
via either laser pulsing or electrical-current-induced
phase transition. Both methods require raster-scanned
writing and bulky off-chip instruments (lasers or AFM
setups), making them incompatible with large-scale on-
chip integration. A robust and scalable, on-chip, PCM-
based metasurface switching method is therefore high-
ly desired. Here we report an electrothermal switching
method employing on-chip metal heaters, enabling
large-area reversible switching for PCM-based meta-
surfaces.

Figure 1a shows the optical constants of the
low-loss optical PCM (O-PCM) we choose for this
application: Ge,Sb,Se,Te, (GSST), which exhibits low-
loss at both its amorphous and crystalline phases
over a broad spectral range. Moreover, its improved
amorphous phase stability gives rise to a larger critical
switching thickness than that of traditional PCMs (e.g.,
GST-225). These two factors make GSST a preferred
material for metasurface applications. Figure 1b
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illustrates the design of the switching platform.
Ti/Pt are used as a metal heater for its excellent
conductivity. After an atomic layer deposition of
AlLO,, GSST is subsequently deposited and patterned
via electron beam lithography. The thickness of the
GSST meta-atoms is designed to be 220 nm. Finally, a
SiO, capping layer is deposited to prevent oxidation
and evaporation of the PCM. The devices are wire-
bonded onto a custom printed circuit board carrier to
enable in-situ Raman and Fourier transform infrared
(ETIR) characterizations. Figure 1c shows the SEM and
optical microscope images of a fabricated device. The
boundary of the heat is optimized for uniform heating
in the PCM area. Figure 1d confirms the complete
reversible switching of the PCM utilizing the distinct
Raman peaks of amorphous and crystalline states.
Figure 1e shows that more than 40% reflection contrast
is achieved using this platform. Figure 1f, on the other
hand, demonstrates that applying different voltages
can achieve any arbitrary levels of crystallization,
therefore providing possibilities for quasi-continuous
tuning using this platform.
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A Figure 1: (a) Optical properties of a- (black) and c- (red) state GSST alloys; (b) Sketch of the device; (¢) Optical and scanning
electron microscope images of the device; (d) Raman spectra of as-deposited, crystallized and re-amorphized PCM metasurfaces;
(e) FTIR response of a device in its a- and c- states after 35+ cycles of switching; (f) Demonstration of quasi-continuous switching.

FURTHER READING

« Y. Zhang, J. B. Chou, J. Li, H. Li, Q. Du, J. Hu, et al, “Extreme Broadband Transparent Optical Phase Change Materials for High-performance

Nonvolatile Photonics,” [online], arXiv preprint arXiv:1811.00526, 2018.

« Y.Zhang, J. Liang, M. Shalaginov, S. Deckoff-Jones, C. Rios, J. Chou, C. Roberts, S. An, et al,, “Electrically Reconfigurable Nonvolatile Metasurface
using Optical Phase Change Materials,” Conference on Lasers and Electro-Optics, OSA Technical Digest (Optical Society of America, 2019 ), p.
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Graphene Microheaters for Controlled Switching of Optical Phase Change Materials

C.Rios, Y. Zhang, S. Deckoff-Jones, M. Shalaginov, H. Wang, H. Li, J. Kong, T. Gu, J. Hu
Sponsorship: Defense Advanced Research Projects Agency Extreme Program

The integration of optical phase change materials
(O-PCMs) into photonic devices enables a long-sought
functionality: nonvolatile reconfiguration, the ability
to switch between at least two distinct configurations
with no power consumption to retain either one. Ener-
gy-efficient, highly cyclable integrated optical devices
such as switches, memories, metasurfaces, color pixels,
and brain-inspired computing elements are success-
ful examples of O-PCMs applications. However, these
results use optical switching mechanisms that are
challenging to scale up for architectures comprising
hundreds of large-area active cells. To tackle this chal-
lenge, we present a hybrid electro-optical framework
in which we use graphene microheaters for thermal
switching of Ge,Sb,Se, Te, (GSST). We choose GSST be-
cause of its broadband transparency in the infrared be-
yond 18.5-um wavelengths in both the amorphous and
the crystalline states. Similarly, we choose graphene for
our integrated approach because of its minimal optical
loss (~ 0.1-1.2 dB/mm), high thermal conductivity, and

stability. Such a device benefits from scalable electrical
control, while having a reconfigurable optical response.

We demonstrate large-area switching of 50-nm
thick, 4x3-um2 GSST using a 5x10-um2 graphene
heater (Figures 1A and 1B). The chip was wire-bonded
onto a printed circuit board to enable in-situ Raman
probing while electrically testing each integrated
device (Figures 1C and D). To switch the as-deposited
GSST to the crystalline state (heat up over ~280°C), we
used 6V pulses with varying lengths between 10-20
ms. To reamorphize (melt over 650°C and quench), we
triggered 13-ys electrical pulses with a peak voltage of
7.5V. We demonstrate repeatable electrical switching
by in-situ Raman spectroscopy of GSST after each pulse
excitation (Figure 1E), done by tracking the amorphous
and crystalline signature peaks at 159 cm?® and
120cm?, respectively (Figure 1F). Furthermore, the
changein colorobservedintheinset microscopeimages
of Figure 1F demonstrates the nonvolatile modulation
of the optical properties upon GSST switching.
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A Figure 1: A sketch of a reconfigurable PCM device using a graphene heater. B. Optical microscope image of
the device. C. Switchable wire-bonded device arrays. D. Assembly inside a Raman microscope using long working
distance objectives. E. Demonstration of 10 switching events by measuring the Raman signal (RS) at the charac-

teristic peaks of both states. F. Raman spectra of GSST for the four points highlighted in E.
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e M. Wuttig, H. Bhaskaran, and T. Taubner, “Phase-change Materials for non-Volatile Photonic Applications,” Nat. Photonics, vol. 11, pp. 465-476,

2017.
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Richardson, and J. Hu, “Reversible Switching of Optical Phase Change Materials using Graphene Microheaters,” CLEO Science and Innovations,

paper SF2H.4, 2019.

64 Photonic, Sensing Devices, and Systems

MTL ANNUAL RESEARCH REPORT 2019



Highly Sensitive Nanogap-based Mechanical Sensors for Infrared Detection

Y. Lin, X. Ji. R. J. Catalano, E. N. Tas, J. Han, J. H. Lang, F. Niroui, J. Kong, T. Palacios
Sponsorship: Army Research Office MIT-ISN, Air Force Office of Scientific Research-MURI

Many new physical phenomena show up only on na-
noscale structures; with these phenomena, we can
design novel devices with unprecedented functional-
ity. Nanoengineering makes it possible to fabrication
nanometer-sized quantum tunneling barriers that can
be tuned mechanically. Such a tremendous mechanical
tunability can be harnessed for mechanical sensors and
many other types of sensors with extremely high sen-
sitivity.

Here we demonstrate two nanostructures that
implement such a mechanically tunable tunneling
barrier and use them for either a mechanical/strain
sensor or a mid-infrared bolometric detector. The
first nanostructure is the self-assembled graphene
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A Figure 1: Nanogap based mechanical/strain sensors. (a) Sche-
matic of graphene nanoflake network. (b) Schematic of metal/
SAM/metal nanogap structure. () Measured maximum gauge
factors (GF ) of graphene nanoflake network and metal/SAM/
metal structure vs. state of the art .
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nanoflake network (Figure 1 (a)). It is composed of a
resistance network of sub-micron graphene flakes
that connect with <100 nm overlap. The second
nanostructure is a metal nanogap with the gap defined
by self-assembled monolayers (SAMs) (Figure 1 (b)).
The proposed structures show high gauge factors
and/or improved linear dynamic range as strain
sensors (Figure 1 (c)). Such mechanical sensors can
also be integrated with a thermal actuator to realize
a highly sensitive, uncooled bolometer-type mid-
infrared detector (Figure 2(a) and (b)). The measured
temperature coefficient of resistance (TCR) can be
as high as 5 K-1, which is more than one order of
magnitude better than the state of the art (Figure 2(c)).
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A Figure 2: Thermo-mechanical bolometric mid-IR detectors.
(a) Schematic of device composed of nanogap-based mechan-
ical sensing component (black), thermal actuator (grey), and rigid
frame (green). (b) Optical microscopic image of as-fabricated
device. (c) Measured maximum TCR (TCR_ ) vs. state of the art.
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Oxide Passivation on MoS,-based Field-effect Transistors for Sensing Applications

M. Xue, T. Palacios
Sponsorship: MIT-ARL ISN, NSF CIQM

Two-dimensional materials have attracted much at-
tention as candidates for next-generation sensing
platforms because of their unique electrical, optical,
mechanical, and chemical properties. Due to its natural
bandgap, MoS, is one of the most popular two-dimen-
sional materials for sensing. The sensing signal can be
amplified as charges transfer onto the MoS, channel
and result in strong modulations in current with the
present of the analyte. The large surface-to-volume ra-
tio also contributes to the high sensitivity of a MoS2-
based sensor. However, high sensitivity also results in
much noise as vapor molecules and other interfering
molecules absorb on the exposed MoS, surface. Also,
unprotected MoS2 can degrade in an ambient envi-
ronment due to oxidation and surface contaminants.
Therefore, a suitable passivation layer is needed to pro-
tect the channel surface but still preserve the sensitiv-
ity of MoS,,.

In this work, back-gated MoS, field-effect
transistors (FETs) were fabricated, and a thin layer of
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A Figure 1: Output characteristic of oxide-passivated MoS,
FETs. The inset shows the device structure.

FURTHER READING

Al,O, was deposited to passivate the channel surface.
Prior to atomic layer deposition of AL,O, as a seed layer,
2nm of aluminum was deposited. Approximately 13 nm
of Al,O,was added to the final device. With the oxide
passivation, the hysteresis of both output and transfer
characteristics was greatly reduced, indicating
effective protection from fast absorbent-type trapping
site.

The sensing ability of oxide-passivated MoS2
FETs was also tested with a series of the electrolyte
solution of pH ranging from 5 to 10. As shown in
Figure 2, a near-linear relationship between relative
change in resistance and change in pH was achieved.
This work proves that Al,O,is a great passivation
layer for MoS,-based sensor devices. With oxide being
the outmost layer, other oxide-compatible surface
functionalization can also be used to improve the
selectivity of such sensors while still benefiting from
MoS,’s natural sensitivity.

pH

A Figure 2: Relative change in channel resistance as function
of pH values of electrolyte. The channel size is 50 pm x 10 pm,
\/gs =0V.

« Y.Y.Illarionov, K. K. H. Smithe, M. Waltl, T. Knobloch, E. Pop, and T. Grasser, “Improved Hysteresis and Reliability of MoS2Transistors with High-
quality CVD Growth and Al203Encapsulation,” IEEE Electron Device Lett., vol. 38, no. 12, pp. 1763-1766, 2017.

« A Sinha,Dhanjai, B. Tan, Y. Huang, H. Zhao, X. Dang, J. Chen, and R. Jain, “Mo0S2 Nanostructures for Electrochemical Sensing of Multidisciplinary
Targets: A Review,” TrAC Trends Anal. Chem., vol. 102, pp. 75-90, May 2018.

66 Photonic, Sensing Devices, and Systems

MTL ANNUAL RESEARCH REPORT 2019



SynCells - Electronic Microparticles for Sensing Applications

M. Hempel, V. Schréder, C. Park, M. Xue, J. Park, T. Swager, J. Kong, T. Palacios

Sponsorship: Air Force Office of Scientific Research

Although transistors have dramatically decreased in
size over the past decades, thanks to Moore’s law, the
overall size of electronics has roughly stayed constant.
However, shrinking electronics systems to the size of
biological cells presents a big opportunity for sensing
applications because it allows us to interact with the
environment at a much smaller scale. These microsys-
tems could be used, for example, to detect chemicals
in very confined spaces like the human body or micro-
fluidic channels. Alternatively, they are small enough
to be sprayed on surfaces to form distributed sensor
networks or even be incorporated into fibers to make
smart clothing.

To realize this vision, we have developed a
microscopic sensor platform built a on 3-um- thick
SU-8 polymer substrate that we call synthetic cells
or SynCells. The SynCells contain a variety of electric
components, including molybdenum disulfide-based
transistors and chemical sensors, analog timers based

Magnetic Pads Analog Timer

Chemical Sensor Transistors
A Figure 1: Microscope image of a SynCell (80 x 80 x 3 um) with
molybdenum disulfide-based transistors and amine sensors, ger-
manium-based analog timer, and magnetic iron pads.

FURTHER READING

on eroding germanium films, and magnetic iron pads
(see Figure 1). Over the past years, we have optimized
the SynCell fabrication and lift-off process, and we
recently demonstrated a yield close to a hundred
percent of fully working SynCells. Additionally, we
have shown high sensitivities of the MoS, sensors to
amines such as putrescine in both water and air. Using
rare-earth magnets, we are also able to move and pivot
the SynCells in solution from over 50 cm away.

As the next step, we want to use SynCells in
a complex task, where we move them to a specific
location in a microfluidic channel using a magnet to
measure the chemical concentration (see Figure 2).
Additionally, the germanium timer will measure the
time spent in water, while the transistors will be used
to amplify the chemical sensor signal. If successful,
SynCells could enable microscale smart sensors for
healthcare, environmental monitoring, or smart
material composites.
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A Figure 2: Schematic of a complex SynCell demonstration.
SynCells are introduced into a microfluidic channel, positioned
precisely using a magnet to detect local chemical concentration.

« V.B.Koman, P. Liu, D. Kozawa, A. Liu, A. L. Cottrill, Y. Son, J. A. Lebron, and M. S. Strano, “Colloidal Nanoelectronic State Machines based on 2D
Materials for Aerosolizable Electronics,” Nature Nanotechnology, vol. 13, no. 9, pp. 819-827, 2018.

« S.Lee, A. Cortese, A. Gandhi, E. Agger, P. L. McEuen, and A. C. Molnar, ‘A 250 pm = 57 um Microscale Opto-electronically Transduced Electrodes
(MOTEs) for Neural Recording,” IEEE Transactions on Biomedical Circuits and Systems, vol. 12, no. 6, pp. 1256 - 1266, 2018.
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Piezoresistive Sensor Arrays and Touch-sensitive Textile for Robot Manipulation and

Control

Y. Luo, T. Palacios

Humans rely on tactile feedback for object manipula-
tion as well as many other dexterous tasks. In contrast,
modern robots are tactile-blind; therefore, tactile sen-
sors have been widely applied in robotic manipulation,
policies control, and human-computer interaction.
Large-scale electronic skins and touch-sensitive tex-
tiles with high densities, durability, and flexibility will
be important tools to understand human behavior as
well as to monitor and improve robot manipulation
and control.

In this work, a high density flexible piezoresistive
pressure sensor array with high robustness is
fabricated. Commercial piezoresistive films are
sandwiched between two layers of stainless-steel
threads to assembly a 32x10 sensor array, which is then
attached to the surface of arobot gripper (Figure1). The

shape and densities can be customized for different
applications. Pressure maps will be recorded during
the operation of gripper by a printed circuit board
with a buffered reading circuit. Data retrieved from
the sensor array will be further analyzed to monitor or
improve robot manipulation.

Moreover, smart garments with tactile sensors
are fabricated by incorporating electronic textiles
into a fully knitted garment, which will have huge
opportunities in human-computer interaction.
Piezoresistive fibers are fabricated by coating
graphite/polydimethyl-siloxane mixture over stainless
conductive thread (Figure 2). We are presently working
to improve the compatibility between piezoresistive
fibers and the fully automated knitting machine.
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A Figure 2: (a) Piezoresistive fibers and (b) its performance characterization.
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DISC-FETs: Dual Independent Stacked Channel Field-effect Transistors

P.S.Kanhaiya, G. Hills, D. A. Antoniadis, M. M. Shulaker
Sponsors: Analog Devices Inc., NSF, and DARPA

We experimentally demonstrate a three-dimensional
(3D) field-effect transistor (FET) architecture leverag-
ing emerging nanomaterials: dual independent stacked
channel FET (DISC-FET) (Fig. 1). DISC-FET is composed
of two FET channels vertically integrated on separate
circuit layers separated by a shared gate. This gate mod-
ulates the conductance of both FET channels simulta-
neously. This 3D FET architecture enables new oppor-
tunities for area-efficient 3D circuit layouts. The key to
enabling DISC-FET is low-temperature processing to
avoid damaging lower-layer circuits.

(d s1 ¢ s2
lower- upper-
layer layer
CNFET CNFET
D1 D2
r-_“ﬁ-ﬁf—source & drain metal
- CNT channel upper-layer
: ""-hlgh k gate dielectric [ CNFET
1 shared metal gate
| = high-k gate dielectric | lowerlayer
[ [ —~source & drain metal [ CNFET
CNT channel

A Figure 1: CNFET-based DISC-FET. (a) Carbon nanotube
(CNT). (b) DISC-FET 3D illustration, including source and drain
for the lower-layer CNFET (“S1” and “D1”), source and drain for
the upper-layer CNFET (“S2” and “D27), and shared gate (“G”).
(c) Scanning electron microscope (SEM) image of the upper-
layer CNFET. (d) 5-terminal circuit schematic of DISC-FET,
including1PMOS FET and 1 NMOS FET, although each CNFET
can be either NMOS or PMOS. (&) Cross-section showing ver-
tically integrated layers.
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As a case study, we use carbon nanotube (CNT)
FETs (CNFETSs) since they can be fabricated at low
temperature (e.g., <250 °C). We demonstrate wafer-
scale CMOS CNFET-based digital logic circuits: 2-input
“not-or” (NOR2) logic gates designed using DISC-FETs
with independent NMOS CNT channels below and
PMOS CNT channels above a shared gate (Fig. 2 and
3). This work highlights the potential of 3D integration
for enabling not only new 3D system architectures, but
also new 3D FET architectures and 3D circuit layouts.

A Figure 2: Fabricated CNFET-based static CMOS DISC-
FET digital logic gates. (a) Inverter schematic, (b) SEM, (¢) 3D
illustration, and (d) cross-section. (e) 2-input NOR schematic,
(F) SEM, (g) 3D illustration, and (h) cross-section.

0
1.0

Ving (V)

A Figure 3: Forward sweep VTCs of 500 CNFET-based DISC-FET NOR2 gates
(NOR2 design shown in Fig. 3e-). (a) V(57 vs. V|, A (B) Vg7 vs. V), B.
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Modeling and Optimizing Process Uniformity using Gaussian Process Methods

C.I.Lang,D.S. Boning
Sponsorship: Applied Materials

Modeling process uniformity is critical for achieving
the required specifications in many advanced process
technologies. For example, sputter deposition systems
are prone to significant wafer-scale deposition rate
variations due to the complex dynamics of the cham-
ber plasma. Our work focuses on developing and apply-
ing machine learning methods for modeling and mini-
mizing these non-uniformities. Traditionally, modeling
this process using first physics principles has been par-
ticularly difficult due to the chaotic nature of plasma
physics. Instead, we model this process using a Gauss-
ian process (GP) framework, which uses historical data
to model the deposition rate across the wafer as a func-
tion of both process parameters, such as power and
chamber pressure, and as a function of the equipment
configuration (Figure 1).

Recent work focused on creating a method for
optimizing the process parameters and the equipment
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A Figure 1: Example of predicted and experimental profiles. The
prediction is nearly identical to the experimental thickness, and
tight confidence intervals indicate the model’s confidence in its
prediction.
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configuration once a predictive GP model has been fit.
As the input space to our process is extremely high-
dimensional, many sets of process parameters and
equipment configurations may lead to our desired
response. Forthisreason,itisneither possible toexplore
and model the whole space, nor required to find a
configuration that meets our specifications. Therefore,
when optimizing a specific process, we search not only
for processinputs that lead to our desired response, but
also ones that lead to tight confidence intervals (Figure
2), allowing us to accurately model only a portion of
the input space and converge on a solution that meets
our requirements with relatively few deposition runs.
Future work will focus on additional data collection
and comparing the convergence rates of our Bayesian
optimization method to standard process optimization
methods.
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A Figure 2: Example of predicted profile after optimization. The
optimizer searched for a profile which both reduced thickness
non-uniformities and gave tight confidence intervals.
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Magic-angle Graphene Superlattices: A New Platform for Strongly Correlated

Physics

Y. Cao, D. Rodan-Legrain, O. Rubies-Bigorda, J. M. Park, P. Jarillo-Herrero
Sponsorship: National Science Foundation, Center for Integrated Quantum Materials,

Gordon and Betty Moore Foundation, Obra Social “La Caixa”

Understanding strongly correlated quantum matter
has challenged physicists for decades. Such difficul-
ties have stimulated new research paradigms, such as
ultra-cold atom lattices for simulating quantum ma-
terials. Here, we present a new platform to investigate
strongly correlated physics, based on graphene moiré
superlattices. In particular, when two graphene sheets
are twisted by an angle close to the theoretically pre-
dicted “magic angle,” the resulting flat band structure
near the Dirac point gives rise to a strongly correlated
electronic system. These flat bands exhibit half-fill-
ing insulating phases at zero magnetic field, which we
show to be a correlated insulator arising from electrons
localized in the moiré superlattice.
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A Figure 1: lllustration of moiré pattern in twisted bilayer
graphene near magic angle and localized density in superlattice
(peaking at yellow dots). Displayed twist angle is enlarged for
clarity. Larger hexagons, rather than smaller hexagons defined
by carbon atoms themselves, become superlattice unit cells.
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Moreover, upon doping this system, we find
electrically tunable superconductivity in it, with many
characteristics similar to the superconductivity of
high-temperature cuprates. These unique properties
of magic-angle twisted bilayer graphene open a new
playground for exotic many-body quantum phases
in a 2D platform made of pure carbon and without a
magnetic field. We also present data demonstrating
nematicity in the superconducting state, strange metal
behavior at correlated fillings with near Planckian
dissipation, and correlated states in other types of
graphene superlattices. This novel platform may pave

the way towards more exotic correlated systems.
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A Figure 2: Resistance as function of density and tempera-
ture. Superconducting domes (blue) appear next to half-filling
state, “Correlated Insulator” (red). Magic-angle twisted bilayer
graphene offers platform for studying strongly correlated phys-
ics and superconductivity with high tunability and accessible
critical temperature.

Y. Cao, V. Fatemi, S. Fang, K. Watanabe, T. Taniguchi, E. Kaxiras, and P. Jarillo-Herrero, “Unconventional Superconductivity in Magic-angle
Graphene Superlattices,” Nature, vol. 556, pp. 43-50, Apr. 2018; see also Nature vol. 556, pp. 80-84, Apr. 2018.
Y. Cao, D. Chowdhury, D. Rodan-Legrain, O. Rubies-Bigorda, K. Watanabe, T. Taniguchi, T. Senthil, and P. Jarillo-Herrero, “Strange Metal in Magic-
angle Graphene with near Planckian Dissipation,” arXiv:1901.03710, Mar. 2019.
Y. Cao, D. Rodan-Legrain, O. Rubies-Bigorda, J. Min Park, K. Watanabe, T. Taniguchi, and P. Jarillo-Herrero, “Electric Field Tunable Correlated
States and Magnetic Phase Transitions in Twisted Bilayer-Bilayer Graphene,” arXiv:1903.08596, Mar. 2019.
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Giant Enhancement of Interlayer Exchange in an Ultrathin 2D Magnet

D.R.Klein, D. MacNeill, Q. Song, D. T. Larson, S. Fang, M. Xu, R. A. Ribeiro, P. C. Canfield, E. Kaxiras, R. Comin,

P. Jarillo-Herrero

Sponsorship: NSF CIQM, NSF GRFP, Gordon and Betty Moore Foundation, U. S. Department of Energy

A primary question in the emerging field of two-di-
mensional van der Waals magnetic materials is how
exfoliating crystals to the few-layer limit influences
their magnetism. Studies on CrI3 have shown a dif-
ferent magnetic ground state for ultrathin exfoliated
films, but the origin is not yet understood. Here, we use
electron tunneling through few-layer crystals of the
layered antiferromagnetic insulator CrCl, to probe its
magnetic order (Figure 1), finding a ten-fold enhance-
ment in the antiferromagnetic interlayer exchange
compared to bulk crystals.

Moreover, polarization-dependent Raman
spectroscopy (Figure 2) reveals that exfoliated thin
films of CrCl, possess a different low-temperature
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A Figure 1: (a) False-color optical micrograph of a bilayer CrCl,
tunnel junction device. (b) Normalized magnetoresistance vs.
in-plane applied magnetic field for a range of tunnel barrier thick-
nesses. The plateaus in the magnetoresistance give the saturation

fields for different thicknesses of CrCl,.
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stacking order than bulk crystals. Temperature-
dependent Raman spectra further attribute this
difference in stacking to the absence of a stacking
phase transition in these thin films, even though it is
well established in bulk CrCl,. We hypothesize that this
difference in stacking is the origin of the unexpected
magnetic ground states in the ultrathin chromium
trihalides. Our study provides new insight into the
connection between stacking order and interlayer
interactions in novel two-dimensional magnets, which
may be relevant for correlating stacking faults and
mechanical deformations with the magnetic ground
states of other more exotic layered magnets, such as
RuCl..

A Figure 2: Polarized Raman dependence of the 247 cm” peak
energy (in cm-1) for bulk (a) and 17-nm thick (b) CrCl;. Mono-
clinic stacking (c) corresponds to a fourfold pattern in the Raman
data, whereas rhombohedral stacking (d) has no polarization
dependence.

« B.Huang, G. Clark, E. Navarro-Moratalla, D. R. Klein, R. Cheng, K. L. Seyler, D. Zhong, E. Schmidgall, M. A. McGuire, D. H. 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, vol. 546, pp.

270-273, 2017.

« D.R.Klein, D. MacNeill, J. L. Lado, D. Soriano, E. Navarro-Moratalla, K. Watanabe, T. Taniguchi, S. Manni, P. Canfield, J. Fernandez-Rossier, and
P. Jarillo-Herrero, “Probing 2D Magnetism in Van der Waals Crystalline Insulators via Electron Tunneling,” Science, vol. 360, pp. 1218-1222, 2018.

« D.R.Klein, D. MacNeill, Q. Song, D. T. Larson, S. Fang, M. Xu, R. A. Ribeiro, P. C. Canfield, E. Kaxiras, R. Comin, and P. Jarillo-Herrero, “Giant
Enhancement of Interlayer Exchange in an Ultrathin 2D Magnet,” [under review], pre-print available at https://arxiv.org/abs/1903.00002, 2019.
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Splitting of 2D Materials with Monolayer Precision

J. Shim, S.-H. Bae, W. Kong, D. Lee, J. Kim
Sponsorship: NSF, Office of Naval Research

Traditionally, two-dimensional (2D) heterostructures
at the micrometer-scale level are formed by using
adhesive tape, which requires isolating 2D flakes in
monolayers from bulk material. However, this is a very
time-consuming and random process. Moreover, al-
though flakes have been isolated into a nominal mono-
layer, the lateral dimensions (hundreds of micrometers)
are not sufficient to guarantee the fabrication of large-
scale 2D heterostructures.

We introduce a layer-resolved splitting (LRS)
technique that can be applied universally to harvest
multiple 2D material monolayers at the wafer scale
(5-centimeter diameter) by splitting single stacks of
thick 2D materials grown on a single wafer. Figure 1
shows a schematic of the LRS process. The LRS process
is initiated by depositing a Ni film and exfoliating the
entire WS, stack from the sapphire wafer. A Ni layer is
deposited on the bottom of the WS2 film while retaining

Growth of thick Deposition of Exfoliation of
2D materlals top Ni sticker entire 2D materials

Sapphne wafer

1 1+ split
. Repeated
Last splz 5pI|t
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= wn. :

2D material
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A Figure 1: Schematic illustration explaining the LRS process.
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the top tape/Ni/WS2 stack as-exfoliated to harvest
the a continuous WS, monolayer. The Ni/WS, stack is
separated upon peeling while the bottom Ni strongly
adheres to the WS, monolayer, leaving a monolayer
of WS, on the bottom Ni layer. We transferred this
monolayer film onto an 8-inch (20.3 cm) Si wafer coated
with 90 nm of SiO, (Figure 2A). Figure 2B shows the
wafer-scale photoluminescence mapping image, which
indicates that the 2D monolayer isolation was uniform
across the entire 2-inch wafer area.

We then fabricated arrays of 2D heterostructure
devices at the wafer scale (10x10 arrays of MoS,
transistors on al-cm?wafer) (Figure 2C). The transistors
without h-BN exhibited very large hysteresis in their
drain current-gate voltage sweep, which is detrimental
to a transistor's operation. However, substantial
suppression of hysteresis has been observed in
transistors with h-BN (Figure 2D).
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AFigure 2: A Optical image of 2-inch wafer-scale WS,
monolayer on 8-inch SiO,/Si wafer. B. 2-inch wafer-scale PL
mapping image at 1.99 eV of WS, C. Schematic illustration of
a MoS, transistor. D. Representative drain current-gate volt-
age (I5—V¢) characteristic curves of MoS, transistors with and
without h-BN inserting layer.
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e J.Shim, S--H. Bae, W. Kong, D. Lee, K. Qiao, D. Nezich, Y. Ju Park, R. Zhao, S. Sundaram, X. Li, H. Yeon, C. Choi, H. Kum, R. Yue, G. Zhou, Y. Ou, K. Lee,
J. Moodera, X. Zhao, J.-H. Ahn, C. Hinkle, A. Ougazzaden, and J. Kim, “Controlled Crack Propagation for Atomic Precision Handling of Wafer-

scale Two-dimensional Materials,” Science, vol. 362, pp. 665-670, 2018.
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Investigation of Atomic Interaction through Graphene via Remote Epitaxy

W. Kong, H. Li, K. Qiao, J. Kim

Sponsorship: Defense Advanced Research Projects Agency, Department of Energy, Air Force Research Laboratory

Remote epitaxy opens the possibility of growing epi-
taxial films that “copy” the substrate crystal structure
through a 2D material interlayer, enabling the produc-
tion of ultrathin components for device integration. We
report advances in understanding the physics of the in-
teraction between the substrate and the epitaxial film.

Remote atomic interaction through 2D materials
is governed by the binding nature, that is, the polarity
of atomic bonds, both in the underlying substrates
and in 2D material interlayers. Although the potential
field from covalent-bonded materials is screened by
a monolayer of graphene, that from ionic-bonded
materials is strong enough to penetrate through a
few layers of graphene. The ionicity of the substrate
material determines the distance at which its potential
field is still effective for epitaxy (Figure 1). However,
such field penetration can be substantially attenuated
by hexagonal boron nitride (hBN), which itself has
polarization in its atomic bonds. A transition from
remote epitaxy to van der Waals epitaxy can be seen
with an increasing number of hBN layers (Figure 2).

Based on the control of transparency, modulated
by the nature of materials as well as interlayer
thickness, various types of single-crystalline materials
across the periodic table can be epitaxially grown on
2D material-coated substrates. The epitaxial films can
subsequently be released as free-standing membranes
(Figure 3), which provides unique opportunities for the
heterointegration of arbitrary single-crystalline thin
films in functional applications.

FURTHER READING
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«  W.Kong H.Lj K. Qiao, Y. Kim, K. Lee, Y. Nie, D. Lee, T. Osadchy, R. J Molnar, D. K. Gaskill, R.L. Myers-Ward, K. M. Daniels, Y. Zhang, S. Sundram,
Y. Yu, S-H. Bae, S. Rajan, Y. Shao-Horn, K. Cho, A. Ougazzaden, J. C. Grossman, and J. Kim, “Polarity Governs Atomic Interaction through Two-

dimensional Materials,” Nature Materials, vol. 17, pp. 999-1004, 2018.

« R.Miranda, “Transparency Revealed,” Nature Materials, vol. 17, pp. 952-953, 2018.
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Experimental Characterization and Modeling of Templated Solid-state Dewetting of

Thin Single Crystal Films

Y. A. Shin and C. V. Thompson
Sponsorship: National Science Foundation

Templated solid-state dewetting of thin single crystal
films has shown potential for use as a self-assembly
method for fabrication of regular, complex structures
with sub-lithographic length scales (Figure 1 and first
Reading below). This potential can be realized by un-
derstanding and controlling dewetting instabilities and
mechanisms that lead to different dewetting morphol-
ogies. Since dewetting instabilities, and hence the re-
sulting morphologies , depend on a number of param-
eters, including crystal structure of the film (fcc, hep,
etc.), texture of the film, initial film thickness, annealing
ambient, temperature, and geometry of the initial tem-
plate for the film before subject to dewetting, there is
a great opportunity/challenge that we are addressing
through both experiments and computationally.
During the past several years, we have used pre-
patterned single-crystal Ni(110) or (100) epitaxial films
grown on MgO as a model system and have identified
andstudiedindividualdewettinginstabilities,including
corner-induced instability and Rayleigh-like instability.
We are currently focusing on a fingering instability
that can occur during edge retraction and results in the
formation of a parallel array of wire-like features. An

observation motivated our current study that rough
edges produced by poor lithographic edge definition
led to fingering instabilities. To better understand the
effect of edge roughness on the fingering instability
and to control the instability, we patterned edges of
large Ni(110) lithographically defined patches with a
wide range of periodic perturbations. The edges of
patches with the same periodic perturbation were
also aligned along different crystallographic in-plane
orientations to studying anisotropic effects on a
templated fingering instability.

We have found that fingering can be induced from
those film edges with periodic perturbations (Figure
2), demonstrating that development of the fingering
instabilityhasastrongcorrelation withedgeroughness.
Furthermore, the template not only induced fingering
instabilities but also provided control of the period of
the fingers and the corresponding parallel wire-like
structures. We have developed a kinetic model that
predicts the relationship between the retraction rate
of fingers and the templated finger period and are
testing this model through additional experiments.

A Figure 1: Patterns formed by solid-state dewetting of square
patches of Ni films patterned with different sizes and crystallo-
graphic orientations, reproduced from first Reading below. Scale:

10 pum.
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A Figure 2: A parallel array of wires with controlled spacing
formed by templating a fingering instability using patterned peri-
odic edge roughness in 120-nm-thick Ni(110) films on MgO.
Ay = 536 pm, A, = 626 pm, A5 = 715 um, 4, = 8.05 pm.
Scale: 10 pum.

« C.V.Thompson, “Solid-state Dewetting of Thin Films,” Annual Review of Materials Research, vol. 42, pp. 399-434, 2012.
e 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. Appl. Phys., vol. 119, p. 125306, 2016.

« G. H. Kim and C. V. Thompson, “Effect of Surface Energy Anisotropy on Rayleigh-like Solid-state Dewetting and Nanowire Stability,” Acta

Materialia, vol. 84, pp. 190-201, 2015.
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Toward Robust, Condensation-resistant, Omniphobic Surfaces

K.L.Wilke, D. J. Preston, Z. Lu, E. N. Wang
Sponsorship: Masdar Institute

Surfaces that are repellent to liquids have broad appli-
cations in anti-fouling, chemical shielding, heat trans-
fer enhancement, drag reduction, self-cleaning, water
purification, and icephobic surfaces. State-of-the-art
omniphobic surfaces based on reentrant surface struc-
tures repel all liquids, regardless of the surface mate-
rial, without requiring low-surface-energy coatings.
While omniphobic surfaces have been designed and
demonstrated, they fail catastrophically during con-
densation, a phenomenon ubiquitous in both nature
and industrial applications. Specifically, as condensate
nucleates within the reentrant geometry, omniphobic-
ity is destroyed.

Typical Reentrant Surface

Droplets on
Dry Surface

Surface During
Condensation

Here, we show a nanostructured surface that can
repel liquids even during condensation (Figure 1). This
surface consists of isolated reentrant cavities with
a pitch on the order of 100 nanometers to prevent
droplets from nucleating and spreading within all
structures. We developed a model to guide surface
design and subsequently fabricated and tested these
surfaces with various liquids. We demonstrated
repellency to various liquids up to 10 °C below the
dew point and showed durability over three weeks.
Furthermore, the design is robust to defects or damage
to the surface. This work provides important insights
for achieving robust, omniphobic surfaces.

Condensation-Resistant Surface

.

A Figure 1: On the left, a typical omniphobic surface repels water when the surface is dry. However, when conden-
sation occurs on the surface, all repellency is lost. On the right, our design using nanometer scale reentrant cavities

retains its repellency during condensation.

FURTHER READING

« K.L.Wilke, D. J. Preston, Z. Lu, and E. N. Wang, “Toward Condensation-resistant Omniphobic Surfaces,” ACS Nano, vol. 12, no. 11, pp. 11013-11021,

Oct. 2018.
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Observation of Second Sound in Graphite above 100K

S.Huberman, R. Duncan, K. Chen, B. Song, V. Chiloyan, Z. Ding, A. Maznev, G. Chen, K. Nelson
Sponsorship: Office of Naval Research MURI, Department of Energy S3TEC, NSE

Second sound is an unusual phenomenon in which
heat transports in a wave-like manner, rather than by
the more usual diffusive motion. This wave-like motion
is a result of the dominance of normal phonon-phonon
scattering, which conserves the total phonon momen-
tum over any other phonon resistive scatterings. Simi-
lar to a gas system, where particles scatter without los-
ing total momentum, phonons gain an average velocity
under a temperature gradient when normal scattering
dominates, and their transport is said to be in the hy-
drodynamic regime. In this regime, a heat pulse prop-
agates as a wave similar to the way a pressure impulse
generates sound waves, and this wave is called second
sound. Previously, second sound has been observed in
only a few materials at very low temperature (<20 K).

A

Recently, we successfully predicted and observed
second sound in graphite up to 150 K using the
transient thermal grating (TTG) technique. In TTG,
two transient pump laser beams create interference at
the sample surface and generate a thermal grating. A
probe beam detects the transient decay of the thermal
grating. When the phonon system is diffusive, the
thermal grating will decay diffusively with fixed peak
and valley positions, corresponding to an exponential
decay signal, as shown by the curves at 200 K and 300
K in Figure 1A. However, between 85-150K, the heat
wave motion leads to an oscillating exponential signal
(hallmark of second sound in TTG), as shown by the
curves at 85-150 K. The experimental result is well
supported by an ab initio simulation (Figure 1B).
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A Figure 1: (A) Normalized transient thermal grating signals in graphite at different temperatures. Inset: Sche-
matic illustration of the experiment. (B) Comparison between experimental result and theoretical simulation.

FURTHER READING

« S.Huberman, R. Duncan, et al., “Observation of Second Sound in Graphite at Temperatures above 100 K,” Science, vol. 364, pp. 375-379, 2019.
« Z.Ding, J. Zhou, et al,, “Phonon Hydrodynamic Heat Conduction and Knudsen Minimum in Graphite,” Nano Lett., vol. 18, no. 1, pp. 638-649, 2018.
« S.Lee, D. Broido, K. Esfarjani, and G. Chen, “Hydrodynamic Phonon Transport in Suspended Graphene,” Nat. Comm., vol. 6, p. 6290, 2015.
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Ultrahigh Thermal Conductivity and Mobility in c-BAs

K. Chen, B. Song, A. Schmidt, Z. Ding, T. Liu, G. Chen, in collaboration with Z. Ren (University of Houston), L. Shi (University

of Texas — Austin), D. Broido (Boston College)

Sponsorship: Office of Naval Research MURI, Department of Energy S3TEC

As the transistor density gets larger and larger in to-
day’s central processing unit, thermal management
becomes necessary to improve reliability and prevent
overheating failure. Utilizing ultrahigh thermal con-
ductivity materials that can help efficiently dissipate
the generated heat from the chips is one of the passive
cooling strategies in electronics. In this way, diamond,
as the highest thermally conducting material, has been
used as the heat spreader. However, diamond is limited
by its high cost and interface issues like poor thermal
and mechanical coupling to common semiconductors.
Therefore, finding other ultrahigh thermal conductiv-
ity materials that can totally or partially overcome the
limitation of diamond can be significantly beneficial.
Recently, our group with collaborators has
predicted, synthesized, and measured ultrahigh
thermal conductivityin cubicbarium arsenides (c-BAs).
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A Figure 1: Measured thermal conductivity of BAs in compari-
son with values from theoretical calculations and other crystals.

FURTHER READING

First, c-BAs samples of mm-size were successfully
synthesized by the chemical vapor transport technique
at the University of Houston. With a metal layer
coated on top of the sample surface as the transducer,
we carried out thermal transport measurements on
the samples using time-domain thermoreflectance
and frequency-domain thermoreflectance, and the
measured thermal conductivity is as high as ~1200 W/
mK at room temperature (Figure 1). This places c-BAs
as the second most heat-conducting cubic material.
In addition, c-BAs is a semiconductor with an indirect
bandgap around 1.7 eV. We predict that they have
comparably high mobility for both electrons and holes
(Figure 2). The high thermal conductivity and high
mobility of c-BN promise interesting applications in
microelectronics.
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A Figure 2: Calculated carrier mobilities of BP (blue), BAs

(red), and BSb (green) versus carrier concentrations.

« FE Tian, B. Song, X. Chen, et al,, “Unusual High Thermal Conductivity in Boron Arsenide Bulk Crystals,” Science, vol. 361, pp. 582-585, 2018.
« T Liy, B. Song, L. Meroueh, et al., “Simultaneously High Electron and Hole Mobilities in Cubic Boron-V Compounds: BP, BAs, and BSb,” Phys.

Rev. B, vol. 98, p. 081203(R), 2018.
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Morphological Stability of Single Crystal Co and Ru Nanowires

M. A. L'Etoile, Y. A. Shin, W. C. Carter, C. V. Thompson

Sponsorship: National Science Foundation, Semiconductor Research Corporation

High-performance integrated circuits contain tens of
kilometers of metal interconnects, the cross-sectional
area of which must shrink in lockstep with shrinking
transistors. The reliability of integrated circuits is con-
tingent upon morphologically stable interconnects.
At the tiny length scales of next-generation intercon-
nects, the electrical resistance of Ru and Co nanowires
is expected to be lower than that of nanowires based
on current copper technology; thus the morphological
stability of these two materials is of particular practical
interest. Solid-state dewetting by surface self-diffusion
is often the dominant mechanism by which the mor-
phology of micro- and nano-scale features evolve at el-
evated temperatures. As feature dimensions decrease,
the temperature at which dewetting also occurs drops,
which can lead to significant morphological degrada-
tion at surprisingly low homologous temperatures. Al-
though solid-state dewetting is fairly well understood
in isotropic systems, the dewetting behaviors of aniso-
tropic, crystalline solids are far more complicated and

more experimental, and modeling work is required to
identify crystallographic characteristics that will opti-
mize morphological stability.

Previous work on single-crystal Ni films has
demonstrated that crystalline anisotropy gives
rise to special crystallographic orientations along
which single-crystal wires are kinetically resistant
to morphological instabilities. The strongly faceted
surfaces of these wires are also predicted to reduce
electron scattering and decrease interconnect
resistance. For Ru nanowires, exploratory work with
single-crystal (0001) films suggests that wires oriented
along <1-210> directions will be particularly stable. Work
on patterning and testing of such wires is currently
underway. We have also begun similar experiments
on single-crystal Co films and will compare our results
across the Co, Ni, and Ru systems to construct a more
fundamental understanding of dewetting behavior in
crystalline nano-scale structures such asinterconnects.

A Figure 1: Dewetted single-crystal Ru film with features natu-
rally aligned along kinetically stable orientations <1-210>.

FURTHER READING

AFigure 2: Crystallographic map obtained using electron
back-scattered diffraction characterization of kinetically stable
wire-like features.

« G. H. Kim and C. V. Thompson, “Effect of Surface Energy Anisotropy on Rayleigh-like Solid-state Dewetting and Nanowire Stability,” Acta

Materiala, vol. 84, pp. 290-201, Feb. 2015.
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Field Controlled Defects in Layered Cuprate-based Materials

C.S.Kim, H. L. Tuller
Sponsor: 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 on key
interfacial reaction kinetics such as oxygen exchange
with the atmosphere. Most commonly, the desired oxy-
gen defect concentration, or equivalently oxygen non-
stoichiometry, is attained by doping with aliovalent
cations and/or controlling the oxygen partial pressure
and temperature in which the materials are equilibrat-
ed or annealed. These approaches, however, are limit-
ed by dopant solubility limits and the range of oxygen
partial pressures readily experimentally achievable,
and they require knowledge of the applicable defect
chemical model.

In this study, we fine-tune oxygen defect
concentrations in rare earth cuprate (RE,CuO,: RE
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A Figure 1: Schematic defect diagram using Brouwer approxima-

tion for La, gcCe(y 15CuO, 5 (LCCO).

FURTHER READING

= rare earth) solid oxide fuel cell (SOFC) cathode
materials by application of electrical potentials
across an yttria-stabilized zirconia (YSZ) supporting
electrolyte. These layered perovskites can incorporate
both oxygen interstitials, and vacancies, thereby
broadening the range of investigations. Here, we show
astrong correlation between oxygen nonstoichiometry
values (which are determined by in-situ measurement
of chemical capacitance) and oxygen surface exchange
kinetics (which are inversely proportional to the
area-specific-resistance) without changing cation
chemistry. Both types of oxygen defects, interstitials
and vacancies, dramatically enhance surface kinetics.
These studies are expected to provide further insights
into the defect and transport mechanisms that support
enhanced SOFC cathode performance.
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A Figure 2: Volumetric chemical capacitance (C_,, . closed
squares) and area-specific-resistance (ASR, open circles) of an
LCCO thin film as functions of effective oxygen partial pres-
sure at 600 °C in log-log plots. Three colors represent three
different gas atmospheres (pO =1.00 atm, 0.20 atm, and

0.04 atm).
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» C.-S.Kim and H. L. Tuller, “Fine-tuning of Oxygen Vacancy and Interstitial Concentrations in La, ;Ce,,.CuO, ; by Electrical Bias,” Solid State

Ionics, vol. 320, pp. 233-238, Jul. 2018.

« D.Chen and H. L. Tuller, “Voltage-controlled Nonstoichiometry in Oxide Thin Films: Pr,,Ce O, _; Case Study,” Advanced Functional Materials,

vol. 24, no. 48, pp. 7638-7644, Dec. 2014.
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Mixed Electron-proton Conductor Membrane Mediates H, Oxidation

R. P. Bisbey, B. Yan, W. L. Toh, A. Alabugin, T. S. Wesley, Y. Surendranath

Sponsorship: NSF, MIT Department of Chemistry

Electrochemical transformations are key to the inter-
conversion of electrical and chemical energy and ubig-
uitous in the formation of commodity chemicals. Elec-
trocatalysts which enable these transformations must
serve to both activate chemical bonds and facilitate
electron-proton transfer. In conventional electrocatal-
ysis, these two functions occur at a singular catalyst
electrolyte interface that prevents independent opti-
mization of either process; changes to the interface will
inherently affect both functions. Critically, the optimal
interface for one function often does not coincide with
the optimal structure for the other. We have shown
that for hydrogen oxidation reaction (HOR), these two
functions can be segregated by interposing a mixed
electron-proton conductor (MEPC) membrane between
the catalyst and electrolyte.

We have designed a device that enables concurrent
electrochemical proton-electron extraction at an
MEPC electrolyte interface and H2 activation at a gas
catalyst interface. A reduced WO, (WO,) membrane
supported on a porous support is decorated with
a platinum catalyst on one side (Figure 1). At the
gas Pt interface, H, is dissociatively activated at Pt
surfaces to generate H-atoms. The resulting H-atoms
migrate across the Pt WO, boundary to intercalate
into the WO, via H-spillover and diffuse through the

Pre

-~ MEPC Electrolyte
- ‘membrane
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o+ HY Charge
H, (gas) separation
Bond AT
activation

A Figure 1: Schematic of hydrogen oxidation reaction enabled by
Pt MEPC composite electrode. H, is supplied to the Pt catalyst

and is ultimately oxidized at the polarized electrolyte interface.

FURTHER READING

WO, membrane. At the MEPC electrolyte interface,
the applied electrochemical potential drives the
separation of protons and electrons with protons
entering the solution and electrons passing current
through the external circuit. This work represents the
first demonstration of employing an MEPC membrane
to segregate the bond activation and charge transfer
functions in electrocatalysis.

These devices exhibit respectable current densities
that exceed 20 mA cm=2 at 0.5 V vs. RHE. We found that
the thickness of the membrane does not limit the rate
of H2 oxidation catalysis, suggesting that H-diffusion
within the WO, membrane is relatively rapid. Instead,
the condensed MEPC membrane serves as a barrier to
prevent impurities and poisoning species dissolved in
the electrolyte to degrade HOR catalysis. On the other
hand, the rate of HOR depends on the Pt sputtering
time (Figure 2). An increasing rate was found, up to 35
s of Pt deposition, which decreased upon continued
sputtering. This suggests that H-spillover across the
Pt WO, boundary limits the overall rate of HOR and a
35 s deposition of Pt maximizes the Pt WO, boundary
line density. Future work focuses on a selection of
materials for these devices to enable a library of
diverse reactivity.

L I L |
15 20 25 30 35 40 45
Pt deposition time/s

A Figure 2: Dependence of the current density of devices at 0.5
V (vs. RHE) on Pt sputtering time, indicating that H-spillover
occurring at the Pt WO, phase boundary limits the reaction rate.

« B.Yan, R. P. Bisbey, A. Alabugin, and Y. Surendranath, “Mixed Electron-Proton Conductors Enable Spatial Separation of Bond Activation and

Charge Transfer in Electrocatalysis,” J. Amer. Chem. Soc., 2019.

« R.Prins, “Hydrogen Spillover. Facts and Fiction,” Chem. Rev,, vol. 112, p. 2714, 2012.
« P.M.S. Monk, “Charge Movement through Electrochromic Thin-film Tungsten Trioxide,” Crit. Rev. Solid State Mater. Sci., vol. 24, p. 193, 1999.
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Dynamic Approach of Quantifying Strain Effects on lonic and Electronic Defects in

Functional Oxides

Y.-T. Chi, T. Defferriere, H. L. Tuller, B. Yildiz, and K. Van Vliet

Sponsorship: U.S. Department of Energy, Basic Energy Sciences

The search for novel electronic and magnetic proper-
ties in functional oxides has generated a growing in-
terest in understanding the mobility and stability of
ionic and electronic defects in these materials. Instead
of altering material content, most research views me-
chanical strain as a lever for modulating defect concen-
tration and mobility more finely and continuously in
both semiconductors and function-al oxides. Previous
studies also proposed that strain may increase ionic
mobility by orders of magni-tude, which is crucial for
lowering the operation temperature of solid oxide fuel
cells.

However, experimental and computational results
differ significantly among research groups due to
the convoluted effect of mechanical strain and film/
substrate interface on defect content and mobility.
Such reliance on substrate selection to induce strain
in the oxide thin film also limits the range of strain
accessible, with limited data available to date.

We have developed an experimental technique
that facilitates application of in-plane strain to

_ UVlight ||

_—— Mask

Substrate

Pt deposition
Photolithography

A Figure 1: Photolithography for interdigitated electrode pattern
on photoresist, followed by Pt deposition using sputtering.

FURTHER READING

functional oxide thin films continuously on the
same substrate. First, we combine photolithography
and metal sputtering to deposit an interdigitated Pt
electrode on our sample (Figure 1). Next, we conduct
3- or 4-point bending and concurrent conductivity
measurement of the thin film-on-substrate device
(Figure 2). This approach is accessible to a wide
temperature range and precise gas control relevant
to mixed ionic-electronic conducting oxides. We can
strain and measure the transport properties of the
same functional oxide thin film at high temperature in
situ, over a range of strains applied to a single system.
Combining these experiments with our ab initio
computational simulations and predic-tions of carrier
dominance over a range of strains and temperatures,
we also aim to measure the carri-er mobility in Nb-
doped SrTiO3 as a function of applied strain, to observe
the sudden change of carrier mobility and temperature
dependency. We believe this will also be a powerful
technique for studying the strain effect on surface
reactions like exsolution or catalytic reaction.

—— Pt electrode

Thin film

— Substrate

Finished sample Impedance measurement

A Figure 2: Finished sample with interdigitated Pt electrode.
Yttria-doped zirconia, Nb-doped SrTiO;  and Pr-doped CeO,
(Ieft to right). Impedance measurement with 3-point bending on
the sample.

« Y-T. Chi, M. Youssef, L. Sun, K. J. Van Vliet, and B. Yildiz, “Accessible Switching of Electronic Defect Type in SrTiO3 via Biaxial Strain,” Physical

Review Materials, vol. 2, issue no. 5, pp. 055801:1-8, 2018.
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3-D Printed Microarchitected Ceramics for Low-heat Capacity Reactors

S.Kim, T. Ganapathy, W. Kim, Y. T. Cho, N. X. Fang
Sponsorship: MIT Energy Initiative

Efficient heat and mass transfer for catalytic reactors
are desirable for a broad array of biological and envi-
ronmental applications and are of great import to the
automotive and power plant industry. The conversion
efficiency of catalytic reactors relies on the tempera-
ture of the constituent substrate and its thermal re-
sponse.

Although porous substrates with thinner cell/
pore walls and higher cell/pore density enable faster
catalyst activation due to low thermal mass and, larger
surface area, the manufacturing of well-engineered
structures with thin walls and higher cell/pore density
remains a challenge. For example, there is a practical
limit to the maximum cell density and the minimum
wall thickness of the honeycomb substrate caused
by difficulties in the extrusion-based process, such as
larger flow drag force and inhomogeneity. Another
promising candidate, the open-cell foams, also suffer
manufacturing and assembly difficulties due to their
low mechanical strength, high flow resistance, and high
heat capacity caused by random-pore architectures.

Ceramic substrates IR imaging

Monoliths

A Figure 1: Optical microscope and thermal infrared (IR) camera
images of 3D hollow micro-lattice ceramic and commercial hon-
eycomb monoliths ceramic.

FURTHER READING

To overcome these limitations, we proposed
manufacturing-friendly  structural design and
additive manufacturing for microarchitected ceramic
substrates having both a large catalytic surface area
and low thermal mass. Our idea for achieving efficient
catalytic substrates is leveraging 3D micro-lattices of
thin-walled tubular networks instead of conventional
honeycomb monoliths (Figure 1). We measured surface
temperature by thermal IR camera (Figure 1) and
investigated the thermal response of each architecture
(Figure 2). The proposed 3D hollow micro-lattice was
heated up and cooled down faster than the monoliths’
structure. This result verifies the low thermal mass of
the proposed 3D micro-lattice ceramicto enable a faster
thermal response for the faster catalytic activation.
Therefore, we expect that the proposed 3D ceramic
micro-lattice structure will have a high catalytic
conversion efficiency and accelerate the development
of an efficient gas purification system for automotive
and environmental applications.
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A Figure 2: Surface temperature was experimentally measured
by IR imaging at air-flow heating (flow rate, 21.24 L/min) with

temperature of 650 °C and cooling in atmosphere.

« X.Zheng, H. Lee, T. H. Weisgraber, M. Shusteff, J. DeOtte, E. B. Duoss, J. D. Kuntz, M. M. Biener, Q. Ge, J. A. Jackson, S. O. Kucheyev, N. X. Fang, and
C. M. Spadaccini, “Ultralight, Ultrastiff Mechanical Metamaterials,” Science, vol. 344, pp. 1373-1377, 20, Jun. 2014.

« C.S.Roper,R. C.Schubert, K. J. Maloney, D. Page, C. J. Ro, S. S. Yang, and A. J. Jacobsen, “Scalable 3D Bicontinuous Fluid Networks: Polymer Heat
Exchangers toward Artificial Organs,” Adv Mater., vol. 27, pp. 2479-2484, 17, Apr. 2015.

e C.Parra-Cabrera, C. Achille, S. Kuhn, and R. Ameloot, “3D Printing in Chemical Engineering and Catalytic Technology: Structured Catalysts,

Mixers, and Reactors,” Chem. Soc. Rev., vol. 47, pp. 209-230, 2018.
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Additively Manufactured Externally-fed Electrospray Sources

D. V. Melo-Maximo, S. Lin, and L. F. Velasquez-Garcia

Sponsorship: MIT-Tecnologico de Monterrey Nanotechnology Program

Additive manufacturing (AM) is a layer-by-layer fabri-
cation technique that creates solid objects by putting
material where needed, instead of removing material
from stock. Recent advances in AM have made possi-
ble the implementation of microsystems that surpass
the performance of state-of-the-art counterparts made
in a clean room, as well as the demonstration of devic-
es that are challenging or unfeasible to create using
standard microfabrication—particularly in the area of
microfluidics. In addition, AM is inherently compatible
with implementing, with great precision, hierarchical
structures with features spanning orders of magnitude
in size to accomplish multiple tasks efficiently.

In this project, we are exploring AM to develop,
at a low-cost, massively multiplexed externally-fed
electrohydrodynamic liquid ionizers (Figure 1) for a
wide range of applications such as mass spectrometry,

Extractor

3D printed
emitter

nanosatellite propulsion, species transport, and
agile manufacturing. These devices are mesoscaled
arrays of high-aspect-ratio, hundreds-of-microns
tall, micron-sharp tips that are conformally covered
with a nanostructured layer that transports and
regulates the flow of liquid from the reservoir to the
emission sites. Manufacturing issues such as inter-
process compatibility and tip array uniformity need
to be addressed to implement devices that operate
efficiently successfully. Current work focuses on
exploring and optimizing various manufacturing
techniques to monolithically create the electrospray
source out of different structures made of different
materials; future work includes assessment of device
performance, e.g, emission characteristics and
uniformity.

Hydrophilic
material

A Figure 1: Schematic of an externally -fed emitter

FURTHER READING

« D.I Wimpenny, P. M. Pandey, and L. J. Kumar, “Advances in 3D Printing & Additive Manufacturing Technologies,” Springer, 2017.

« B.Gassend, L. F. Velasquez-Garcia, A. Ibitayo Akinwande, and M. Martinez-Sanchez, “A Microfabricated Planar Electrospray Array lonic Liquid
Ion Source with Integrated Extractor,” J. of Microelectromechanical Systems, vol 18, Issue: 3, pp. 679-694, 2009.

« FE. A Hill E.V.Heubel, P. J. Ponce de Leon, and L. F. Velasquez-Garcia, “High-throughput Ionic Liquid Ion Sources using Arrays of Microfabricated
Electrospray Emitters with Integrated Extractor Grid and Carbon Nanotube Flow Control Structures,” J. of Microelectromechanical Systems,

vol. 23, no. 5, pp. 1237-1248, Oct. 2014.
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Additive Manufacturing of Microfluidics via Extrusion of Metal Clay

E. Segura-Cardenas, L. F. Velasquez-Garcia

Sponsorship: MIT-Tecnologico de Monterrey Nanotechnology Program

Most microfluidics uses closed microchannels to effi-
ciently accomplish tasks such as species mixing, heat
transfer, and particle sorting by increasing the sur-
face-to-volume ratio of the fluid(s) involved in the pro-
cess. However, the current manufacturing techniques
for microfluidics present disadvantages such as high-
cost, long production time, no device customization,
elaborated design iteration, restriction in the kinds of
structures that can be made, and low fabrication yield.

Recent research results demonstrate that additive
manufacturing can readily address the shortcomings
outlined, often yielding devices that surpass the state
of the art or for which traditional microfabrication
creates no counterpart. However, most 3D-printed
microfluidics are made of polymeric feedstock, which
is not compatible with high-pressure and/or high-
temperature applications. Mainstream 3D printing
methods for metal include lost-wax micro molding,
inkjet binder, and direct metal laser sintering; these

processes are unideal to produce monolithic closed-
channel microfluidics because they either require
internal dummy structures or create internal voids
filled in with unprocessed printable material, both of
which are challenging to remove from the printed part.
In this project, we are exploring the use of
extrusion of metal clay to implement closed-channel
microfluidics; the technique is arguably similar to
fused filament fabrication and can readily create
voids without spurious infill or post-processing
required. Via the extrusion of metal clay, leak-tight
metal microchannel with monolithic, working ports
have been created (Figure 1). A cross-section of the
microfluidic shows an unclogged microchannel,
evidencing the feasibility of the technique to create
closed channels with hydraulic diameters of relevance
to microfluidics (Figure 2). Current work focuses on
exploring the design space of the technology and
demonstrating an application of relevance.

A Figure 1: Extruded monolithic microfluidic with 350-um wide A Figure 2: Cross section of closed microchannel.
and 350-pm tall microchannel and inlet and outlet ports.

FURTHER READING

« R Frykholm, Y. Takeda, B. G. Andersson, and R. Carlstrém, “Solid State Sintered 3-D Printing Component by using Inkjet (Binder) Method,” J. of
the Japan Society of Powder and Powder Metallurgy, vol. 63, no. 7, pp. 421-426, 2016.

e Z.Sun, G. Vladimirov, E. Nikolaev, and L. F. Velasquez-Garcia, “Exploration of Metal 3-D Printing for the Microfabrication of Freeform, Finely
Featured, Mesoscaled Structures,” J. of Microelectromechanical Systems, vol. 27, no. 6, pp. 1171 - 1185, Dec. 2018.

e S.Marre, J. Baek, J. Park, M. G. Bawendi, and K. E. Jensen, “High-Pressure/High-Temperature Microreactors for Nanostructure Synthesis,” JALA:
J. of the Association for Laboratory Automation, vol. 14, no. 6, pp. 367-373, Dec. 2009.
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3D-Printed, Low-cost, Miniature Liquid Pump

A.P.Taylor, L. F. Velasquez-Garcia
Sponsorship: Edwards Vacuum

Many compact systems use pumps to precisely set
flow rates of liquid or, in general, to manipulate small
liquid volumes for effective mass transport, cooling, or
momentum transfer. Numerous microfabricated posi-
tive displacement pumps for liquids with chamber vol-
umes that are cycled using valves have been proposed.
Pumps made via standard (i.e., cleanroom) microfabri-
cation typically cannot deliver large flow rates with-
out integrating hydraulic amplification or operating at
high frequency due to their small pump chambers.
Additive manufacturing, i.e., the layer-by-layer
fabrication of objects using as template a computer-
aided design model, has recently been explored as
a processing arena for microsystems. In particular,
researchershavereported3-D printed pumpsforliquids
and gases with performance on par or better than
counterparts made with standard microfabrication.
Building upon earlier work on printed MEMS magnetic
actuators, we recently developed miniature liquid
pumps printed in pure nylon 12 via fused filament

A Figure 1: Half is printed (a)-(b) with membrane (red) and
inserted magnet (grey). Partial pump is prepared, (c)-(e); second
half printed on top, (f)-(h) with chamber (light blue), valve grids

(red hatch), inserted balls (black).

FURTHER READING

fabrication (FFF) whereby a thermoplastic filament
is extruded from a hot nozzle to create a solid object
layer by layer.

Our low-cost, leak-tight, miniature devices
are microfabricated using 150- to 300-pm layers
with a multi-step printing process (Figure 1) that
monolithically creates all key features with <13- pm
in-plane misalignment. Each pump has a rigid frame,
a 21-mm-diameter, 150-um-thick membrane connected
at its center to a piston with an embedded magnet,
chamber, passive ball valves, and two barbed fluidic
connectors (Figure 2). Pump fabrication under 2 hours
and costs less than $4.65 are achieved. Finite element
analysis of the actuator predicts a maximum stress of
18.7 MPa @ 2-mm deflection, about the fatigue limit of
nylon 12 (i.e, 19 MPa). A maximum water flow rate of
1.37 ml/min at 15.1 Hz actuation frequency is calculated,
comparable to reported values of miniature liquid
pumps with up to 200X higher actuation frequency.

Connectors

A Figure 2: Clockwise from upper left: cross section of pump
model; side view of printed pump; bottom view of printed pump
with embedded SmCo magnet; top view of pump membrane,
prior to printing second half.

« A P.TaylorandL.F.Veladsquez-Garcia, “Miniaturized Diaphragm Vacuum Pump by Multi-material Additive Manufacturing,” J. Microelectromech.

Syst., vol. 26, no. 16, pp. 1316-1327, Dec. 2017.

« A P Taylorand L. E. Velasquez-Garcia, “High-temperature Compatible, Monolithic, 3D-Printed Magnetic Actuators,” J. Phys. Conf. Ser., vol. 1052,

012046 (4 pp), Jul. 2018.

e A. P Taylor and L. F. Velasquez-Garcia, “Low-cost, Monolithically 3D-Printed, Miniature High-flow Rate Liquid Pump,” PowerMEMS 2018

Conference Proceedings, Dec. 2018.
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3D-Printed Microfluidics to Evaluate Immunotherapy Efficacy

A.L.Beckwith, J. T. Borenstein, L. F. Velasquez-Garcia
Sponsorship: Draper

Microfluidic devices are conceptually an ideal platform
for the provision of personalized medical evaluations
as they require small analyte volumes and facilitate
rapid and sensitive investigations. However, inher-
ent challenges in device fabrication have impeded the
widespread adoption of microfluidic technologies in
the clinical setting. Additive manufacturing could ad-
dress the constraints associated with traditional mi-
crofabrication, enabling greater microfluidic design
complexity, fabrication simplification (e.g., removal of
alignment and bonding process steps), manufacturing
scalability, and rapid and inexpensive design iterations.

We have developed an entirely 3D-printed
microfluidic platform that enables modeling of
interactions between tumors and immune cells,
providing a microenvironment for testing the efficacy
of immunotherapy treatment. The monolithic
platform allows for real-time analysis of interactions
between a resected tumor fragment and resident
or circulating lymphocytes in the presence of
immunotherapy agents. Our high-resolution, non-
cytotoxic, transparent device monolithically integrates
a variety of microfluidic components into a single chip,

Design Features

Bubble Removal Port

Threaded Connectors

Inlet (Supplies media,
Immunotherapies,
fluorescent markers)

Tumor Retention Zone

Outlet

A Figure 1: An optical picture of a 3D-printed, transparent,
non-cytotoxic microfluidic platform for analysis of the efficacy
of immunotherapy, with features labeled.

FURTHER READING

greatly simplifying device operation vs. traditionally-
fabricated microfluidic systems. The 3D-printed device
sustains viability of biopsied tissue fragments under
dynamic perfusion for at least 72 hours while enabling
simultaneous administration of drug treatments,
illustrating a useful tool for drug development and
precision medicine for immunotherapy. Confocal
microscopy of the tumor tissue and resident
lymphocytes in the presence of fluorescent tracers
provides real-time monitoring of tumor response
to various immunotherapy. The platform and
accompanying analysis methods distinguish between a
positive immune response and a lack of tissue response
in the presence of immunotherapeutic agents.

This platform introduces novel methodologies in
modeling and analyzing tumor response to improve
prediction of patient-specificimmunotherapy efficacy.
To the best of our knowledge, this is the first report
of human tumor fragments cultured in a dynamic
perfusion system capable of testing the effect of
circulating immune checkpoint inhibitors on resident
tumor-infiltrating lymphocytes.

A Figure 2: Overlaid bright-field and fluorescence
enable visualization of device geometries in addition to the
stained tumor fragment. Single cells are visible.

images

« A L.Beckwith, J. T. Borenstein, and L. F. Velasquez-Garcia, “Monolithic, 3D-Printed Microfluidic Platform for Recapitulation of Dynamic Tumor
Microenvironments,” Journal of Microelectromechanical Systems, vol. 27, No. 6, pp. 1009-01022, Dec. 2018.
« A L. Beckwith, L. F. Velasquez-Garcia, and J. T. Borenstein, “Microfluidic Model for Evaluation of Immune Checkpoint Inhibitors in Human

Tumors,” Advanced Healthcare Materials, 2019.
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Electrohydrodynamic Printing of Ceramic Piezoelectric Films for High-frequency

Applications

B. Garcia-Farrera, L. F. Veldsquez-Garcia

Sponsorship: MIT-Tecnolégico de Monterrey Nanotechnology Program

The high operating frequencies that ceramic piezoelec-
tric ultra-thin films attain have made possible exciting
applications such as energy harvesting, telecommuni-
cations’ filters, high sensitivity biosensors, and acous-
tofluidic devices; however, the inherently high cost and
complexity of current manufacturing methods limit, in
general, their widespread use. Additive manufacturing
(AM), which has proven successful in creating complex
devices and components of relevance to micro and
nanosystems, could overcome these disadvantages;
nevertheless, AM of piezoelectrics has been achieved
only with polymer-based materials—unsuitable for said
applications.

Wereport the first additively manufactured ceramic
ultra-thin piezoelectric films compatible with high-
frequency applications using electrohydrodynamic
deposition (EHD) at room temperature. The films were
made by electrospraying a zinc oxide (ZnO) nanoparticle
liquid feedstock, directly writing line imprints as thin as
213 nm and as narrow as 198 pm.

We harness a previously unreported effect to

Normalized crystallographic orientation (%)
30 40 50 60 70 80 90 100

Drop cast

No ionization
Low electric field
1mm/s

7 mm/s

7 mm/s and Q/2

H(100) © (002) ™ (101)

A Figure 1: Main crystallographic orientations for ZnO, normal-
ized as a percentage of the highest peak. Fill patterns: reference
(checkerboard), no impact on crystallography (dashes) and suc-
cessful conditions (solid).

FURTHER READING

align the polar axis of the imprint and obtain overall
piezoelectricity. AsFigure1ashows,the (100) orientation
monotonically increases as the linear density of the
deposition is reduced by increasing the raster speed
or reducing the feedstock flow rate (Q)-provided two
conditions are met: the feedstock is ionized (via EHD),
and a small separation between emitter and substrate
is used. Notably, the orienting effect directly acts on
the direction of the polar axis by means of the rastering
direction (Figure 2a), allowing for vibration modes
and resonator configurations that were previously
unfeasible. The macroscopic piezoelectric behavior is
shown through piezoforce response microscopy (PEM)
(Figure 2b) and the suitability for high-frequency
applications was demonstrated by testing thin-film
bulk acoustic resonators (FBAR) on a flexible polymer
substrate, where the resonant frequency of ~5 GHz was
used to calculate the acoustic speed of the films (~2,000
m/s), which is close to the transversal wave speed of
ZnO.
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A Figure 2: (a) Frequency response of the reflection coefhi-
cient (S11) for laterally excited FBARSs with films made of traces
printed in the same (SD) or alternating (AD) directions. (b) 2D
phase mapping of PEM. All films were printed at 3 mm/s.

e B. Garcia-Farrera and L. E. Velasquez-Garcia, “Room Temperature Direct Writing of Ultrathin Zinc Oxide Piezoelectric Films via Near-field
Electrohydrodynamic Jetting for High-frequency Flexible Electronics,” [to be presented] Transducers 2019-EUROSENSORS XXXIII, Germany,

Jun. 2019.

e A P Taylor and L. F. Veldsquez-Garcia, “Electrospray-printed Nanostructured Graphene Oxide Gas Sensors,” Nanotechnology, vol. 26, pp.

505301:1-8, Nov. 2015.

« A P. Taylor, C. V. Cuervo, D. P. Arnold, and L. F. Velasquez-Garcia, “Fully 3D-Printed, Monolithic Magnetic Actuators for Low-cost, Compact
Systems,” J. of Microelectromechanical Systems, doi:10.1109/JMEMS.2019.2910215, 2019.
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3D-Printed, Monolithic, Multi-tip MEMS Corona Discharge lonizers

Z.Sun and L. F. Velasquez-Garcia
Sponsorship: MIT-Skoltech Next Generation Program

A corona discharge is a high-electric field ionization
phenomenon caused by the development of a self-sus-
tained electron avalanche between a sharp electrode
(i.e., corona electrode) and a blunt electrode; the ions
create a plasma region around the corona electrode
and in their travel to the opposite electrode transfer
momentum to the surrounding fluid. In this project, we
are harnessing advanced metal inkjet printing technol-
ogy to demonstrate massively multiplexed MEMS coro-
na discharge ionizers (Figure 1), with the aim to increase
greatly their ionization throughput and optimize their
transduction mechanism to be able to implement ex-
citing applications such as no-moving-parts pumps for
gases and compact ion mobility spectrometers.

A 1D electrohydrodynamic coaxial cylinder
model was implemented in COMSOL Multiphysics
to study the ionization and collision processes in
air at atmospheric pressure and room temperature
of a 1-tip device, predicting a 400-pm-thick corona
region surrounding the corona tip. The onset voltage
estimated from the simulation is 5.849 kV, which is close
to the theoretical value from Peek’s formula of 6.416

A Figure 1: Tilted view (a) and near-front view (b) of a binder ink-
Jjet-printed SS 316L planar array with 32 high-aspect-ratio tips;

close-up top view of a tip (c).

v R YA

FURTHER READING

kV. In addition, current over voltage (I/V) versus bias
voltage minus the onset voltage (V-V,) characteristics
were collected for different ionizer array designs while
varying the separation between the corona electrode
and the collector electrode; the data follow the
Townsend current-voltage model (Figure 2). Moreover,
the data show that the corona current decreases with
increased spacing of the corona electrode-to-collector
electrode due to the decrease of the electric field on the
tips; however, a smaller separation between the corona
electrode and the collector electrode results in larger
fluctuations in the corona discharge current. Devices
with different numbers of tips tend to generate the
same total corona current at the same bias voltage
although more tips are set to discharge as the number
of tips increases; this increase can be ascribed to the
stronger interference between adjacent tips when the
tip-to-tip spacing decreases. Current research efforts
focus on optimizing the array design to minimize
electric field shadowing and sharpening the tips to
achieve operation at a lower bias voltage.

25

k =4.9544

I/V (HA/KV)

V-V, (kV)

A Figure 2: 1/V vs. (V-V)) characteristics for a 5-emitter ionizer
with 7.95-mm (red), 11.12-mm (green), 14.30-mm (blue), and

17.47-mm (magenta) electrode separation.

«  P.Ferrer and M. P. Tchonang, “Miniaturization of Electrostatic Ion Engines by Ionization and Acceleration Coupling,” J. Phys. D. Appl. Phys., vol.

44, N0. 33, pp. 33520, Aug. 2011.

e Z.Sun, G. Vladimirov, E. Nikolaev, and L. F. Velasquez-Garcia, “Exploration of Metal 3-D Printing for the Microfabrication of Freeform, Finely
Featured, Mesoscaled Structures,” J. of Microelectromechanical Systems, vol. 27, no. 6, pp. 1171-1185, Dec. 2018.

e Z.Sun and L. E. Velasquez-Garcia, “Miniature, 3D-Printed, Monolithic Arrays of Corona Ionizers,” Technical Digest of the 18th International
Conference on Micro and Nanotechnology for Power Generation and Energy Conversion Applications (Power MEMS 2018), pp. 37, 2018.
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3D-Printed Gas lonizer with CNT Cathode for Compact Mass Spectrometry

C.Yang, L. F. Velasquez-Garcia
Sponsorship: IARPA

Mass spectrometers are powerful chemical analytical
instruments used to quantitatively characterize the
composition of unknown samples via ionization and
mass-to-charge ratio species sorting. However, main-
stream mass spectrometers are large, heavy, power
hungry, and expensive, limiting their applicability in
real-time and in-situ applications. Gas molecules can be
ionized via electron impact ionization (EII), for which
a source of electrons, i.e., a cathode, is required. Cold
cathodes emit electrons into a vacuum via quantum
tunneling due to high surface electric fields that low-
er and narrow the barrier that traps electrons within
the material; typically, high-aspect-ratio, nano-sharp
tips are used to produce such fields with moderate
bias voltages. Compared to thermionic cathodes, field
emission electron sources have faster response and less
power consumption. Compared to other field emitters,
carbon nanotubes (CNTs) are less affected by back-ion
bombardment and chemical degradation. There are nu-
merous reports of gas ionizers with CNT cathodes Ells;

Repeller
P Electron collector

lon cage

A Figure 1: Fully additively manufactured electron impact gas
ionizer with CNT cathode. lon cage sets a region with uniform

ionization cross section. Electron collector gathers electrons
emitted by cathode and released during ionization. lon repeller
pushes ions out of ion cage. The cap interfaces with electrodes to
create a 3D structure while providing electrical insulation.

FURTHER READING

however, these devices are microfabricated using clean-
room technology and/or use ion-generating structures
machined with standard technologies, affecting their
cost and size.

In this project, we are harnessing additive
manufacturing (AM) to develop novel electron impact
ionizers that circumvent these challenges. AM has
unique advantages over traditional manufacturing
methods including compatibility with creating
complex 3D geometries, print customization, and
waste reduction. Our design (Figure 1) uses inkjet
binder printing of SS 316L to create electrodes to
efficiently generate ions and steer charged species,
stereolithography of polymer resin to define the
dielectric structures that electrically isolate the
different electrodes, and an additively manufactured
CNT electron source. We have successfully
characterized the ionizers at pressures as high as 5
mTorr while achieving ionization efficiencies as high
as 8.5% (Figure 2).
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A Figure 2: lon current-to-transmitted electron current ratio

versus pressure when field emission electron source of Ell is

biased at 700. There is linear dependence between pressure and

ionization efficiency, in agreement with Ell model.

« C.Yang and L. E. Velasquez-Garcia, “Low-cost, Additively Manufactured Electron Impact Gas Ionizer with CNT Field Emission Cathode for
Compact Mass Spectrometry,” J. of Physics D — Applied Physics, vol. 52, no. 7, 075301, p. 9, Feb. 2019.
« L. F Velasquez-Garcia, B. Gassend, and A. I. Akinwande, “CNT-based MEMS Ionizers for Portable Mass Spectrometry Applications,” J. of

Microelectromechanical Systems, vol. 19, no. 3, pp. 484-493, Jun. 2010.

« B.Gassend, L. F. Veldsquez-Garcia, and A. I. Akinwande, “Precision In-plane Hand Assembly of Bulk-microfabricated Components for High-
voltage MEMS Arrays Applications,” J. of Microelectromechanical Systems, vol. 18, no. 2, pp. 332-346, Apr. 2009.
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Printed CNT Field Emission Sources with Integrated Extractor Electrode

I. A. Perales-Martinez, L. F. Velasquez-Garcia
Sponsorship: MIT-Tecnélogico

Field emission cathodes are promising electron sourc-
es for exciting applications such as flat-panel displays,
free-electron lasers, and portable mass spectrometry
where fast switching, low-pressure operation, and low
power consumption are favored metrics. A field emitter
quantum tunnels electrons to a vacuum due to the high
electrostatic fields at its surface; this tunneling is typi-
cally done at low voltage using a whisker-like structure.
Carbon nanotubes (CNTSs) are attractive structures to
produce electron field emission due to their ultrasharp
tip diameter, high aspect ratio, high electrical conduc-
tivity, and excellent mechanical and chemical stability.
Although CNT-based cold cathodes have been widely
reported in the literature, their manufacture could be
quite expensive (e.g., devices partially or fully made in
a semiconductor cleanroom), or the extractor electrode
of the cathode is an external mesh, causing high-beam
interception (e.g, in screen-printed devices) or requir-
ing an advanced method of assembly to the emitting
component to achieve high transmission.

In this project, we are developing novel field
emissionsourcesthatarefullyadditivelymanufactured

18 1 (b)
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A Figure 1: Fully-printed CNT field emission source (a) and linear
scan of structure in radial direction using confocal microscope
(b). CNT traces are about 300 pym wide and 5 um tall; Ag traces
are about 200 pm wide and 16 pm tall.

FURTHER READING

to circumvent the aforementioned challenges. The
devices are made via direct ink write (DIW) printing,
which is one of the least expensive and most versatile
additive manufacturing methods as is capable of
monolithic multi-material printing. Compared to
screen printing, DIW does not involve static masks
to transfer patterns and produces significantly less
waste. The fully-printed field emission electron source
is composed of two continuous imprints: a spiral
trace made of a CNT compound, acting as an emitting
electrode, symmetrically surrounded on both sides by
a spiral trace made of silver nanoparticles, acting as
in-plane extractor electrode (Figure 1). After printing,
the CNT spiral receives a mechanical treatment that
releases the CNT tips from the bulk of the imprint
(Figure 2), enabling field emission from the CNT
imprint. Characterization of the printed CNT field
emission sources in triode configuration (i.e., using an
external anode) shows low turn-on voltage and low
interception of the emitted current by the extractor
electrode. Current work focuses on design optimization
and experimental characterization of the devices.

A Figure 2: Close-up scanning electron micrography of surface
of CNT trace after mechanical treatment that releases CNTs

from bulk is executed. Procedure creates grass-like structure
suitable for field emission.

« C.Yang and L. E. Velasquez-Garcia, “Low-cost, Additively Manufactured Electron Impact Gas Ionizer with CNT Field Emission Cathode for
Compact Mass Spectrometry,” J. of Physics D — Applied Physics, vol. 52, no. 7, 075301, p. 9, Feb. 2019.
« L. F. Velasquez-Garcia, B. Gassend, and A. I. Akinwande, “CNT-based MEMS Ionizers for Portable Mass Spectrometry Applications,” J. of

Microelectromechanical Systems, vol. 19, no. 3, pp. 484-493, Jun. 2010.

« B. Gassend, L. F. Velasquez-Garcia, and A. I. Akinwande, “Precision in-Plane Hand Assembly of Bulk-microfabricated Components for High
voltage MEMS Arrays Applications,” J. of Microelectromechanical Systems, vol. 18, no. 2, pp. 332346, Apr. 2009.
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Controlling the Nanostructure in Room-temperature-microsputtered Metal

Y. Kornbluth, R. Matthews, L. Parameswaran, L. M. Racz, L. F. Veldsquez-Garcia

Sponsorship: MIT Lincoln Laboratory

Sputter deposition involves the ejection of atoms from
a target and the atoms’ subsequent deposition on a
nearby substrate. Because the deposition is done on the
atomic level, the nanostructure of the deposit can vary
significantly. This variance is of concern, as it can great-
ly affect material strength and conductivity. Tradition-
al sputtering relies on vacuum and thermal annealing
to ensure dense, highly conductive deposits. However,
agile manufacturing on temperature-sensitive sub-
strates is not compatible with these two solutions.

To enable high-quality material without heating
the material or requiring a vacuum, we performed
a statistically-motivated set of experiments to
determine what deposition parameters improve the
material quality. We developed an empirical model
and found that an appropriate electrical bias voltage,
applied either to the substrate or to a conductive plate
under the substrate, has the greatest impact on the
material quality. This is due to the presence of charged
nanoparticles, formed by collisions between sputtered
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atoms in the dense plasma around the sputter target.
The applied electric field attracts positively charged
nanoparticles, allowing the nanoparticles to strike the
substrate with more energy than their temperature
alone would dictate. This extra energy enhances the
mobility of the deposited metal, allowing it to form
denser, more energetically favorable coatings (Figure
1) without significant substrate heating. With this
technique, we have improved the conductivity of the
sputter coating to 5x bulk metal (15 pQ-cm) at room
temperature.

Applied electric fields also improve the coating’s
thickness. In the absence of electric fields, the
sputtering process is self-limiting. As the positively
charged sputtered material reaches the substrate,
charge builds upon the substrate, repelling charged
sputtered material and preventing the deposit
from thickening. However, biasing the substrate
with a negative voltage prevents this charge from
accumulating, allowing for thicker (> 200 nm) films.

100 nm I

A F|gure 1: Dep03|t nanostructure thhout (leFt) and with (center, right) applied bias voltage (-500 V). The electric field attracts
nanoparticles, allowing them to strike the substrate with sufficient energy to rearrange into an energetically favorable, dense nano-
structure, resulting in high electrical conductivity of the imprint.The voids in the right-hand side image are due to the limited depth of
focus of the electron microscope.

FURTHER READING

« Y. Kornbluth, R. H. Mathews, L. Parameswaran, L. Racz, and L. F. Velasquez-Garcia, “Room-temperature, Atmospheric-pressure Deposition of
Dense, Nanostructured Metal Films via Microsputtering,” Nanotechnology, vol. 30, No. 28, 285602 (10pp), Jul. 2019.

« Y. Kornbluth, R. H. Mathews, L. Parameswaran, L. M. Racz, and L. E. Velasquez-Garcia, “Microsputterer with Integrated Ion-drag Focusing for
Additive Manufacturing of Thin, Narrow Conductive Lines," J. of Physics D — Applied Physics, vol. 51, no. 16, p. 165603, Apr. 2018.

« R Messier, A. P. Giri, and R. A. Roy, “Revised Structure Zone Model for Thin Film Physical Structure,” JVST A, vol. 2, p. 500, 1984.
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Gated Silicon Field lonization Arrays for Compact Neutron Sources

G. Rughoobur, A. 1. Akinwande
Sponsorship: Defense Advanced Research Projects Agency

Neutron radiation is widely used in various
applications, ranging from the analysis of the
composition and structure of materials and cancer
therapy to neutron imaging for security. However,
most applications require a large neutron flux that
is often achieved only in large infrastructures such
as nuclear reactors and accelerators. Neutrons are
generated by ionizing deuterium (D,) to produce
deuterium ions (D*) that can be accelerated towards a
target loaded with either D or tritium (T). The reaction
generates neutrons and isotopes of He, with the D-T
reaction producing the higher neutron yield. Classic
ion sources require extremely high positive electric
fields, on the order of 108 volts per centimeter (10 V/
nm). Such a field is achievable only in the vicinity of
sharp electrodes under a large bias, and consequently,
ion sources for neutron generation are bulky.

Poly-Si

200 nm
Aperture
350 nm

Dielectric SiNW
matrix 200 nm wide
8 um tall

A Figure 1: Schematic of gated field ionization array, with SEM
cross-section of a single field ionizer and photograph of a pack-
aged chip with arrays of different sizes for neutron generation

FURTHER READING

This work explores, as an alternative, highly
scalable and compact Si field ionization arrays (FIAs)
with a unique device architecture that uses self-aligned
gates and a high-aspect-ratio (~40:1) silicon nanowire
current limiter to regulate electron flow to each field
emitter tip in the array (Figure 1). The tip radius has
a log-normal distribution with a mean of 5 nm and a
standard deviation of 1.5 nm, while the gate aperture
is ~350 nm in diameter and is within 200 nm of the tip.
Field factors, B, > 1 * 108 cm™ can be achieved with these
Si FIAs, implying that gate-emitter voltages of 250-300
V (if not less) can produce D* based on the tip field of
25-30 V/nm. In this work, our devices achieve ionization
current of up to 5 nA at ~140 V for D, at pressures of 10
mTorr. Gases such as He and Ar can also be ionized at
voltages (<100 V) with these compact Si FIAs (Figure 2).
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A Figure 2: lon current measured for different gases (He, Ar,
and D,) at 1 mlorr pressure demonstrating low ionization volt-

ages using 1000 by 1000 Si FlAs.

« M. Araghchini, S. A. Guerrera, and A. I. Akinwande, “High Current Density MEMS Deuterium Ionizers,” 2016 29th International Vacuum

Nanoelectronics Conference, pp. 1-2, 2016.

« A Fomanij, L. F. Velasquez-Garcia, and A. I. Akinwande, “Low-voltage Field Ionization of Gases up to Torr-level Pressures using Massive Arrays
of Self-aligned Gated Nanoscale Tips,” IEEE Trans. Electron Devices, vol. 61, no. 5, pp. 1520-1528, 2014.

« Bargsten Johnson, P. R. Schwoebel, P. J. Resnick, C. E. Holland, K. L. Hertz, and D. L. Chichester, “Field Ionization Characteristics of an Ion Source
Array for Neutron Generators,” J. Appl. Phys., vol. 114, no. 17, p. 174906, Nov. 2013.
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Silicon Field Emitter Arrays (FEAs) with Focusing Gate and Integrated Nanowire

Current Limiter

G. Rughoobur, L. Jain, A. I. Akinwande

Sponsorship: Air Force Research Laboratory, Intelligence Advanced Research Projects Activity

The advent of microfabrication has enabled scalable
and high-density Si field emitter arrays (FEAs). These
are advantageous due to compatibility with comple-
mentary metal-oxide-semiconductor (CMOS) process-
es, the maturity of the technology, and the ease in fabri-
cating sharp tips using oxidation. The use of a current
limiter is necessary to avoid burn-out of the sharper
tips. Active methods using integrated MOS field-effect
transistors and passive methods using a nano-pillar
(~200 nm wide, 8 um tall) in conjunction with the tip
have been demonstrated. Si FEAs with single gates re-
ported in our previous works have current densities
>100 A/cm? and operate with lifetimes of over 100 hours.

The need for another gate (Figure 1) becomes
essential to control the focal spot size of the electron
beam as electrons leaving the tip have an emission
angle of ~ 12.5°. The focus electrode provides a radial
electric field that reduces the lateral velocity of stray

Poly-Si focus gate

Focus contact (~200 nm)
Au/Ti/Ni (100 nm /
50 nm /10 nm)

Extractor contact
Au/Ti/Ni (100 nm
/50 nm /10 nm)

Oxide insulator
(~ 400 nm)

Poly-Si
extractor gate
(~200 nm)

Thick oxide
insulator (~ 3 ym)

Si nanowire (~ 200 nm
diameter, 10 pm tall)

Dielectric matrix
(nitride + oxide)
Si substrate

A Figure 1: Si field emitter array with integrated current limiter,
self-aligned extractor, and focus gates for nano-focused cold
electron sources.

FURTHER READING

electrons and narrows the cone angle of the beam
reaching the anode. Varying the voltage on the focus
gate reduces the focal spot size or achieves an electron
beam modulator for radio frequency applications.
In this work, we fabricate dense (1-um pitch) double-
gated Si with an integrated nanowire current limiter
(Figure 2). The apertures are ~350 nm and ~550 nm
for the extractor and focus gates, respectively, with
a 350-nm-thick oxide insulator separating the two
gates. Electrical characterization of the fabricated
devices shows that the focus-to-gate ratio (Vp¢/Vgp)
can be used to control the anode current (Figure 2).
When the focus voltage exceeds the gate voltage, the
field superposition increases the extracted current,
and vice versa. These devices can potentially find
applications as high-current focused electron sources
in flat panel displays, nano-focused X-ray generation,
and microwave tubes.
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A Figure 2: Electrical characterization of 500 by 500 arrays with
different focus/gate voltage ratios at 1000 V anode, inset shows
the fabricated double-gated array.

« S.A Guerrera and A. I. Akinwande, “Nanofabrication of Arrays of Silicon Field Emitters with Vertical Silicon Nanowire Current Limiters and

Self-aligned Gates,” Nanotechnology, vol. 27, no. 29, p. 295302, Jul. 2016.

« L.Y.Chenand A.I Akinwande, “Aperture-collimated Double-gated Silicon Field Emitter Arrays,” IEEE Trans. Electron Devices, vol. 54, no. 3, pp.

601-608, 2007.

« L.Dvorson, I. Kymissis, and A. I. Akinwande, “Double-gated Silicon Field Emitters,” J. Vac. Sci. Technol. B Microelectron. Nanom. Struct., vol. 21,

no. 1, p. 486, 2003.
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Highly Uniform Silicon Field Emitter Arrays

N. Karaulac, A. I. Akinwande

Sponsorship: Defense Advanced Research Projects Agency, Intelligence Advanced Research Projects Activity

Cold cathodes based on silicon field emitter arrays
(FEAs) have shown promise in a variety of applica-
tions requiring high-current-density electron sources.
However, FEAs face a number of challenges that have
prevented them from achieving widespread use in
commercial and military applications. One problem
limiting the reliability of FEAs is emitter tip burnout
due to Joule heating. The current fabrication process
for FEAs results in a non-uniform distribution of emit-
ter tip radii. At a fixed voltage, emitters with a small ra-
dius emit a higher current while emitters with a large
radius emit a lower current. Therefore, emitters with
a small radius reach their thermal limit due to Joule
heating at lower voltages and consequently burn out.
Previous solutions to tip burnout have focused on lim-
iting the emitter current with resistors, transistors, or
nanowires to obtain more uniform emission current.
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A Figure 1: Non-uniform distribution of emitter tip radii result-
ing from the fabrication process of silicon FEAs.

FURTHER READING

In this project, we focused on increasing the
uniformity of emitter tip radii as a means to reduce
tip burnout. Figure 1 shows a typical distribution
of emitter tip radii for FEAs. The non-uniform
distribution of emitter tip radii first forms during the
photolithography step that defines the array of “dots”
that become the etching mask for the silicon tips. In
our FEA fabrication process, we used a trilevel resist
process that nearly eliminated the light wave reflected
atthe photoresist/siliconinterface and henceimproved
the uniformity of the dot diameter. Furthermore, we
integrated the emitter tips with silicon nanowires to
improve their reliability. Figure 2 shows a diagram
of the fabricated structure. Our fabrication process
resulted in FEAs with more uniform emission current
and potentially a longer lifetime.
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A Figure 2: Cross-sectional diagram of a silicon field emitter.
The emitter tip sits on top of a high-aspect-ratio silicon nanow-
ire that limits the field emission current from the tip.

e S.A Guerrera and A. I. Akinwande, “Nanofabrication of Arrays of Silicon Field Emitters with Vertical Silicon Nanowire Current Limiters and
Self-aligned Gates,” Nanotechnology, vol. 27, no. 29, pp. 295302:1-11, Jul. 2016.

« M. L. Schattenburg, R. J. Aucoin, and R. C. Fleming, “Optically Matched Trilevel Resist Process for Nanostructure Fabrication,” J. of Vacuum
Science & Technology B: Microelectronics and Nanometer Structures, vol. 13, no. 6, p. 3007, Nov. 1995.
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Development of a Subnanometer-Precision Scanning Anode Field Emission

Microscope

0.0.Iori, A.I. Akinwande
Sponsorship: Air Force Office of Scientific Research

Field emitter arrays (FEA) have not found widespread
adoption in demanding applications such as THz, RF,
Deep UV, X-ray, electron, ion, and neutron sources,
where high current (>1 mA) and long operating lifetime
(>10,000 hrs.) are required. These limitations arise as a
result of the sensitivity of emitted electron and ion cur-
rent to the spatial non-uniformity of emitter tip radi-
us and the temporal non-uniformity of work function
due to adsorption and desorption of gas molecules at
the surface of the emitter tips. These non-uniformi-
ties result in the variation of the field factor (B), a key
performance parameter for field emitters and ioniz-
ers. Variations in B result in severe underutilization of
emitter tips as only few tips with large B contributes to
emission or ionization current. These tips, if not pro-
tected, burn out, leading to low emission current and
very short operation lifetime. Emission current and
operational lifetime of a FEA could thus be improved
by making emitters with more uniform characteristics.
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A Figure 1: Schematic of the SAFEM.

FURTHER READING

We are developing a subnanometer-precision
scanning anode field-emission microscope (SAFEM)
that could be used to probe the fundamental processes
in the operation of emitter tips of FEA. The SAFEM
is designed to precisely and accurately position, with
subnanometer resolution, a probing anode over the
tips of an FEA and in scanning mode directly acquire
the spatial map of emission tip current. From the
map, other characteristics of the emitter tip such as
anode voltage, tip radius, density, and field factor can
be extracted. The map of extracted parameters could
yield insight into the operation of the FEAs. Also, a
statistical distribution of the field factor will enable
study of the dependence of tip characteristics on the
fabrication process and thereby enable exploration
of novel process for engineering high-performance
FEAs with high current densities and long operational
lifetimes.
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« L. Nilsson, O. Groening, P. Groening, O. Kuettel, and L. Schlapbach, “Characterization of Thin Film Electron Emitters by Scanning Anode Field
Emission Microscopy,” J. of Applied Physics, vol. 90, no. 2, pp. 768-780, Jul. 2001.

« T. Wang, C. E. Reece, and R. M. Sundelin, “Direct Current Scanning Field Emission Microscope Integrated with Existing Scanning Electron
Microscope,” Review of Scientific Instruments, vol. 73, no. 9, pp. 3215-3220, Sep. 2002.

« F. Andrianiazy, J.-P. Mazellier, L. Sabaut, L. Gangloff, P. Legagneux, and O. Gréning, “Quantitative Characterization of Field Emission Parameters:
Application to Statistical Analysis of Individual Carbon Nanotubes/Nanofibers,” J. of Vacuum Science & Technology B, vol. 33, no. 1, p. 012201,

Nov. 2014.
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Nanoscale Vacuum Channel Transistors Operation in Poor Vacuum

G. Rughoobur, L. Jain, A. I. Akinwande

Sponsorship: Air Force Office of Scientific Research, Multidisciplinary University Research Initiatives

Nanoscale vacuum channel transistors (NVCTSs) using
field emission sources could potentially have supe-
rior performance compared to solid-state devices of
similar channel length. This superior performance is
due to ballistic transport of electrons, shorter transit
time, and higher breakdown voltage in vacuum. Fur-
thermore, there is no opportunity for ionization or
avalanche carrier multiplication imbuing NVCTs with
very high Johnson figure of merit (~10 V/s). However,
field emitters need ultra-high vacuum (UHV) for reli-
able operation as the field emission process is sensitive
to barrier height variations induced by adsorption/de-
sorption of gas molecules. Small changes in the barrier
height cause exponential variations in current. Poor
vacuum also leads to the generation of energetic ions
that bombard the emitters, altering their work func-
tion and degrading electrical performance.

Graphene canbe used tonano-encapsulate the field
emitter in UHV or a gas (e.g., He) with high ionization
energy to overcome the UHV requirement. Separation
of the electron tunneling region from the electron
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A Figure 1: Schematic of the measurement set-up with the
graphene on the nitride grid, SEM image of arrays of gated
nanotips and transistor behavior of field emitter array from V¢

=22V to30 V.

FURTHER READING

acceleration region enables emission of electrons in
UHV and electron transport in poor vacuum, if not
atmospheric conditions. For mechanical strength, a
multi-layer graphene structure that is transparent to
electrons while being impervious to gas molecules/
ions is necessary.

In this work, we studied the electron transparency
and robustness of multi-layer graphene. We fabricated
arrays of gated Si field emitters with 1-um pitch and
integrated a nanowire current limiter (Figure 1) that
exhibits transistor-like characteristics. Using an
energized multi-layer graphene/grid structure (Figure
2) in combination with emitter arrays, we achieved an
electron transparency of = 20%. We envision electron
transparencies close to ~100% with an optimized
design. Adopting this architecture for NVCTs will allow
the realization of empty state electronics capable of
functioning at higher frequencies (THz regime), higher
power, and harsher conditions (high radiation and high
temperature) than solid-state electronics.
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A Figure 2: Anode current ratio (100 by 100 array) with multi-

layer of graphene to no grid/graphene case, with inset showing
the percentage transmission through the structure.

e S.A Guerrera and A. I. Akinwande, “He Channel NanoTransistors — Towards ‘Vacuum-less' Empty State Electronics,” 2016 29th International

Vacuum Nanoelectronics Conference, pp. 1-2, 2016.

e S.Bunch,S.S. Verbridge, J. S. Alden, A. M. Van Der Zande, J. M. Parpia, H. G. Craighead, and P. L. Mceuen, “Impermeable Atomic Membranes from

2008,” Nano Lett., vol. 8, p. 2458-2462, 2008.

« J-W.Han, D-I. Moon, and M. Meyyappan, “Nanoscale Vacuum Channel Transistor,” Nano Lett., vol. 17, no. 4, pp. 21462151, Apr. 2017.
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Micro Rocket Engine using Steam Injector and Peroxide Decomposition

J. Protz

Sponsorship: Protz Lab Group; microEngine, LLC; Asteria Propulsion, LLC

Rocket engines miniaturized and fabricated using
silicon MEMS have been an active area of research
for two decades. At these scales, miniaturized steam
injectors like those used in Victorian-era steam
locomotives are viable as a pumping mechanism and
offer an alternative to pressure feed and high-speed
turbo-pumps. Storing propellants at low pressure
reduces tank mass,and thisimproves the vehicleempty-
to-gross mass ratio; if one propellant is responsible for
most of the propellant mass (e.g., oxidizer), injecting
it while leaving the others solid or pressure-fed can
still achieve much of the potential gain. Previously,
the PI and his group demonstrated the feasibility of
this pumping concept by designing and testing two

ultraminiature-machined stainless steel micro jet
injectors that pumped ethanol and by exploring liquid
bi-propellant engine designs.

Current efforts focus on designing a test article
and fabrication process that integrates a jet injector,
a decomposition chamber, and a thrust chamber
with a solid or liquid fuel to form an injector-pumped
partially-pressure-fed or hybrid micro rocket (see
Figures 1 and 2). The proposed demonstration launch
vehicle integrates these with suitably-sized propellant
tanks and structures, derived from or like those found
in hobby rocketry. Other applications have also been
explored.
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A Figure 2: Schematic diagram of an injector-pumped micro rocket with tanks and engine.

FURTHER READING

MA, May 7,2019.

Huntsville, AL, February 3, 2010.

100

Nanotechnology, Nonmanufacturing, Nanomaterials

J. M. Protz, “Progress towards an Injector-Pumped Micro Rocket Engine and Vehicle,” invited talk to Gas Turbine Laboratory, MIT, Cambridge,
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Ptychography Development for Soft X-ray Imaging at the Nanoscale

A. Levitan, J. Li, R. Comin

Ptychography, a powerful imaging modality, has been
applied successfully to many experimental systems.
Ptychography visualizes an extended object via re-
trieval of the far-field phases of a wave scattered from
it, from which a complex Fourier transform is extract-
ed and a real space image formed by simple Fourier in-
version. Removing the need for a high-quality imaging
optic, ptychography improves the resolution of micros-
copy experiments using high-energy probes, e.g., x-ray
and electron microscopy, where lens quality limits ac-
curacy. Ptychography also enables quantitative phase
contrast imaging. X-ray ptychography in the Bragg
geometry enables high-spatial-resolution quantitative
studies of nanoscale structures in most electronic and
magnetic materials: bulk crystals, thin films, hetero-
interfaces, or composite devices. However, inevitable
contamination by experimental sources of error limits
progress in this area.

X-ray ptychography requires high source
coherence, monochromaticity, and stability plus
precision motion of the source-forming optics.
Studyingelectronic phases with soft x-raysin the Bragg
geometry requires high vacuum, a stable cryogenic
sample environment, and a full diffractometer;
experiments inevitably face multiple serious sources
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of error. This challenge has deterred serious effort in
this direction, despite enormous scientific potential.
Intimate knowledge of these issues enabled us to
develop computational tools to handle multiple
qualitatively different sources of error simultaneously.
We define experiment-specific forward models that
incorporate parameters describing the dominant
sources of error. Applying automatic differentiation
and gradient descent-based optimization algorithms
such as Adam allows reconstruction of contributions
to the error during reconstruction of sample features.
We validated our automatic differentiation-based
approach with a series of proof-of-concept experiments
at the CSX beamline of the National Synchrotron
Light Source II (Brookhaven Natl Lab) in transmission
and Bragg geometries. Experimental issues included
extreme probe positioning errors, large fluctuations
in the probe fluence, and reduced probe coherence. We
successfully reconstructed test samples with known
structures and produced consistent high-quality
reconstructions from more realistic samples (see
Figure1). Future directions include studies of electronic
symmetry breaking that are enabled by this novel
capability, improvements to various error sources, and
the ultimate resolution of the reconstructed images.
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A Figure 1: (a) and (b) Complex magnetic domain images of the same spot on a sample of NdNIO3, recon-
structed from completely independent datasets. Both datasets were collected in the Bragg geometry. The

amplitude is associated with the domain map, hue to phase contrast. (c) Amplitude of the associated probe

reconstruction. (d) Associated probe position reconstruction, demonstrating the extent (roughly 500 nm) of

positional errors.
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Control of the Density, Location, and Properties of Conducting Filaments in TiO, by
Chemical Disorder for Energy-efficient Neuromorphic Computing

N. Emond, B. Yildiz

Sponsorship: Fonds de Recherche du Québec - Nature et Technologies (FRQNT)

Inspired by the efficiency of the brain, redox-based
resistive switching (RS) random access memories
are considered the next-generation devices to mimic
neuromorphic core architectures for pattern recogni-
tion and machine learning due to their predicted high
memory density, energy efficiency, and speed. Within
their metal-insulator-metal architecture, these de-
vices store binary code information using the electric
field-induced resistance change of the insulating layer
by conductive filament (CF) formation and rupture.
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However, a lack of control on the location and spacing
of CF formation, which occurs at chemical and struc-
tural defects, and or their properties cause detrimental
variation in the devices. We recently initiated a study
on the effect of strain on the microstructure, chemistry,
and RS properties of TiO, thin films to get insights into
defect formation in view of selectively doping along
these defects to eliminate stochasticity in CF formation
as schematically depicted in Figure 1.
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A Figure 1: Resistive switching mechanism in a TiO, thin film by formation of conductive filaments and its control by selec-

tive doping at microstructural defects.

FURTHER READING

« K. Szot, M. Rogala, W. Speier, Z. Klusek, A. Besmehn, and R. Waser, “TiO2 - A Prototypical Memristive Material,” Nanotechnology, vol. 22, no.

254001, pp. 1-21, 2011.

« D-H.Kwon, K. M.Kim, J. H. Jang, J. M. Jeon, M. H. Lee, G. H. Kim, X.-S. Li, G.-S. Park, B. Lee, S. Han, M. Kim, and C. S. Hwang, “Atomic Structure of
Conductive Nanofilaments in TiO2 Resistive Switching Memory,” Nature Nanotechnology, vol. 5, pp. 148-153, 2010.

« D.Carta, L. Salaoru, A. Khiat, A. Regoutz, C. Mitterbauer, N. M. Harrison, and T. Prodromakis, “Investigation of the Switching Mechanism in
TiO2-Based RRAM: A Two-Dimensional EDX Approach,” ACS Applied Materials & Interfaces, vol. 8, pp. 19605-19611, 2016.
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Control of Conductive Filaments in Resistive Switching Oxides

K.J.May, Y. R. Zhou, T. Ando, V. Narayanan, H. L. Tuller, B. Yildiz

Sponsorship: IBM Corporation

There has been a growing interest in using specialized
neuromorphic hardware for artificial neural network
applications such as image and speech processing.
These neuromorphic devices show promise for meet-
ing the significant computational demands of such
applications with higher speed and lower power con-
sumption than software-based implementations. One
approach to achieving this goal is through oxide thin
film resistive switching devices arranged in a crossbar
array configuration. Resistive switching can mimic sev-
eral aspects of neural networks, such as short and long-
term plasticity, via the dynamics of switching between
multiple analog conductance states--dominated by the
creation, annihilation, and movement of defects with-
in the film (such as oxygen vacancies). These processes
can be stochastic in nature and contribute significantly
to device variability, both within and between individ-
ual devices.

106
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This study focuses on reducing the variability of
the set/reset voltages and enhancing control of the
conductance state with voltage pulsing using model
systems of HfO,and SrTiO, grown on Nb:SrTiO, and Si/
TiN substrates, by control of film synthesis parameters
and composition. By comparing the electrical
characteristics of a large number of devices (~100) from
each processing condition, film growth conditions
may be optimized for maximum resistive switching
repeatability. Because the device requirements for
practical resistive switching arrays are significant,
controlling the variability of individual devices will
likely be a consideration for every fabrication and
processing step. This work provides a significant step
towards understanding the mechanisms behind device
variability and achieving devices that meet the strict
requirements of neuromorphic computing.
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Design and Characterization of Superconducting Nanowire-based Processors for
Accelerating Deep Neural Network Training

M. Onen, B. Butters, E. Toomey, T. Gokmen, K. K. Berggren

Training of deep neural networks (DNNs) is a compu-
tationally intensive task and requires massive volumes
of data transfer. Performing these operations with the
conventional von Neumann architectures creates un-
manageable time and power costs. Recent studies have
shown that mixed-signal designs involving crossbar
architectures can achieve acceleration factors as high
as 30,000x over the state-of-the-art digital processors.
These approaches involve the use of non-volatile mem-
ory elements as local processors. However, no technolo-
gy has been developed to date that can satisfy the strict
device requirements for the unit cell.
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A Figure 1: Programming of the cell and fundamental charac-
teristics of the subcomponents: a) Circuit schematic of the unit
cell. b) Flux trapping mechanism with shunted constriction. c)
Notional I-V curve of a shunted nanowire. d) Notional charac-
teristic graph for yTron.
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Thiswork presentsthe superconducting nanowire-
based processing element as a cross-point device. The
unit cell has many programmable non-volatile states
that can be used to perform analog multiplication.
Importantly, these states are intrinsically discrete due
to the quantization of flux, which provides symmetric
switching characteristics. The operation of these
devices in a crossbar is described and verified with
electro-thermal circuit simulations. Finally, validation
of the concept in an actual DNN training task is shown
using an emulator.
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A Figure 2: Characterization of the fabricated unit cell and its
subcomponents: a) SEM image of the unit cell. b) Material stack
used for the fabrication of the devices. c) Experimental |-V curve
for a stand-alone shunted nanowire. The absence of hysteresis
indicates that the shunting is effective. d) Experimental charac-
terization of a stand-alone yTron for readout.
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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: Center of Materials Science and Engineering, National Science Foundation

The design of silicon-based memory devices over the
past 50+ years has driven the development of increas-
ingly powerful and miniaturized computers with de-
mand for increased computational power and data
storage capacity continuing unabated. However, fun-
damental physical limits are now complicating further
downscaling. The oxide-based memristor, a simple
M/I/M structure, in which the resistive state can be re-
versibly switched by application of appropriate voltag-
es, can replace classic transistors in the future. It has
the potential to achieve operating power that is an or-
der of magnitude lower than existing RAM technology
and paves the way for neuromorphic memory devices
relying on non-binary coding. Our studies focus on un-
derstanding 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 perfor-
mance and robustness.
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lon-implantation and Multilayer Oxides with Conductive Spacers for Highly

Consistent Resistive Switching Devices

Z.J.Tan, V. Somijit, B. Yildiz, N. X. Fang
Sponsorship: AFOSR

Resistive switching devices are actively being pursued
for use as the fundamental units in next-generation
hardware deep-learning or neuromorphic systems.
However, these devices are still tricky both to fabri-
cate and to operate. Circuits that deploy these resistive
switching devices in large arrays start off with a defi-
cient capacity, operate erratically, and further degrade
throughout their operational lifespan.

Weidentified that simultaneous use of noble metal
atom doping and of multilayer oxides will guarantee
that devices have high yields after fabrication and
high device-to-device and cycle-to-cycle switching
consistency (Figure 1). Resistances in the low and high
resistance states (LRS/HRS) span just 0.3 decades
across devices and 0.05 decades across cycles on the
logarithm scale, in comparison to a more typical span
of 0.5 to 1.5 decades.

Implanted Au atoms in ALO, act as bridging
atoms for mobile oxygen vacancies in the formation
and dissipation of conductive filaments of a hybrid

composition. Density functional theory studies found
that Au atoms stabilize neighboring oxygen vacancies,
can act as a reservoir of vacancies, and enable the ease
of switching between LRS and HRS. The DFT studies
have also guided further experimental verifications
that Pt and Pd are also highly suitable dopants
to achieve high-consistency switching. Multi-bit
switching could then be easily demonstrated without
setting current compliances or using pulsing schemes.

The strategy we used to achieve high yield and
highly consistent resistive switching devices is broadly
applicable to almost all material systems, which
means that existing optimized devices can perhaps
be further optimized without having to overhaul the
existing material stack. The improvement in switching
consistency will not just lead to more functional
devices, but also simplify the study of future devices
in uncovering more of the physics that governs the
resistive switching mechanism.
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A Figure 1: A focused ion beam (FIB) is used to implant Au atoms from the top electrode deeper into the Al,O4 layer.
When the strategy of noble metal implantation or multilayer oxides are used separately, as in (a) and (b), there is no
good switching consistency. The use of both strategies concurrently leads to very high device-to-device and cycle-to-

cycle consistencies as in (c).
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Lithium Neuromorphic Computing and Memories

J. C. Gonzalez-Rosillo, K. M. Mullin, M. Balaish, J. L. M. Rupp
Sponsorship: Center for Materials Science and Engineering

Advances over the last years on the understanding and
implementation of memristor technology have posi-
tioned memristors as a major candidate to overcome
the current bottleneck in current electronic-based tran-
sistors in terms of downscaling capabilities and energy
consumption. In particular, current challenges pre-
venting a widespread implementation of oxygen-based
memristors in today’s integrated circuits include the
need to address cycle-to-cycle and device-to-device
variabilities while circumventing electroforming; these
inherent issues are associated with the filamentary
nature of the switching mechanism. An alternative
strategy to tackle challenges might arise by looking at
other mobile ions. It remains surprising that despite
their fast diffusivity and stability, Li solid-state oxide
conductors have been almost neglected as switching
materials. On the other hand, the field of Li solid-state
batteries has already shown that high Li conductivities
are reachable and that the internal capacity to accu-
mulate or deplete Li at oxide interfaces can vary over
a huge range for electrode materials, enabling a perfect
playground for performance-switching engineering.
However, the defect chemistry leading to the
switching behavior of Li-based materials and the
impact of lithiation degree on their performance

FURTHER READING

remain unclear. Our group is researching the problems
for Li-based thin films. In particular, we report for the
first time the non-volatile, non-filamentary bipolar
resistive switching characteristics of lithium titanates
compounds, Li,,, Ti.O,,, as a function of the lithiation
degree. We have employed arecently proposed strategy
to overcome Li loss during thin film deposition and
finely control the final lithiation degree of the films to
create delithiated Li,Ti;O,, and overlithiated Li,Ti;O,,
memristive devices.

Changing the Li content from a delithiated to
an overlithiated phase results in the capability to
tune the performance in a wide range in terms of
accessible resistance window (from ratios of 102 to
10° at low voltage operation), symmetry (from highly
asymmetric to symmetric behavior, respectively) and
retention (from a few minutes up to 105 s at room
temperature, respectively), among others. In other
words, controlling the lithiation degree might offer a
suitable path to reduce the stochasticity from which
current filamentary memristive devices inherently
suffer, mainly due to the difficulties in controlling
the number of vacancies generated, and paves the
way to further control of ionic migration for novel
nanoelectronic devices.

« J.C.Gonzalez-Rosillo and J. L. M. Rupp, “Resistive Switching Devices Containing Lithium Titanate, and Associated Systems and Methods,” US

62/809, 120, 2019.
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Sub-5-nm Fin-width InGaAs FinFETs by Thermal Atomic Layer Etching

W.Lu, Y. Lee, J. Murdzek, J. Gertsch, A. Vardi, L. Kong, S. M. George, J. A. del Alamo

Sponsorship: DTRA, SRC, Lam Research, Intel, NSF

As complementary metal-oxide semiconductor (CMOS)
technology continues to scale down and transistor
structures become more three-dimensional, semicon-
ductor manufacturing is increasingly more challeng-
ing. In recent years, 3D transistors with sub-10-nm
physical dimensions have been demonstrated. Pushing
forward requires breakthroughs in device fabrication
technologies with sub-nm-scale precision and fidelity.
In thisresearch, we demonstrated the first I1I-V 3D
transistors with sub-5-nm fin width. This size is made
possible by the development of a novel fabrication
technology called thermal atomic layer etching (ALE).
Thermal ALE can be thought of as the reverse of atomic
layer deposition (ALD). Thermal ALE is a plasma-free
and benign chemical process that can be integrated
with ALD in an in-situ approach in the same reactor.
In this work, we have demonstrated the first thermal

A Figure 1: Cross-sectional TEM images of suspended InGaAs
fin with a minimum fin width of 3 nm, fabricated by thermal ALE.
The Al203 and W gate stack are deposited in-situ by ALD right
after the thermal ALE etch.

FURTHER READING

ALE on III-V compound semiconductors. We achieved
a highly controllable etching rate of InGaAs of merely
0.2 A/cycle. Figure 1 shows a fully suspended InGaAs
fin with minimum fin width of 3 nm, covered by an
AlL,O,/W gate stack, fabricated by the in-situ thermal
ALE-ALD technique.

Moreover, we illustrated the device worthiness
of the thermal ALE technique by fabricating the most
aggressively scaled InGaAs fin field-effect transistors
(FinFETs) to date, with record fin width down to 2.5
nm. We demonstrated working FinFETs with 2.5-
nm fin width and 60-nm gate length, as shown in the
subthreshold characteristics in Figure 2. Record ON-
and OFF-state transistor characteristics highlight the
extraordinary device potential of the in-situ ALE-ALD
process.
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A Figure 2: Subthreshold characteristics of the most scaled
InGaAs FinFET to date, with a fin width of 2.5 nm and a gate
length of 60 nm.

«  W.Luy,Y.Lee, J. Murdzek, J. Gertsch, A. Vardi, L. Kong, S. M. George, and J. A. del Alamo, “First Transistor Demonstration of Thermal Atomic Layer
Etching: InGaAs FinFETs with Sub-5 nm Fin-width Featuring in situ ALE-ALD," 2018 IEEE International Electron Devices Meeting (IEDM), vol.
39, no. 1, 1-4, 2018.

« K.J Kanarik, S. Tan, and R. A. Gottscho, “Atomic Layer Etching: Rethinking the Art of Etch,” J. Phys. Chem. Lett., vol. 9, no. 16, pp. 4814—4821, 2018.
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Impact of Fin Width on Performance in Nanometer-scale InGaAs FinFETs

X.Cai, A. Vardji, J. Grajal, J. A. del Alamo

Sponsorship: Defense Threat Reduction Agency, Lam Research, MIT International Science & Technology Initiatives

InGaAs is a promising n-channel material candidate for
future CMOS technology due to its superior electron
transport properties and low-voltage operation. In-
GaAs fin field-effect transistors (FInFETs) have drawn
much interest as they provide both superb transport
advantages and great scaling potential.

Recently, our group has demonstrated impressive
InGaAsFinFETswith fin width downto5nmandrecord
channel-aspect ratio. Figure 1 shows cross-sectional
schematics of a device across the fin and along the
channel directions. The channel is 50-nm-thick InGaAs,
and the gate oxide consists of 1 monolayer of AL,O, and
3-nm HfO, deposited by atomic layer deposition. These
are some of the most aggressively scaled and highest-
performing InGaAs FinFETs in the world. Our results
show a rapid degradation in performance as the fin
width scales down to single-nanometer dimensions.
Figure 2 shows that as fin width narrows below about
10 nm, the DC peak transconductance (g,, ,,,,) sharply
decreases. Our study focuses on understanding the
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A Figure 1: Cross-sectional schematics of InGaAs FinFET along

the channel and across the fin directions.

FURTHER READING

underlying reason behind such degradation.

One of the most critical challenges facing III-V
semiconductors is the lack of a good native oxide.
Severe electron trapping in the oxide has been
reported, resulting in hysteresis, threshold voltage
instability, and frequency dispersion in InGaAs
metal-oxide semiconductor FETs (MOSFETSs). In this
work, the same problematic issues are observed in
our FinFETs. To gain deeper understanding, we use
high-frequency measurement techniques to isolate
the intrinsic characteristics in InGaAs FinFETs free
from the influence of oxide trapping. We find that at
1GHz, where most oxide traps are unresponsive, g, ;..
extracted from S-parameters is much higher than DC
and degrades more slowly (Figure 2). This suggests
significantly higher intrinsic performance potential
even in narrow InGaAs FinFETs than what is observed
under DC conditions. Our results also highlight the
importance of minimizing oxide trapping in future
scaled InGaAs FinFETs.
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A Figure 2: Peak transconductance 8 max (V,=0.5 V) depen-
dence on fin width in InGaAs FinFETs at DC (black) and 1 GHz

(red). For reference, g . in silicon FinFETs (blue) is included.

« J. A.del Alamo, “Nanometer-scale Electronics with III-V Compound Semiconductors,” Nature, vol. 479, no. 7373, pp. 317-323, Nov. 2011.
e A Vardi L. Kong, W. Ly, X. Cai, X. Zhao, J. Grajal, and J. A. del Alamo, “Self-aligned InGaAs FinFETs with 5-nm Fin-width and 5-nm Gate-contact

Separation,” IEDM, pp. 63-66, Dec. 2016.

« X Cai, A. Vardi, J. Grajal, and J. A. del Alamo, “Re-assessing InGaAs for Logic: Mobility Extraction in sub-10 nm Fin-Width FinFETs,” VLSI

Technology Symposium, Jun. 2019.
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Excess Off-state Current in InGaAs FinFETs

X.Zhao, A. Vardi, J. A. del Alamo

Sponsorship: National Science Foundation, SRC, Lam Research

InGaAs is a promising channel material candidate for
CMOS technologies beyond the 7-nm node. In these di-
mensions, only high-aspect-ratio 3D transistors with a
fin or nanowire configuration can deliver the necessary
performance while suppressing short-channel effects.
Recently, impressive InGaAs FinFET (Figure 1) proto-
types have been demonstrated.

However, InGaAs FinFETs are challenged by
relatively high leakage of current in the OFF state
(Figure 2). This leakage originates from band-to-band
tunneling at the drain end of the channel that is
amplified by a parasitic bipolar effect as a result of its
floating body. In this work, we present a simple model
of the parasitic bipolar effect in InGaAs FinFETs that

AFigure 1: (a) Starting heterostructure, (b) cross-sectional

capturesthekeygatelength andfin width dependences.
Our model accounts for surface recombination at
the sidewalls of the fin as well as bulk recombination
at the heavily doped source. When compared with
experimental results, our model suggests that fin
sidewall recombination dominates in long gate length
transistors and leads to an exponential gate length
dependence of the current gain of the parasitic bipolar
junction transistor. The model enables the extraction
of the carrier diffusion length, which exhibits the
predicted dependence on fin width. For short gate
length transistors, source recombination is shown to
dominate, and the parasitic bipolar gain scales with the
inverse of the gate length.
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A Figure 2: Subthreshold characteristics (at temperature T =

schematic along the fin length, and (c) width across the finina 420 K) of FinFETs with fin width W = 13 nm, number of fins N¢

finished device. In (b), the blue region indicates the location of

the fin.

FURTHER READING

=34 and various gate length Lg, showing excess off -state current
for short gate length.

e X.Zhao, A. Vardi, and J. A. del Alamo, “Excess OFF-state Current in InGaAs FinFETs: Physics of the Parasitic Bipolar Effect,” IEEE Transactions

on Electron Devices, vol. 66, no. 5, pp. 2113-2118, May 2019.

e X.Zhao, A. Vardi, and J. A. del Alamo, “Excess Off-state Current in InGaAs FinFETs,” IEEE Electron Device Letts., vol. 39, no. 4, pp. 476-479, Apr.

2018.

« A Vardi L. Kong, W. Lu, X. Cai, X. Zhao, J. Grajal and J. A. del Alamo, “Self-aligned InGaAs FinFETs with 5-nm Fin-width and 5-nm Gate-contact

Separation,” IEDM Tech. Dig., pp. 429-432, 2017.
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Digital-etch Effect on Transport Properties of I11-V Fins

A.Vardi, L. Kong, X. Zhao, J. A. del Alamo

Sponsorship: DTRA, National Science Foundation, Lam Research Corporation

One of the key process technologies to improve the
interface quality of modern III-V transistors is digital
etching (DE). DE is a self-limiting etching process that
consists of dry oxidation of the semiconductor surface
and wet etching of the oxide. DE is also the last process
step before the gate oxide is deposited over the fins in
FinFETs . DE, therefore, plays a crucial role in surface
preparation and holds the key to further improve-
ments to device transport and electrostatics.

In this work, we compare the electrical
performance of two sets of InGaAs FinFETs (Figure 1a)
processed side by side that differ only in the type of
DE that is applied. In one case, the oxide removal step
was accomplished using H,SO,; in the other, HCl was
used. While the etching property is similar for both
processes, the surface termination is different (Figure
1b). Consequently, each treatment results in a different
interface trap density (D;,) profile.

(b)

To study the impact of surface treatments, we
compare the electrical performance of the devices,
as summarized in Figure 2. There are a few notable
differences. In the OFF state, the HCI sample shows
a larger subthreshold swing than the H,SO, sample
(Figure 2a). This suggests that HCl treatment results
in a higher interface state density (D;,) toward the
valence band. In the ON state, however, the intrinsic
transconductance, g ;, exhibits a peculiar trend. For
wide fins, the HCl sample shows higher performance,
but in very narrow fins (W<20 nm), H,SO, performs
better (Figure 2b). This implies that HCI vyields
higher mobility but lower carrier concentration at
comparable overdrive. For aggressively scaled fins, the
carrier concentration in the fin becomes comparable
to Dy, and, as a result, the intrinsic g of H,SO, sample
prevails.

HCI
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A Figure 1: (8) TEM image of FinFET device with fin width of 12 nm. (b) DE process with HCl and H,SO,,.
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A Figure 2: Subthreshold (a) and transconductance (b) as a function of fin width. DE by HCl (blue) or H,SO,, (red).
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« X Cai, et al, “Reassessing InGaAs for Logic: Mobility Extraction in Sub-1onm Fin-width FinFETs,” presented at VLSI Symposium, 2019.
e W. Luy, et al, “First Transistor Demonstration of Thermal Atomic Layer Etching: InGaAs FinFETs with Sub-5 nm Fin-width Featuring in situ

ALE-ALD," IEDM, 2018.

« X.Zhao, et al,, “Excess Off-state Current in InGaAs FinFETs,” IEEE Electron Device Letts., vol. 39, no. 4, pp. 476-479, Apr. 2018.
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InGaAs MOSFET with Integrated Hf ) . Zr,, O, in the Gate Stack for Investigating
the Dynamic Operation of Negative Capacitance

T.Kim, J. A. del Alamo, in collaboration with A. Zubair, D. A. Antoniadis, T. Palacios

Sponsorship: SRC

Achieving negative capacitance (NC) by incorporating
a ferroelectric (FE) material in the gate stack of a met-
al-oxide semiconductor field-effect transistor (MOS-
FET) has recently attracted considerable interest. This
interest is because of its potential for achieving a steep
subthreshold swing in ultra-scaled semiconductor de-
vices. Among the FE materials, Hf Zr O (HZO) thin
film is the most promising and readily available option,
because it is scalable and fully compatible with the
current complementary metal-oxide semiconductor
process. For these reasons, various experiments and
simulations have been demonstrated so far. However,
the dynamic response of the NC effect remains con-
tentious and unclear. In this work, we present InGaAs
MOSEFETs with integrated Hf, Zr, ,O, as a first step in
the investigation of the dynamic operation of NCFETs.

Figure 1 shows the schematic of a typical self-
aligned device fabricated through a gate-last process.
The gate stack was formed with 4 nm of ALO, as
an interlayer and 10 nm of HZO, followed by a TiN

InAlAs buffer

AFigure 1. Schematic diagram of InGaAs

MOSFET with FE gate.
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layer deposited by an in-situ atomic layer deposition
process. Rapid thermal anneal is performed at 500 °C
for 1 min to activate the FE property of the HZO film,
as confirmed by the hysteresis loop in Figure 2a. The
control device has an identical structure except for the
absence of the HZO layer in the gate stack. Integrating
the HZO into the gate stack shows a plausible FE
characteristic, whichis AV, <0 during a full cycle sweep
of the subthreshold characteristics, as shown in Figure
2b. However, the devices do not manifest the NC effect,
for example, sub-60-mV/decade subthreshold swing
and ON-current boost, even though the capacitance
matching process was performed.

In conclusion, we have observed characteristics
consistent with the FE effect in InGaAs MOSFETs that
incorporate HZO in the gate stack. Furthermore, we
realize the device should be fabricated with a thinner
interlayer to scrutinize the NC effect in the high-
frequency regime.
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A Figure 2: (a) Polarization-voltage loop of TIN/HZO/TIN capaci-
tor. (b) Comparison of transfer characteristics (I5-Vg) of InGaAs

MOSFETs at V5c=0.05V.

FURTHER READING

« J. Lin, X. Caj, D. A. Antoniadis, and J. A. del Alamo, “The Importance of Ballistic Resistance in the Modeling of Nanoscale InGaAs MOSFETSs,"

IEEE Electron Device Letts., vol. 38, no. 7, pp. 851-854, 2017.

« S.Salahuddin, and S. Datta, “Use of Negative Capacitance to Provide Voltage Amplification for Low-power Nanoscale Devices,” Nano Letts., vol.

8, 0. 2, pp. 405-410, 2008.

« J. Miiller, T. S. Boscke, U. Schréder, S. Mueller, D. Brauhaus, U. Béttger, L. Frey, and T. Mikolajick, “Ferroelectricity in Simple Binary ZrO2 and

HfO2,” Nano Letts., vol. 12, pp. 4318-1323, 2012.
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High-temperature Electronics Based on GaN Technology

M. Yuan, T. Palacios
Sponsorship: NASA

Compared to conventional Si or GaAs based devices,
wide-bandgap GaN has fundamental advantages for
high-temperature applications thanks to its very low
thermal carrier generation below 1000 °C. However,
in spite of the excellent performance shown by
early high-temperature prototypes, several issues in
traditional lateral AlIGaN/GaN high-electron mobility
transistors (HEMTs) could cause early degradation and
failure under high-temperature operation (over 300
°C). These include ohmic degradation, gate leakage,
buffer leakage, and poor passivation. To enable digital
circuit processing, it is critical to have enhancement-
mode HEMTs, while two-dimensional electron gas
induced by AlGaN/GaN heterostructure makes HEMTs
into natural depletion-mode devices. Gate injection
transistors (GIT) are being considered to overcome this
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problem at high temperatures.

Our previously reported tungsten Si-implanted
ohmic contact shows great thermal stability over 300
°C by combining a refractory metal such as tungsten
(W) with Si-ion implantation, which locally dopes the
material n-type and reduces the contact resistance.
However, ion implantation technology in GaN is still
challenging due to activation and damage recovery.
The implanted contact performance is limited by
high access resistance. High-temperature activation
annealing over 1200 °C would cause irreversible
lattice relaxation and degrade the AlGaN/GaN
heterostructure quality, as shown in Figure 1. The
implanted contact performance at different activation
annealing condition is also shown in Figure 2.

B T1:1200C 5s, 1 cycle T
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A Figure 1: GaN-on-Si HEMTs mobility and 2DEG density deg- A Figure 2: Contact resistance and sheet resistance at different

radation after high-temperature annealing without implantation.

116

Electronic, Magnetic, Memory Devices

annealing conditions.

MTL ANNUAL RESEARCH REPORT 2019



Novel GaN Transistor Design for High Linearity Applications

Q. Xie, U. Radhakrishna, T. Palacios
Sponsorship: DARPA, Office of Naval Research

Enhancing the linearity of gallium nitride (GaN)
high-electron-mobility transistors (HEMTs) is essen-
tial for future radio frequency (RF) applications that
require extremely low intermodulation distortion
and gain compression. Existing power amplifiers with
high linearity specifications make use of gallium arse-
nide (GaAs)-based heterostructure bipolar transistors
(HBTs) or digital pre-distortion, but these solutions
are insufficient to fulfill the needs of next-generation
power amplifiers operating at the K, band and beyond.
Therefore, device-level solutions are required to im-
prove the linearity of power amplifiers. This study fo-
cuses on the origins of device non-linearities in GaN-
based transconductance amplifiers (Classes A through
C) and proposes device-level solutions to enhance the
linearity at the amplifier level.

First, the drop in transconductance (g, ) at high
current levels observed in GaN transistors can be miti-
gated with either self-aligned or fin field-effect transis-

FURTHER READING

tor- (FinFET-) like structures. This is due to the higher
current-driving capability of the source access region
on these devices.

Second, the large second derivative of the transcon-
ductance with respect to gate-source voltage (V) (8"
or g .) results in gain compression in the RF amplifier.
This can be overcome by using a new generation of en-
gineered FinFET transistors where the width of each
fin is optimized for minimizing g, ".

Third, the non-linear behavior of the device capac-
itances (Cy, C,q) with gate bias voltage plays a signifi-
cant role in limiting the maximum achievable linearity
of the amplifier, especially at large signal swings. Nano-
structures could be used to improve the capacitance
behavior and hence linearity.

Last, but not least, memory effects due to surface
traps and buffer traps/defects contribute to non-linear-
ity in amplifiers. They, too, could be overcome through
the use of nanostructures.

« T Palacios, A. Chini, D. Buttari, S. Heikman, A. Chakraborty, S. Keller, S. P. DenBaars, and U. K. Mishra, “Use of Double-channel Heterostructures
to Improve the Access Resistance and Linearity in GaN-based HEMTs,” IEEE Trans. Electron Devices, vol. 53, no. 3, pp. 562-565, doi: 10.1109/

TED.2005.863767, Mar. 2006.

« D.S.Lee, H. Wang, A. Hsu, M. Azize, O. Laboutin, Y. Cao, J. W. Johnson, E. Beam, A. Ketterson, M. L. Schuette, P. Saunier, and T. Palacios, “Nanowire
Channel InAIN/GaN HEMTs with High Linearity of gm and fT,” IEEE Electron Device Lett., vol. 34, no. 8, pp. 969-971, doi: 10.1109/LED.2013.2261913,

Aug. 2013.

e S. Joglekar, U. Radhakrishna, D. Piedra, D. Antoniadis, and T. Palacios, “Large Signal Linearity Enhancement of AlGaN/GaN High-electron-
mobility Transistors by Device-level Vt Engineering for Transconductance Compensation,” IEDM Tech. Dig., pp. vol. 25, no. 3, pp. 1-4, doi: 10.1109/

IEDM.2017.8268457, Dec. 2017.
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Vertical GaN Fin Transistors for RF Applications

J. Perozek, T. Palacios

Sponsorship: Defence Advanced Research Project Agency DREaM Project

The demand for improved wireless connectivity and
data speeds has continuously increased and outpaces
hardware's abilities. Transistors for radio frequency
(RF) amplifiers must be developed to satisfy this grow-
ing market. Recently, lateral GaN-based high electron
mobility transistors (HEMTs) have succeeded in the
RF power market. However, the strong confinement of
current near the surface plagues HEMTs with current
collapse and self-heating. To circumvent these limita-
tions, we use a vertical transistor design where current
conducts through the bulk of the material, minimizing
surface effects. This vertical design offers reduced cur-
rent collapse, area independent breakdown, increased
power density, and improved heat dissipation, which
enable unmatched RF performance. Figure 1 shows
a schematic of our vertical transistors. A fin-based
structure adopted from devices we developed for
vertical GaN power transistors confines current. Us-
ing fins has the added benefit of improving linearity
through threshold voltage engineering, where varying
the width of each fin optimizes the transconductance

ChannelSource|

iCurrent |

Buffer Layers

Substrate

A Figure 1: Cross-sectional schematic of vertical GaN RF tran-
sistor.

FURTHER READING

curve. With 100-nm gate lengths and optimized drift re-
gions, these devices are designed for 30 GHz operation
with 200 V breakdown.

Figure 2 shows the first GaN RF fin transistors
fabricated at MTL. To fabricate them, an array of 200-
nm fins is patterned with electron beam lithography
and etched using a combined dry and wet etching
technique that produces highly vertical, smooth
sidewalls. Forming the gate uses a sputter and etch-
back process to allow gate lengths unconstrained by
lithographic resolution limits. A conformal silicon
dioxide coating fills spaces between fins and is
subsequently etched back to expose the tops of the
fins. Ohmic metal for the source and drain is finally
deposited. Keeping all contacts on the top surface
and utilizing an insulating, high thermal conductivity
substrate like silicon carbide enables integration
with existing microwave integrated circuits to meet
the demands of the next generation of wireless
communication systems.

Gate Oxide”

Gate Metal/ ;

A Figure 2: Scanning electron microscope cross section of
completed RF transistor.

«  M.Sun,Y. Zhang, X. Gao, and T. Palacios, “High-performance GaN Vertical Fin Power Transistors on Bulk GaN Substrates,” IEEE Electron Device

Lett., vol. 38, no. 4, pp. 509-512, Apr. 2017.

« Y.Zhang M. Sun, J. Perozek, Z. Liu, A. Zubair, D. Piedra, N. Chowdhury, X. Gao, K. Shepard, and T. Palacios, “Large Area 1.2 kV GaN Vertical Power
FinFETs with a Record Switching Figure-of-Merit,” IEEE Electron Device Lett., vol. 40, issue: 1, pp. 75-78, Jan. 2019.

e S. Joglekar, U. Radhakrishna, D. Piedra, D. Antoniadis, and T. Palacios, “Large Signal Linearity Enhancement of AlGaN/GaN High-electron-
mobility Transistors by Device-level Vt Engineering for Transconductance Compensation,” 2017 IEEE International Electron Devices Meeting

(IEDM), pp. 25.3.1-25.3.4, 2017.
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GaN Power Transistor Reliability

A.Massuda, J. A. del Alamo

Gallium nitride (GaN) metal-insulator-semiconductor
high electron mobility transistor (MIS-HEMT) tech-
nology is the most recent development in the power
semiconductor market. Owing to its large bandgap
and other unique material properties, GaN exhibits a
breakdown field up to ten-fold higher than Si. The MIS
field-effect transistor (FET) architecture was adopted
to optimize the breakdown voltage and demonstrate
reliable and highly-efficient operation at and over 650
V. Combined with low on-resistance and fast switching
capability, the GaN MISFET is a promising platform for
numerous applications in the power electronics mar-
ket.

A successful commercial technology must meet
strict reliability requirements. We are interested
in gate oxide breakdown through a process known
as time-dependent dielectric breakdown (TDDB) in
the OFF state of transistor operation. This occurs
with a large drain-source voltage and the channel
turned off. For estimation of transistor lifetime
under operating conditions in an effective manner,
suitable acceleration of the degradation rate needs
to be introduced. This is often done through voltage
or temperature acceleration. However, since the GaN
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A Figure 1: Off-state gate current of five devices as a func-
tion of stress time during constant high-voltage drain-to-gate
stress. The time to breakdown ty,gp is evident at the right end
of each trace.
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MISFET architecture employs a conductive substrate,
a concern arises about substrate leakage that, under
accelerated conditions, can trigger a potential vertical
breakdown path through the buffer layer. Our work
seeks to develop a test procedure for isolating and
evaluating transistor time-to-failure due to TDDB by
suitable temperature and voltage acceleration and to
distinguish this from other failure mechanisms.
Commercial prototype devices are tested at
the Microsystems Technology Laboratories with
only one acceleration factor changed at a time. The
experimental design accounts for higher stress
voltages or temperatures at which devices break
in minutes. Weibull distributions are then fitted to
the data as a function of different conditions; from
these results, the acceleration factors and lifetime
estimations are derived. This method is effective at
giving intrinsic failure modes a physical interpretation
and at predicting mean-time-to-failure under use
conditions. Figure 1 shows gate current for five devices
measured under the same stress condition. Figure 2
shows the Weibull distribution plot for these devices
with a line fit and a shape parameter 8 estimate of 2.8.
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A Figure 2: Weibull plot of off-state t,,gp, from data in Figure 1.
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« E.S.Lee L. Hurtado, J. Joh, S. Krishnan, S. Pendharkar, and J. A. del Alamo, “Time-dependent Dielectric Breakdown under AC Stress in GaN
MIS-HEMTs,” IEEE International Reliability Physics Symposium (IRPS), Monterrey, CA, Mar. 31-Apr. 4, 2019.

« S.Warnock, A. Lemus, J. Joh, S. Krishnan, S. Pendharkar, and J. A. del Alamo, "Time-dependent Dielectric Breakdown in High-voltage GaN MIS-
HEMTs: The Role of Temperature,” IEEE Transactions on Electron Devices, doi: 10.1109/TED.2017.2717924, Vol. 64, no. 8, pp. 1557-9646, Aug. 2017.
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Time-dependent Dielectric Breakdown under AC Stress in GaN MIS-HEMTs

E.S.Leeand J. A. del Alamo
Sponsorship: Texas Instruments

GaN has emerged as a promising next-generation can-
didate for high-performance energy-efficient electron-
ics. In particular, the GaN metal-insulator-semicon-
ductor high-electron-mobility transistor (MIS-HEMT)
has been identified recently as a promising candidate
for high-voltage and high-power applications due to
its high current drive while minimizing gate leakage.
However, reliability concerns with this device type are
hampering its widespread commercial deployment. A
key reliability issue is time-dependent dielectric break-
down (TDDB), in which prolonged electrical stress
leads to catastrophic breakdown of the gate dielectric.
There has recently been great progress in understand-
ing TDDB in GaN FETs. However, much of the work to
date has been done under constant voltage stress con-
ditions, mostly due to ease of instrumentation.

Here, we investigate time-dependent dielectric
breakdown (TDDB) in AlGaN/GaN MIS-HEMTSs under
forward bias AC stress, which better emulates real-
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A Figure 1: Weibull distribution plot of cumulative probability F
for TDDB under DC stress (Vg = 8.5V, Vg = 0 V) vs. AC
stress (VGS = 8.5/-85V, Vg = 0V, 100 kHz) at room tem-
perature. Inset: ratios of tg; for AC and DC plotted vs. frequency
at -60°, 25°, and 200°C.

FURTHER READING

world operational conditions. To this end, we have
performed TDDB experiments across a wide range
of frequencies, temperatures, and recovery voltage
levels. We find that TDDB under AC stress shows
longer breakdown times than under DC stress and
that this increase is more prominent with higher
frequency, lower-temperature, and more negative
recovery voltage. We hypothesize that this is due to
the dynamics of the gate stack in GaN MIS-HEMTs
biased with a high positive gate voltage. Under these
conditions, a second electron channel forms at the
dielectric/AlGaN interface. This process is relatively
slow as these electrons come from the 2DEG at the
AlGaN/GaN interface and must overcome the energy
barrier presented by the AlGaN. At the same gate
voltage, then, the electric field across the gate oxide
is lower in magnitude under AC stress at high enough
frequency than under DC stress, explaining the
obtained results.

qVes e

A Figure 2: Energy band diagrams across the gate stack of GaN
MIS-HEMT under positive gate voltage. Left: under DC or AC
after long enough wait following a gate pulse. Right: immediately
after the onset of a stress pulse.

« E.S.Lee L. Hurtado, J. Joh, S. Krishnan, S. Pendharkar, and J. A. del Alamo, “Time-Dependent Dielectric Breakdown under AC Stress in GaN
MIS-HEMTs,” IEEE International Reliability Physics Symposium, pp. 4E-5-1-4E-5-5, 2019.
e S.Warnock and J. A. del Alamo, “OFF-state TDDB in High-voltage GaN MIS-HEMTs,” IEEE International Reliability Physics Symposium, pp.

4A.6.1-4A.6.6,2017.

« S.Warnock and J. A, del Alamo, “Progressive Breakdown in High-voltage GaN MIS-HEMTSs,” IEEE International Reliability Physics Symposium,

Pp. 4A-6-1-4A-6-6, 2016.
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Reliability of GaN High-electron-mobility Transistors

B.Wang, W. A. Sasangka, G. J. Syaranamual, Y. Gao, R.I. Made, C. L. Gan, C. V. Thompson
Sponsorship: Singapore-MIT Alliance for Research and Technology, Analog Devices, Inc.

Gallium nitride-based high-electron-mobility tran-
sistors (GaN HEMTSs) are particularly attractive for
high-power and high-frequency applications. While
there have been some successful commercialization of
these devices, large-scale market adoption has not yet
occurred. This lack is partially due to an unclear under-
standing of the origin of low device fabrication yield
and reliability.

Using research devices made by collaborators, we
have systematically studied the origin of high gate-
leakage currents in AlGaN/GaN HEMTs. Devices that
initially had a low gate-leakage current (good devices)
were compared with ones that had a high gate-leakage
current (bad devices). The apparent zero-bias Schottky
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A Figure 1: High angle annular dark field cross-sectional images
and electron energy loss spectroscopy line scan of devices at dif -
ferent locations. a ) Good device, b) Bad device at hotspot, and c)
Bad device at a non-hotspot location.

FURTHER READING

barrier height of bad devices (0.4 < ¢Bo < 0.62 eV)
was found to be lower than that of the good devices
(pB0=0.79 eV). From transmission electron microscopy
and electron energy loss spectroscopy analysis, we
found that this difference is due to the presence of
carbon impurities in the nickel layer in the gate region,
as shown in Figure 1. The carbon is likely the residue
from a lift-off process.

In ongoing research, we are also characterizing
the reliability of commercial GaN HEMTs. Different
failure modes have been identified for both on-state
and off-state testing, as shown in Figure 2. Statistical
reliability models will be developed and compared
with research devices.
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A Figure 2: On- and off-state testing and characterization of
GaN HEMTs produced by commercial devices. |-V measure-
ments for on-state (a) and off-state stressing (b); Failure analysis
for on-state (c) and off-state (d) stressing.

« W. A Sasangka, Y. Gao, C. L. Gan, and C. V. Thompson, “Impact of Carbon Impurities on the Initial Leakage Current of AlGaN/GaN High-
electron-mobility Transistors,” Microelectronics Reliability, pp. 88-90, 393-396, 2019.

« W. A Sasangka, G. J. Syaranamual, Y. Gao, R. I. Made, C. L. Gan, and C. V. Thompson, “Improved Reliability of AlGaN/GaN-on-Si High-electron-
mobility Transistors (HEMTs) with High Density Silicon Nitride Passivation,” Microelectronics Reliability, vols. 76—77, pp. 287291, 2017.
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MIT Virtual Source Ferroelectric FET (MVSFE) Model: Application to Scaled- L

FeFET Analog Synapses

A.Zubair* U. Radhakrishna* M. Theng, D. Antoniadis, T. Palacios (* equal contribution)

Conventional multi-purpose hardware based on von-
Neumann architecture does not satisfy the energy-
efficiency requirements of large-scaleimplementations
of deep neural networks (DNN). Hardware accelerators
are, therefore, key to improve the power efficiency of
many big data applications based on deep learning,
such as image classification and speech recognition.
Emerging non-volatile memory devices such as
resistive random-access memory, phase change
memory, floating gate memory, and ferroelectric field-
effect transistors (FeFETs) are potential candidates
for these DNN accelerators due to their synaptic
functionality, i.e,, analog conductance modulation.
FeFET analog synapses are 3-terminal devices and
one of the most promising non-volatile memory devices
that can improve the classification accuracy and yield
low latency in neuromorphic accelerators. This is due
to their high conductance ratio, operation capability
with sub-100-ns pulse, and seamless integration with
CMOS process flow. The initial proof-of-concept FeFET
synapses have been demonstrated in a custom-built Si

platform with large device footprint (Lg = 0.6 pm, W=20
pm).

This work presents a comprehensive physics-
based compact modeling platform, MIT Virtual Source
Ferroelectric FET (MVSFET), that is used to study the
scaled (Lg =45 nm) three-terminal FeFETs calibrated
against a state-of-the-art highly scaled MOSFET.
The MVSFE model captures FeFET characteristics by
combining the MVS-model that describes underlying
Si-MOSFET ballistic transport together with Preisach
(static) and VDST (dynamic) models that govern the
full-dynamics of Fe-oxide. The robustness of the
model verified for synaptic operation with different
pulse schemes was used to predict the advantage
of technology scaling in reduced latency and

improved energy efficiency while maintaining a high
classification accuracy in a system-level multilayer
perceptron network. The current work reveals the
potential of FeFET analog synapses for system-level
applications used in advanced technological node
platforms.
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A Figure 1: (8) Typical cross-sectional schematic of FeFETs showing relevant capacitance components. The symbols have their usual

meanings. (b) Equivalent sub-circuits for ferroelectric-oxide illustrating two different models used in this work. (c) Classification
accuracy evaluation of 1 million MNIST handwritten digits for scaled FeFETs a function of epochs for different pulse schemes cal-

culated using MLP Neurosim. Scheme |, Scheme II, and Scheme Ill refer to constant amplitude and constant width pulse, constant

amplitude and variable width pulse, and constant width and variable amplitude pulse, respectively.

FURTHER READING

«  M.C.Jerry, P. Y. J. Zhang, P. Sharma, K. Ni, S. Yu, and S. Datta, “Ferroelectric FET Analog Synapse for Acceleration of Deep Neural Network
Training,” presented at 2017 IEEE International Electron Devices Meeting (IEDM), 2017.
« B.lJiang, P. Zurcher, R. E. Jones, S. J. Gillespie, and J. C. Lee, “Computationally Efficient Ferroelectric Capacitor Model for Circuit Simulation,”

1997 Symposium on Vlsi Technology, pp. 141-142, 1997.

« P Y Chen, X. C. Peng, and S. M. Yu, “NeuroSim Plus: An Integrated Device-to-Algorithm Framework for Benchmarking Synaptic Devices and
Array Architectures,” presented at 2017 IEEE International Electron Devices Meeting (IEDM), 2017.
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X3D: Heterogeneous Monolithic 3D Integration of “X” (Arbitrary) Nanowires:

Silicon, I11-V, and Carbon Nanotubes

P.S.Kanhaiya, Y. Stein, W. Lu, J. A. del Alamo, M. M. Shulaker

Sponsors: Analog Devices Inc., National Science Foundation; DARPA

We experimentally demonstrate a new paradigm for
monolithic three-dimensional (3D) integration: X3D,
which enables a wide range of semiconductors includ-
ing silicon (Si), I1I-V, and nanotechnologies such as car-
bon nanotubes (CNTs) to be heterogeneously integrat-
ed together in monolithic 3D integrated systems (Fig.
1). Such flexible heterogeneous integration has the po-
tential for a wide range of applications, as each layer of
monolithic X3D integrated circuits (ICs) can be custom-
ized for specific functionality (e.g., wide-bandgap III-V-
based circuits for power management, CNT field-effect
transistors (CNFETs) for energy-efficient computing,
and tailored materials for custom sensors or imagers).

As a case study, we experimentally demonstrate
monolithic X3D ICs with 5 wvertical «circuit
layers heterogeneously integrating 3 different
semiconductors: Si junctionless nanowire field-effect
transistors (JNFETs), III-V JNFETs, and CNFETs
(also junctionless). The layers of monolithic X3D IC
are, from bottom to top: Si p-JNFETs, n-CNFETSs, Si
n-JNFETs, p-CNFETs, and III-V n-JNFETs (Fig. 2).
Each layer is fabricated using an identical process
flow for ease of integration. Importantly, we show
that circuits fabricated on each vertical layer are
agnostic to subsequent monolithic X3D processing,
experimentally demonstrating the ability to interleave
these “X" (arbitrary) semiconductors in arbitrary
vertical ordering (Fig. 3). As a final demonstration,
we fabricate complementary digital logic circuits
comprising different technologies that span multiple
vertical circuit layers. This work demonstrates a new
paradigm for ICs, allowing for flexible and customizable
electronic systems.
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A Figure 1: Process flow of X3D. (a) Schematic of NW and
CNT synthesis and doping. (b) VLSI-scalable and CMOS

compatible device fabrication flow of each X3D vertical layer.
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A Figure 2: (a) Optical microscopy image of devices fabricated
on each layer of the 5-layer X3D chip. (b) 3D schematic of
fabricated 5-layer X3D stack. SEMs of (c) SINWs, (d) CNTs,
and (e) GaAs NWs.
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devices (30 FETs per layer). (a) measured immediately after
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Vs characteristics of first four layers of

cessing. (c) Iy pre- and post- monolithic X3D processing
shows negligible change resulting from X3D processing.
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Strong Coupling between Cavity Photons and Nano-magnet Magnons

J.T.Hou, L. Liu
Sponsorship: Air Force Office of Scientific Research

Coupled microwave photon-magnon hybrid systems
offer promising applications by harnessing various
magnon physics. At present, to realize high coupling
strength between the two subsystems, bulky ferro-
magnets with large spin numbers N are utilized, which
limits their potential applications for scalable quantum
information processing. By enhancing single-spin cou-
pling strength using lithographically defined super-
conducting resonators, we report high cooperativities
between a resonator mode and a Kittel mode in nano-
meter-thick Permalloy wires.

The on-chip, lithographically scalable, and super-
conductingquantum-circuit-compatible design provides
adirect route toward realizing hybrid quantum systems
with nanomagnets, whose coupling strength can be
precisely engineered and whose various mechanisms
derived from spintronic studies can control dynamic
properties. We pattern superconducting niobium films
into coplanar waveguide (CPW) resonators and deposit

nanometer-thick Py wires on top of them. An in-plane
magnetic field is applied to adjust the resonance
frequency of the Kittel mode in Py, which interacts
with the resonator mode to create mode-splitting near
resonance. By fitting the resonance mode’s evolution,
we confirmed the scaling of g with N by varying the Py
sizes. To further lower N, we employ low-impedance
resonators that greatly enhance the magnetic field
near the Py wires. A g/2r of 74.5 MHz is obtained for
40um x 2um = 10nm Py, corresponding to 4x10'° spins.
Compared with previous works, our experiment
shows a more than six orders-of-magnitude reduction
in spin number. This highly engineerable device design
and the large coupling strength with nanomagnets
provide a direct avenue towards scalable hybrid
quantum systems that can benefit from various
magnon physics, including nonlinearity, synchronized
coupling, non-Hermitian physics, and current- or
voltage-controlled magnetic dynamics.
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A Figure 1: (a) On-chip magnon-photon coupling device utilizing CPW. (b) Microwave transmission as a function of frequency and
applied magnetic field of a CPW device, showing a characteristic anticrossing. (c) On-chip magnon photon coupling device utilizing
low-impedance resonator. (d) Microwave transmission as a function of frequency and applied field, showing a large coupling strength

y/2m=74.5 MHz with only 4x10'° spins.
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Magnon Spin Generation and Transport in
ferromagnet Hybrid Structure

Y. Fan, J. Finley, L. Liu

Heavy Metal-magnetic Insulator-

Sponsorship: National Science Foundation, SRC-NRI, NSF-MRSEC

Magnons (or spin waves) are collective excitations
of electrons’ spin angular momenta in magnetic or
non-magnetic materials. Magnons can be used to trans-
port spin current and enable information transmission
with much higher energy efficiency than conducting
electron spin current. The excitation and tunabili-
ty of magnons in low-damping magnetic materials
are particularly interesting because they could offer
much longer magnon propagation length and poten-
tial broad spintronic applications. However, the exci-
tation of magnons in ferromagnetic metals is usually
accompanied by a rectification effect that can hinder
the effective detection of magnon spin current. The
goal of our project is to utilize a heavy metal/magnetic
insulator/ferromagnet hybrid structure for definitive
and efficient magnon spin generation, transport, and
manipulation.

In our work, a platinum (Pt)/yttrium iron
garnet (YIG)/permalloy (Py) hybrid structure is
studied, as depicted in Figure 1(a), where YIG is a low-
damping magnetic insulator, Py is a low-damping
ferromagnetic metal, and the whole structure is grown
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on the gadolinium gallium garnet (GGG) substrate by
magnetron sputtering. Through external microwave
excitation, the YIG layer and the Py layer can be
excited to reach the ferromagnetic resonance (FMR)
modes individually, as shown in Figure 1(b). Spin
current generated by the Py spin pumping process can
transmit through the YIG layer and be converted to
voltage signal in the platinum (Pt) layer through the
inverse spin Hall effect, where the rectification effect
from the Py layer can be completely ruled out. More
importantly, the perpendicular standing spin waves
(PSSWs) have been detected in the YIG layer, as shown
in Figure 1(b). At specific frequency (~7 GHz), the PSSWs
in YIG can be coupled with the magnon mode in Py, as
indicated in Figure 1(c), and facilitate the magnon spin
transport from the Py layer to the bottom Pt layer,
as demonstrated by Figure 1(d). This result indicates
that the PSSWs in the YIG layer could offer additional
tunability to control the magnon spin transmission
from Py to the bottom Pt layer, which is promising
for building magnon spin switches or amplifiers for
magnonic device applications.
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A Figure 1: (a) Schematic of spin-pumping experiment in a Pt/YIG/Py hybrid structure. (b) Ferromagnetic reso-

nance peaks for the Py, YIG, and PSSW modes at 13 GH

z. () Spin-pumping spectrum as a function of magnetic

field and frequency. Dashed line indicates the position of the PSSW mode. (d) Py spin-pumping voltage versus
frequency. The peak position corresponds to the cross-point between the Py FMR and the YIG PSSW modes.

FURTHER READING:

Y. Fan and L. Liu, “Spin Transport and Standing Spin Waves Generation in Heavy Metal-magnetic Insulator-ferromagnet Hybrid Structures,”

American Physical Society March Meeting, vol. 64, no. 2, X40.00006, Mar. 2019.
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Tunable Spin-charge Conversion across the Metal-insulator Transition in Vanadium

Dioxide

T.Safi, L. Liu

Sponsorship: National Science Foundation, AFOSR, Department of Defense

The charge-to-spin conversion efficiency is a crucial
parameter in determining the performance of many
useful spintronic materials. Usually, this conversion
efficiency is an intrinsic material property, which can-
not be easily modified without invoking chemical or
structural changes in the underlying system. Here we
demonstrate successful tuning of charge-spin conver-
sion efficiency via the metal-insulator transition in a
prototypical metal-insulator transition material.
Vanadium dioxide (VO2), a quintessential
strongly correlated electron compound, undergoes a
temperature-driven structural phase transition near
room temperature. This abrupt change in its electrical,
optical, thermal, and magnetic properties at transition
has generated great interest from both technological
and fundamental research perspectives. By employing
ferromagnetic-reso- nance-driven spin pumping and
the inverse spin Hall effect measurement, we find that

126 Electronic, Magnetic, Memory Devices

the pumped spin signal and charge-spin conversion
efficiency undergo a swift, dramatic enhancement
upon transition.

The large enhancement (80%) in the spin pumping
signal across the metal-insulator transition provides
the first evidence of variable spin-charge conversions
of this material. In combination with the recently
observed electric-field, irradiation, or strain mediated
phase transitions in VO2, this tunable spin-charge
conversion can be used to make practical spintronic
devices. The abrupt, dramatic change in the structural
and electrical properties of this material, therefore,
provides additional knobs to modulate the spin-charge
conversion efficiency, leading to extra flexibilities
in spintronic device design as well as providing new
functionalities for spintronic devices, such as tunable
spin-based memory and energy-harvesting devices.
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Mutual Control of Coherent Spin Waves and Magnetic Domain Walls in a Magnonic

Device

J.Han, P. Zhang, J. T. Hou, S. A. Siddiqui, L. Liu
Sponsorship: National Science Foundation, AFOSR

Spin waves, the collective excitation of electronic spins
inside magnetic materials, offer new opportunities
for wave-based computing. Here we experimental-
ly demonstrate interactions between spin waves and
magnetic domain walls, where the magnetic domain
walls manipulate the phase and magnitude of spin
waves and a strong spin wave, in turn, moves the posi-
tion of magnetic domain walls. The discovery of mutu-
al control between a spin wave and a magnetic domain
wall can lead to efficient mechanisms for modulating
spin wave propagation, which opens the possibility of
realizing all-magnon-based reading/writing devices.

In the first part of this work, we experimentally
demonstrate that nanometer-wide magnetic domain
walls can be used to manipulate the phase and
magnitude of coherent spin waves in a non-volatile
manner. A coherent spin wave is excited and detected
in Co/Ni multilayers, the perpendicular magnetic

FURTHER READING

anisotropy, and a relatively low damping factor, which
allows the coexistence of domain walls and zero-field
coherent spin wave excitation. By comparing the
transmitted signals of the spin wave in a device with
and without a domain wall, we observe a more than 10-
dB change in magnitude and a nearly 180° shift in phase
when the spin wave passes through the domain wall.

In the second part of this work, we observe that the
domain wall moves opposite the direction of the spin
wave propagation and reaches maximum efficiency at
the spin wave resonance frequency, which is consistent
with the picture of spin transfer torque from the
magnon spin current. The combination of these two
effects can potentially provide a platform for realizing
efficient spin-wave-based memory, computing, and
information processing that lie in the domain of single
spin waves.

e A V.Chumak, V.I. Vasyuchka, and B. Hillebrands, “Magnon Spintronics,” Nat. Phys. 11, 453-461 (2015).
« R.Hertel, W. Wulfhekel, and J. Kirschner, “Domain-wall Induced Phase Shifts in Spin Waves,” Phys. Rev. Lett. 93, 257202 (2004).
« P.Yan, X. S. Wang, and X. R. Wang, "All-magnonic Spin-transfer Torque and Domain Wall Propagation,” Phys. Rev. Lett. 107, 177207 (2011).
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Research on CMOS-compatible High-k Dielectrics for Magneto-ionic Memory

S.Kim, H. L. Tuller, in collaboration with A. J. Tan, G. S. Beach
Sponsorship: CMSE/IRG, National Science Foundation

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. Re-
cently, the Beach group at MIT demonstrated the abil-
ity to modulate the magnetic properties of transition
metal thin films by electrical bias across thin films of
Gd,0,. The reversible switching was demonstrated to
be assisted by the electro-migration of ions to and away
from the transition metal/Gd,0, interface. This novel
process, now called “magneto-ionic control,” creates
new opportunities for nonvolatile information storage.

Au

A Figure 1: Schematic of magneto-ionic device with GdOx serv-
ing as ion conducting electrolyte.

FURTHER READING

To better understand the mechanisms of ionic
transport in these devices, we are examining the
defect, electrical, and transport properties of Gd,O, via
impedance spectra as a function of temperature and
oxygen partial pressure considering Gd,O, as a model
oxide for ionic migration-controlled devices. In this
research, we find that Gd,0, can be an electronic or
mixed ionic-electronic conductor at high-temperature
depending on dopant type, concentration, and
phase. This research is being extended to the lower-
temperature regime to understand the correlations
between the behavior of such devices and their defect
chemistry.
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A Figure 2: Conductivity x T of undoped Sr and Ce-doped
Gd,O5s from 700°C to 900°C at 0.1atm pO.,,.

« U.Bauer, L. Yao, A. J. Tan, P. Agrawal, S. Emori, H. L. Tuller, S. van Dijken, and G. Beach, “Magneto-ionic Control of Interfacial Magnetism,” Nature

Materials, vol. 14, pp. 174-181, 2015.

« A J Tan, M. Huang, C. O. Avci, F. Buettner, M. Mann, W. Hu, C. Mazzoli, S. Wilkins, H. L. Tuller, and G. S. D. Beach, “Magneto-ionic Control of
Magnetism using a Solid-state Proton Pump,” Nature Materials, vol. 18, pp. 35-41, 2019.
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Center for |ntegrated 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,includingwirelessand wirelinecommunication,
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.
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Technical interaction between industry and MIT
researchersoccursonboth abroad and individual level.
Since its inception, CICS recognized the importance of
holding technical meetingstofacilitate 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 2-D Systems

Professor Tomés Palacios, Director

The MIT/MTL Center for Graphene Devices and 2-D
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 (2-D)
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 2-D materials. More recently, since 2011,
the MIT/MTL Center for Graphene Devices and 2-D
Systems (MIT-CG) has played a keyrolein 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 2-D materials,
devices, and systems to provide discriminating or
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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 2-D
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 Tomas 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,
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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 personalized 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 personalized 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
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of medical devices, and new technologies and
approaches to manufacturing 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.
MEDRC has 4 sponsoring companies, 8 faculty members,
12 active projects, and approximately 15 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.

MTL ANNUAL RESEARCH REPORT 2019



Faculty Profiles

POIING ANTKEEOVAE ... 137
DUBNE S BONING ... 138
NV VCREEI BOVE, Jr. oo e e, 139
EAWard S. BOYAEN ... 140
JACOPO BUONGIOMNO ... 141
Anantha Chandrakasan

LUCE DIBNIT ..
JESUS AL I ATBMIO ..o

Dirk R ENGIUNG e
JONGYOON HAN L.
RUONEN HAN. .ttt
SO BN e 148
JUEJUN () HU Lo 149
QNG U e 150
AN JBSBNOMT e 151
JEENWAN KIM L.ttt 152
SANG-GOOK KIM ...
Lionel C. Kimerling

NG KONMG e
Jeffrey H. Lang....

HEE-S@UNG L@ ..
SCOLE R MBNGNIS ..o
FAINAZ INIFOUI 1. 159
TOMAS PAIACIOS ..o 160
INEGAr REISKAIIMIAN ... 161
JENNIFEr L VL RUPP o 162
IVHEREET P. SROTE. .. 163
IAGX VL SRUIBKET ..o 164
CRAIIES G SOTINT ..o 165
Yogesh SUreNdranath...........o. e
WIVIEINE SZE .o
Carl V. Thompson ...

HAITY L TUHET e
Krystyn JoVan VIOt ... 170
Luis Fernando Velasquez-(Garcia ... 171
BVl N WENG e 172
BlGE YIldIZ ..o 173

MTL ANNUAL RESEARCH REPORT 2019 Faculty Profiles

135



136 Faculty Profiles MTL ANNUAL RESEARCH REPORT 2019



Polina Anikeeva
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
Andres Canales, DMSE

Danijela Gregurec, RLE

Mehmet Kanik, RLE, Simons Fellow

Siyuan Rao, RLE, Simons Fellow

Dekel Rosenfeld, RLE, MIT-Technion Fellow
Dena Shahriari, RLE, Craig H. Nielsen Fellow

GRADUATE STUDENTS
Marc-Joseph Antonini, HST

Florian Koehler, EECS

Youngbin Lee, DMSE, Kwangjeong Fellow
Junsang Moon, DMSE, Samsung Fellow
Jimin Park, DMSE, Kwangjeong Fellow
Indie Rice, HST, NSF Fellow

Atharva Sahasrabudhe, Chemistry
Alexander Senko, DMSE, NDSEG Fellow
Anthony Tabet, ChemE, NSF Fellow
Georgios Varnavides, DMSE

UNDERGRADUATE STUDENTS
Haley Higginbotham, MechE

Cindy Shi, DMSE

Jorge Vera-Rebollar, BioE

VISITORS
Ian Tafel, Brigham and Women's Hospital
Tomo Tanaka, NEC

SUPPORT STAFF
Cindy Higgins, RLE staff

SELECTED PUBLICATIONS
M. G. Christiansen, A. W. Senko, and P. Anikeeva, “Mag-
netic Strategies for Nervous System Control,” Annual
Reviews of Neuroscience, 42, 2019.

A.Kilias, A.Canales, U.P. Froriep, S. Park, U. Egert,and P.
Anikeeva, “Optogenetic Entrainment of Neural Oscilla-
tions with Hybrid Fiber Probes,” J. of Neural Engineering,
15, 056006, 2018.

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.
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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, €1600955, 2017.

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

S. Schuerle, J. S. Dudani, M. G. Christiansen, P. Anike-
eva, and S. N. Bhatia, “Magnetically Actuated Protease
Sensors for in Vivo Tumor Profiling,” Nano Lett., 16, pp.
6303-6310, 2016.

R.Chen, A. Canales, and 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-B Aggregates,’
Advanced Healthcare Materials, 4,2100, 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. Ly, 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 statisti-
cal, machine learning, and physical modeling of spatial and operating variation in cir-
cuits, devices, and CMP, electroplating, spin coating, etch, and embossing processes.

Rm. 39-415a | 617-253-0931 | boning @ mtl . mit . edu

GRADUATE STUDENTS
Hongge Chen, EECS

Tinkai Chen, MechE

Michael Delaus, EECS

Sally El-Henawy, EECS

Dylan Grullon, EECS

Han He, MechE

Hans Kobor, MechE/Sloan
Christopher Lang, EECS
Oumaima Makhlou, MechE
Bidusha Poudyal, EECS/Sloan
Shalini Singh, CEE/Sloan
Alexander van Grootel, TPP/EECS
Zoe Wolszon, EECS/Sloan
Zhengxing Zhang, EECS

SUPPORT STAFF

Jami L. Mitchell, Administrative Assistant

SELECTED PUBLICATIONS

H.Chen, H.Zhang,S.Si,Y.Li, D. S.Boning, and C.-J. Hsieh,
“Robustness Verification of Tree-based Models,” Workshop
on the Security and Privacy of Machine Learning (SPML),
Long Beach, CA, Jun. 2019.

H.Chen, H. Zhang, D. S. Boning, and C.-J. Hsieh, “Robust
Decision Trees Against Adversarial Examples,” Inter-
national Conference on Machine Learning (ICML), Long
Beach, CA, Jun. 2019.

Z.Zhang, S. 1. El-Henawy, A. Sadun, R. Miller, L. Daniel,
J. K. White, and D. S. Boning, “Adjoint-based Sensitivity
Analysis for Silicon Photonic Variations,” IEEE MTT-S
International Conference on Numerical Electromagnetic
and Multiphysics Modeling and Optimization (NEMO),
Cambridge, MA, May 2019.

H. Chen, H. Zhang, D. S. Boning, and C.-J. Hsieh, “Adver-
sarial Defense for Tree-based Models,” SafeML Workshop
at International Conference on Learning Representations
(ICLR), New Orleans, LA, May 2019.

H.Zhang, H. Chen, Z.Song, D.S. Boning, I. S. Dhillon, and
C.-J.Hsieh, “The Limitations of Adversarial Training and
the Blind-spot Attack,” International Conference on Learn-
ing Representations (ICLR), New Orleans, LA, May 2019.

S. Elhenawy, S. R. Miller, and D. S. Boning, “Effects of a

Random Process Variation on the Transfer Characteris-
tics of a Fundamental Photonic Integrated Circuit Com-

138 Faculty Profiles

ponent,” Optical Modeling and Performance Predictions
X, SPIE Optical Engineering + Applications, vol.107430, pp.
1074300 -1through 1074300 -10, San Diego, CA, Aug.2018.

T. W. Weng, H. Zhang, H. Chen, Z. Song, C.-J. Hsieh, L.
Daniel, D. S. Boning, and I. S. Dhillon, “Towards Fast
Computation of Certified Robustness for ReLU Networks,"
International Conference on Machine Learning (ICML),
Stockholm, Sweden, Jul. 2018.

J.H.Lee,D.S.Boning,and B. W. Anthony, “Measuring the
Absolute Concentration of Microparticles in Suspension
using High-frequency B-Mode Ultrasound Imaging,’
Ultrasound in Medicine and Biology, vol. 44, no. 5, pp.
1086-1099, May 2018.

C. Lang and D. S. Boning, “Modelling Pattern Depen-
dent Variationsin Semi-additive Copper Electrochemical
Plating,” IEEE Advanced Semiconductor Manufacturing
Conference (ASMC), Sarasota Springs, NY, May 2018.
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V. MiChaeI Bove, JI'. Sensing, communication, user interface, and display (particularly 3D and ho-

Principa| Research Scientist lographic) for consumer electronics. Materials and fabrication methods for

Media Arts and Sciences/Media Lab diffractive light modulators.
Rm. E15-490 | 617-253-0334 | vmb @ media . mit . edu

POSTDOCTORAL ASSOCIATE
Daniel Novy, Media Lab

GRADUATE STUDENTS
Pedro Colon Hernandez, MAS
Bianca Datta, MAS

Sundeep Jolly, MAS

Everett Lawson, MAS
Philippa Mothersill, MAS

Vik Parthiban, MAS

Laura Perovich, MAS
Caroline Rozendo Xavier dos Santos, MAS
Emily Salvador, MAS

Tyler Schoeppner, MAS

Ali Shtarbanov, MAS

SUPPORT STAFF

Kristin Hall, Member Relations Manager

SELECTED PUBLICATIONS

B. Datta, S. Jolly, and V. M. Bove, Jr., “Towards Inverse
Design of Biomimetic Nanostructures Exhibiting Com-
posite Structural Coloration,” Proc. SPIE Advanced Fabri-
cation Technologies for Micro/Nano Optics and Photonics
XI,10930, 2019.

S.Jolly, B. Datta, V. Parthiban, D. Smalley,and V. M. Bove,
Jr., “Experimental Characterization of Leaky-mode Spa-
tial Light Modulators Fabricated by Direct Laser Writ-
ing,” Proc. SPIE Practical Holography XXXIII: Displays,
Materials, and Applications, 10944, 2019.

S. Jolly, N. Savidis, B. Datta, V. Parthiban, D. Smalley,
and V. M. Bove, Jr., “Transparent Flat-panel Holographic
Displays using Guided-wave Acousto-optics,” Proc. 2018
International Symposium on Display Holography, 2018.

A. Shtarbanov and V. M. Bove, Jr., “Free-space Haptic
Feedback for 3D Displays via Air-vortex Rings,” Proc.
ACM CHI, 2018.

I. Wicaksono, C. Rozendo, R. Ye, J. Trapp, V. M. Bove, Jr.,
C.Dagdeviren, and H. Ishii, “PerForm: Deformable Inter-
face for the Exploration of Sound through Shapes,” Proc.
ACM CHI, 2018.
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Edward S. Boyden

Y. Eva Tan Professor in Neurotechnology at MIT
MIT Media Lab and McGovern Institute
Department of Biological Engineering

Department of Brain and Cognitive Sciences, Koch Institute

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. E15-485 / 46-2171C | 617-324-3085 | esb (@ media . mit . edu

RESEARCH SCIENTISTS AND STAFF
Bobae An, Media Lab

Yi Cui, Media Lab

Burcu Guner, Media Lab
Manos Karagiannis, Media Lab
Demian Park, Media Lab

Kiryl Piatkevich, Media Lab
Jorg Scholvin, Media Lab

Or Shemesh, Media Lab

Doug Weston, Media Lab
Aimei Yang, Media Lab
Jian-Ping Zhao, Media Lab

POSTDOCTORAL ASSOCIATES
Shahar Alon, MAS

Fahim Farzadfard, MAS

Ruixuan (Rui) Gao, MAS

Jinyoung Kang, MAS

Kristina Kitko, MAS

Deblina Sarkar, MAS

Panagiotis (Panos) Symvoulidis, MAS
Giovanni Talei Franzesi, MAS

Gaojie Yang, MAS

Chi Zhang, MAS

GRADUATE STUDENTS
Jenna Aronson, BCS

Nick Barry, MAS

Orhan Celiker, EECS
Alexi Choueiri, BCS
Danielle Cosio, BCS
Amauche Emenari, BCS
Daniel Estandian, BCS
Daniel Goodwin, MAS
Kettner Griswold, MAS
Ishan Gupta, BE

Jordan Harrod, HST
Brennan Jackson, HST
Shannon Johnson, MAS
Louis (Jeong Seuk) Kang, Harvard
Changyang Linghu, EECS
Yixi Liu, EECS

Mitchell Murdock, BCS
Daniel Oran, MAS
Andrew Payne, MAS

Paul Reginato, BE

Sam Rodriques, Physics
Cipriano Romero, EECS
Sarah Sclarsic, MAS

Tay Won Shin, MAS
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Anubhav Sinha, HST
Mike Skuhersky, MAS
Ho-Jun Suk, HST

Corban Swain, BE
Cristina Torres Caban, BE
Zeguan Wang, MAS
Asmamaw (Oz) Wassie, BE
Jay Yu, BE

SUPPORT STAFF

Holly Birns, Administrative Assistant

Macey Lavoie, Administrative Assistant

Lisa Lieberson, Senior Administrative Assistant

SELECTED PUBLICATIONS

R. Gao*, S. M. Asano*, S. Upadhyayula®, I, Pisarev, D. E.
Milkie, T-L. Liu, E. S. Boyden**, E. Betzig**, et al., “Cor-
tical Column and Whole-brain Imaging with Molec-
ular Contrast and Nanoscale Resolution,” Science,
363(6424):eaau8302, (*equal contribution, **co-corre-
sponding), 2019.

D. Oran*, S. G. Rodriques*, R. Gao, S. Asano, M. A. Sky-
lar-Scott, F. Chen, P. W. Tillberg, A. H. Marblestone**,
and E. S. Boyden**, “3D Nanofabrication by Volumetric
Deposition and Controlled Shrinkage of Patterned Scaf-
folds,” Science, 362(6420):1281-1285, (*equal contributors,
**equal contributors), 2018.

K.D.Piatkevich* E.E. Jung*,C. Straub, C. Linghu, D. Park,
H. J. Suk, D.R. Hochbaum, E. S. Boyden, et al., “A Robotic
Multidimensional Directed Evolution Approach Applied
to Fluorescent Voltage Reporters,” Nature Chemical Biol-
0gy, 14(4):352-360, (*co-first authors), 2018.

O. A. Shemesh*, D. Tanese*, V. Zampini*, C. Linghu, K.
Piatkevich, E. Ronzitti, E. Papagiakoumou, E. S. Boyden+,
and V. Emiliani+, “Temporally Precise Single-cell Reso-
lution Optogenetics,” Nature Neuroscience, 20:1796-1806,
(*co-first authors, co-corresponding authors), 2017.

H.-J.Suk,I.van Welie, S. B. Kodandaramaiah, B. Allen, C.
R. Forest, E. S. Boyden, “Closed-loop Real-time Imaging
Enables Fully Automated Cell-Targeted Patch-clamp
Neural Recording In Vivo,” Neuron, 95(5):1037-1047, 2017.
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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)

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

GRADUATE STUDENTS
Xyniao (Anna) Liang, NSE
William Robbie Stewart, NSE
Enrique Velez-Lopez, CEE

UNDERGRADUATE STUDENT
Francois Petrus Jacobus le Roux, MechE
Mohammed Talha Faiz, Biology

SUPPORT STAFF

Carolyn Carrington, Administrative Assistant

SELECTED PUBLICATIONS

J.Buongiorno, M. Corradini, J. Parsons, and D. Petti, “The
Future of Nuclear Energy in a Carbon-constrained World,”
IEEE Power and Energy Magazine, Mar. 2019.

J. Parsons, J. Buongiorno, M. Corradini, and D. Petti, “A
Fresh Look at Nuclear Energy,” Science, vol. 363, issue
6423, p. 105, Jan. 2019.

S. Afkhami, J. Buongiorno, A. Guion, S. Popinet, R. Scar-
dovelli,and S. Zaleski, “Transition in a Numerical Model
of Contact Line Dynamics and Forced Dewetting,” J.
Computational Physics, 374, pp. 1061-1093, 2018.

A Richenderfer, A. Kossolapov, J. H. Seong, G. Saccone, E.
Demarly, R. Kommajosyula, E. Baglietto, J. Buongiorno,
and M. Bucci, “Investigation of Subcooled Flow Boiling
and CHF using High-resolution Diagnostics Experimental
Thermal and Fluid Science,” Experimental Thermal and
Fluid Science, 99, pp. 35-58, 2018.

J.L.Moran, A.L. Cottrill, J. D. Benck, P. Liu, Z. Yuan, M. S.
Strano, and J. Buongiorno, “Noble-Gas-Infused Neoprene
Closed-cell Foams Achieving Ultra-low Thermal Con-
ductivity Fabrics,” RSC Advances, 8, pp. 21389-21398, 2018.

M. Trojer, R. Azizian, J. Paras, T. McKrell, K. Atkhen, M.
Bucci, and J. Buongiorno, “A Margin Missed: the Effect of
Surface Oxidation on CHF Enhancement in IVR Accident
Scenarios,” Nucl. Eng. Design, 335, pp. 140-150, 2018.

Y. Zhang, J. Buongiorno, M. Golay, N. Todreas, “Safety
analysis of a 300 MWe offshore floating nuclear power
plant in marine environment”, Nuclear Technology, vol.
203, Issue 2,2018.
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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, pp. 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, pp. 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, pp. 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,” Int. J. Multi-
phase Flow, 2016.

G. Su, M. Bucci, J. Buongiorno,and T. J. McKrell, “Transient
Boiling of Water under Exponentially Escalating Heat
Inputs,” Int. J. Heat Mass Transfer, 96, pp. 667-698, 2016.

J.Buongiorno, J. Jurewicz, M. Golay, and N. Todreas, “The
Offshore Floating Nuclear Plant (OFNP) Concept,” Nuclear
Technology, vol. 194, pp. 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, p. 8247, 2015.
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Anantha Chandrakasan

Dean of Engineering, 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

RESEARCH AFFILIATES
Chiraag Juvekar, MTL

POSTDOCTORAL ASSOCIATES
Wanyeong Jung

GRADUATE STUDENTS

Aya Amer, EECS

Mohamed Radwan Abdelhamid, EECS

Utsav Banerjee, EECS

Minghan Chao, EECS (co-supervised with Max Shu-
laker)

Di-Chia Chueh, EECS (co-supervised with J. Glass)
Preetinder Garcha, EECS

Taehoon Jeong, EECS (co-supervised with H-S. Lee)
Zexi (Alex) Ji, EECS

Harneet Khurana, EECS (co-supervised with H-S. Lee)
Kyungmi Lee, EECS

Saurav Maji, EECS

Vipasha Mittal, EECS (co-supervised with H-S. Lee)
Rishabh Mittal, EECS (co-supervised with H-S. Lee)
Sirma Orguc, EECS

Miaorong Wang, EECS

Jongchan Woo, EECS

UNDERGRADUATE STUDENTS
Gloria (Yu Liang) Fang, EECS
Tenzin S. Ukyab, EECS

VISITORS

Rabia Tugce Yazicigil, Boston University

SUPPORT STAFF

Margaret Flaherty, Senior Administrative Assistant

PUBLICATIONS

A. Biswas and A. P. Chandrakasan, “CONV-SRAM: An
Energy-efficient SRAM with In-memory Dot-product
Computation for Low-power Convolutional Neural Net-
works,” IEEE J. of Solid-State Circuits, vol. 54, no. 1, pp.
217-230, Jan. 2019.

C. Steiger, A. Abramson, P. Nadeau, A. P. Chandrakasan,
R. Langer, and G. Traverso, “Ingestible Electronics for
Diagnostics and Therapy,” Nature Reviews Materials,
Dec. 2018.
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M. Tikekar, V. Sze, and A. P. Chandrakasan, “A Fully
Integrated Energy-efficient H.265/HEVC Decoder with
eDRAM for Wearable Devices,” IEEE J. of Solid-State Cir-
cuits, vol. 53, no. 8, pp. 2368-2377, Aug. 2018.

M. Mimee, P. Nadeau, A.Hayward, S. Carim, S. Flanagan, L.
Jerger, J. Collins, S. McDonnell, R. Swartwout, R. J. Citorik,
V. Bulovic, R. Langer, G. Traverso, A. P. Chandrakasan,
and T. K. Ly, “An Ingestible Bacterial-electronic System
to Monitor Gastrointestinal Health,” Science, vol. 360, no.
6391, pp. 915-918, May 2018.

M. Price, J. Glass,and A. P. Chandrakasan, “A Low-power
Speech Recognizer and Voice Activity Detector using
Deep Neural Networks,” IEEE J. of Solid-State Circuits,
vol. 53, no. 1, pp. 66-75, Jan. 2018.

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 J. of Solid-State Circuits, vol. 53,
no.1, pp. 236-246, Jan. 2018.

A.Paidimarriand A. P. Chandrakasan, “A Wide Dynamic
Range Buck Converter with Sub-nW Quiescent Power,’
IEEE J. of Solid-State Circuits, vol. 52, no. 12, pp. 3119-3131,
Dec. 2017.

C. Duan, A. J. Gotterba, M. E. Sinangil, and A. P. Chan-
drakasan, “Energy-efficient Reconfigurable SRAM:
Reducing Read Power through Data Statistics,” IEEE J.
of Solid-State Circuits, vol. 52,1n0.10, pp.2703-2711, Oct. 2017.

M. Yip, P. Bowers, V. Noel, A. P. Chandrakasan, and K. M.
Stankovic, “Energy-efficient Waveform For Electrical
Stimulation of The Cochlear Nerve,” Nature Scientific
Reports, vol. 7, Oct. 2017.

G. Angelopoulos, A. Paidimarri, M. Médard, and A. P.
Chandrakasan, “A Random Linear Network Coding Accel-
eratorin a2.4GHz Transmitter for IoT Applications,” IEEE
Transactions on Circuits and Systems I. Regular Papers,
vol. 64, no. 9, pp. 2582-2590, Jul. 2017.

P. Raina, M. Tikekar, and A. P. Chandrakasan, “An Ener-
gy-scalable Accelerator for Blind Image Deblurring,”
IEEE J. of Solid-State Circuits, vol. 52, no. 7, pp. 1849-1862,
Apr. 2017.
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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 cardiovascular circulatory system;
Magnetic Resonance Imaging; Power Grids; Robustness of deep neural networks

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

POSTDOCTORAL ASSOCIATE
Ian Butterworth, EECS

GRADUATE STUDENTS
Sam Chevalier, MechE
Ching-Yun (Irene) Ko, EECS
Elizabeth Lee, EECS

Jeet Mohapatra, EECS

Jose E. C. Serralles, EECS
Tsui-Wei (Lily) Weng, EECS
Wang Zhang, MechE

UNDERGRADUATE STUDENTS
Akhilan Boopathy, EECS

Juan David Gil, EECS

Shreyan Jain, EECS

Ramya Nagarajan, EECS

VISITORS

Giuseppe Della Valle, Politecnico di Milano
David Esseni, Univ. di Udine

Stefano Grivet, Politecnico di Torino
Michela Longo, Politecnico di Milano
Marco Righero, Politecnico di Torino
Tommaso Rollo, Univ. di Udine

Bert Shi, Hong Kong Science and Technology
Piero Triverio, Univ. Toronto

Giuseppe Vecchi, Politecnico di Torino
Ngai Wong, University of Hong Kong

SUPPORT STAFF

Chadwick Collins, Administrative Assistant

SELECTED PUBLICATIONS

G. Gruosso, P. Maffezzoni, G. S. Gajani, Z. Zhang, and L.
Daniel, “Uncertainty-aware Computational Tools for
Power Distribution Networks including Electrical Vehicle
Charging and Loads Profiles,” IEEE Access, 2019.

G. Gruosso, P. Maffezzoni, Z. Zhang, and L. Daniel, “Prob-
abilistic Load Flow Methodology for Distribution Net-
worksincluding Loads Uncertainty,” Intern J. of Electrical
Power & Energy Systems, vol.106, pp. 392-400, Mar. 2019.

A.Boopathy, T.-W. Weng, P-Y. Chen, S. Liu, and L. Daniel,
“CNN-Cert: An Efficient Framework for Certifying
Robustness of Convolutional Neural Networks,” AAAI
Conference on Artificial Intelligence, Jan. 2019.
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P. Maffezzoniand L. Daniel, “Exploiting Oscillator Arrays
as Randomness Sources for Cryptographic Applications,”
IEEE Trans. on CAD of Integrated Circuits and Systems,
vol. 37(12), pp. 2999-3007, Dec. 2018.

H. Zhang*, T.-W. Weng*, P-Y. Chen, C.-J. Hsieh, and L.
Daniel, “Efficient Neural Network Robustness Certi-
fication with General Activation Functions,” NeurIPS:
Conference on Neural Information Processing Systems,
PP. 4944-4953, Dec. 2018 (*equal contribution).

T.-W.Weng* H.Zhang* P-Y.Chen, A.C.Lozano, C.-J. Hsieh,
and L. Daniel: “On Extensions of CLEVER: A Neural Net-
work Robustness Evaluation Algorithm,” GlobalSIP: IEEE
Global Conference on Signal and Information Processing,
Nov. 2018 (*equal contribution).

P. Maffezzoni, Z.Zhang, S. Levantino, and L. Daniel, “Vari-
ation-aware Modeling of Integrated Capacitors based on
Floating Random Walk Extraction,” TCAD: IEEE Trans-
action on Computer-aided Design of Integrated Circuits
and Systems, vol. 37(10), pp. 2180-2184, Oct. 2018.

K. Batselier, W. Yu, L. Daniel, and N. Wong, “Computing
Low-rank Approximations of Large-scale Matrices with
the Tensor Network Randomized SVD,” SIAM J. on Matrix
Analysis and Applications, vol. 39(3), pp. 1221-1244, Aug.
2018.

T.-W. Weng*, H. Zhang*, H. Chen, Z. Song, C.-J. Hsieh,
D.S.Boning, . Dhillon, and L. Daniel, “Towards Fast Com-
putation of Certified Robustness for ReLU Networks,”
ICML: International Conference on Machine Learning,
Jun. 2018 (*equal contribution).

M. Longo, P. Maffezzoni, N. M. Lutz, L. Daniel, and X. Lu,
“Routing Optimizing Algorithm for Electric Vehicles
Appliedin North Italy,” IEEE Intern Conf. on Environment
and Electrical Engin. and 2018 IEEE Industrial & Com-
mercial Power Systems Europe (EEEIC / I&CPS Europe),
Jun.2018.

J.Serralles, A. Polimeridis, L. Daniel, D. Sodickson, and R.
Lattanzi, “Global Maxwell Tomography with Match Reg-
ularization for Accurate Electrical Properties Extraction
from Noisy B1+ Measurements,” ISMRM: Intern Society
for Magnetic Resonance in Medicine,” Jun. 2018.
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Jesus A. del Alamo
MTL Director

Donner Professor

Professor of Electrical Engineering

Department of Electrical Engineering & Computer Science

Nanometer-scale Il1-V compound semiconductor transistors for future digital,
RF, microwave and millimeter wave applications. Reliability of compound semi-
conductor transistors. Diamond transistors.

Rm. 38-246 | 617-253-4764 | alamo @ mit . edu

RESEARCH SCIENTIST
Alon Vardi, MTL

POSTDOCTORAL ASSOCIATES
Wenjie Lu, MTL
Xin Zhao, MTL

GRADUATE STUDENTS
Xiaowei Cai, EECS

Taek Yong Kim, EECS

Ethan Lee, EECS

Aviram Massuda, EECS

VISITORS
Luis Hurtado, U. Central Florida
Moshe Tordjman, Technion

SUPPORT STAFF
Elizabeth Kubicki, Administrative Assistant
Mary O'Neil, Administrative Assistant

SELECTED PUBLICATIONS

X.Cali, A. Vardi, J. Grajal, and J. A. del Alamo, “Reassess-
ing InGaAs for Logic: Mobility Extraction in sub-10 nm
Fin-width FinFETs,” IEEE VLSI Technology Symposium,
Kyoto, Japan, 2019.

X. Zhao, A. Vardy, J. A. del Alamo, “Fin-Width Scaling of
Highly-doped InGaAs Fins”, IEEE Transactions of Electron
Devices, vol. 66, no. 6, pp. 2563-2568, May. 2019.

X.Zhao, A.Vardy,and J. A. del Alamo, “Excess OFF-State
Current in InGaAs FinFETs: Physics of the Parasitic
Bipolar Effect”, IEEE Transactions of Electron Devices,
vol. 66, no. 5, pp. 2113-2118, Mar. 2019.

P.S.Kanhaiya, Y. Stein, W. Lu, J. A. del Alamo, and M. M.
Shulaker, “X3D: Heterogeneous Monolithic 3D Integration
of “X" (Arbitrary) Nanowires: Silicon, III-V, and Carbon
Nanotubes,” IEEE Transactions on Nanotechnology, vol.
18, pp. 270-273, 2019.

E.S.Lee, L. Hurtado, J. Joh, S. Krishnan, S. Pendharkar, and
J.A.del Alamo, “Time-dependent Dielectric Breakdown
under AC Stressin GaN MIS-HEMTS,” IEEE International
Reliability Physics Symposium (IRPS), 2019.
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J.Lin, X.Zhao, 1. Manglano, D. A. Antoniadis,and J. A. del
Alamo, “A Scaling Study of Excess OFF-state Current in
InGaAs Quantum-well MOSFETs," IEEE Transactions on
Electron Devices, vol. 66, No. 3, p. 1208, Mar. 2019.

W.Lu,Y.Lee, J. Murdzek, J. Gertsch, A. Vardi, L. Kong, S. M.
George,and J. A. del Alamo, “First Transistor Demonstra-
tion of Thermal Atomic Layer Etching: InGaAs FinFETs
with sub-5 nm Fin-width Featuring in-situ ALE-ALD,’
IEEE International Electron Devices Meeting, pp. 895-
898,2018.

S.ElKazzi, A. Alian, B. Hsu, P. Favia, C. Merckling, W. Lu,
and J. A. del Alamo, “Threading Dislocations Impact in
Top-down n+InAs/p+GaSb Nanowire Esaki Diodes Fab-
ricated on Mismatched Substrates,” J. of Applied Physics,
vol. 124, issue 19,195703, Nov. 2018.

M. Tordjman, Z. Yin, Y. Lee, A. Vardi, R. Kalish, and J. A.
del Alamo, “Diamond:H/Transition Metal Oxides Trans-
fer-Doping Efficiency and Transistors Performance,”
Materials Research Society Fall Meeting, 2018.

J. A. del Alamo, X. Zhao, W. Lu, A. Vardi, and X. Cai,
“Nanoscale III-V Electronics: InGaAs FinFETs and Ver-
tical Nanowire MOSFETs,” [invited] IEEE Nanotechnology
Materials and Devices Conference, 2018.

I. P. Roh, S. H. Kim, D.-M. Geum, W. Lu, Y. H. Song, J. A.
del Alamo, and J. D. Song, “Enhanced Hole Mobility in
Strained In0.25Ga0.75Sb Quantum Well with High Qual-
ity Alo.95 Gao.o5As Buffer Layer,” Applied Physics Letts.,
vol. 113, 093501, 2018.

Z.Yin, M. Tordjman, Y. Lee, A. Vardi, R. Kalish, and J. A.
del Alamo, “Enhanced Transport in Transistor by Tuning
Transition-metal Oxide Electronic States Interfaced with
Diamond,” Science Advances 4, eaau0480, 2018.

X.Zhao, C. Heidelberger, E. A. Fitzgerald, W. Lu, A. Vardi,
and J. A.del Alamo, “Sub-10 nm Diameter InGaAs Vertical
Nanowire MOSFETs: Nivs. Mo Contacts,” IEEE Transac-
tions on Electron Devices, 65(9), p. 3762, 2018.

W. Lu, and J. A. del Alamo, “Digital Etch for InGaSb

p-Channel FinFETs with 10 nm Fin-width,” Compound
Semiconductor Week, 2018.
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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. 36-351| 617-324-7014 | englund @ mit . edu

RESEARCH SCIENTIST
Mikkel Heuck, RLE

POSTDOCTORAL ASSOCIATES
Jacques Carolan, RLE, Marie Curie Fellow
Chitraleema Chakraborty, RLE

Lorenzo De Santis, RLE

Ryan Hamerly, RLE, IC Postdoctoral Fellow
Frédéric Peyskens, RLE

Matt Trusheim, RLE, IC Postdoctoral Fellow

GRADUATE STUDENTS

Saumil Bandyopadhyay, EECS, NSF Fellow
Liane Sarah Bel Bernstein, EECS

Eric Bersin, EECS, NTSRF Fellow

Darius Bunandar, Physics

Uttara Chakraborty, EECS, NDSEG Fellow
Kevin Chen, EECS, NSF Fellow
Hyeongrak Choi, EECS

Ian Christen, EECS, NDSEG Fellow
Ronald Davis, RLE

Erik Eisenach, EECS, NSF Fellow
Christopher Foy, EECS, NSF Fellow
Jordan Goldstein, EECS, NSF Fellow
Isaac Harris, EECS

Donggyu Kim, MechE

Hugo Larocque, EECS

Tsung-Ju Lu, EECS, NDSEG Fellow
Hyowon Moon, EECS

Sarah Muschinske, EECS, NTSRF Fellow
Christopher Panuski, EECS, Hertz Fellow
Cheng Peng, EECS

Mihika Prabhu, EECS, NSF Fellow

Alex Sludds, EECS, NSF Fellow

Michael Walsh, EECS

Noel Wan, EECS

UNDERGRADUATE STUDENTS
Amir Karamlou, EECS
Eric Wadkins, EECS

SUPPORT STAFF

Janice Balzer, Administrative Assistant

SELECTED PUBLICATIONS

D. Kim and D. R. Englund, “Quantum Reference Bea-
con-guided Super-resolution Optical Focusing in Complex
Media,” Science, 363, issue 6426, pp. 528-531, 2019.
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H. Choi, D. Zhu, Y. Yoon, and D. Englund, “Indistinguish-
able Single-photon Sources with Dissipative Emitter
Coupled to Cascaded Cavities,” arXiv:1809.01645,2018, to
appear in Phys. Rev. Lett., 2019.

E. Bersin, M. Walsh, S. Mouradian, M. E. Trusheim,
T. Schréder, and D. R. Englund, “Individual Control
and Readout of Qubits in a Sub-diffraction Volume,”
arxiv:1805.06884, 2018, Nature Publishing J. Quantum
Information, 2019.

R. Hamerly, A. Sludds, L. Bernstein, M. Soljacic, and D.
Englund, “Large-scale Optical Neural Networks based
on Photoelectric Multiplication,” to appear in Phys. Rev.
X,2019.

R.-J. Shiue, Y. Gao, C. Tan, C. Peng, J. Zheng, D. K. Efetov,
Y. D. Kim, J. Hone, and D. R. Englund, “Thermal Radia-
tion Control from Hot Graphene Electrons Coupled to a
Photonic Crystal Nanocavity,” Nature Communications,
10, art. no. 109, 2019.

M. E. Trusheim, N. H. Wan, K. C. Chen, C. J. Ciccarino, R.
Sundararaman, G. Malladi, E. Bersin, M. Walsh, B. Lien-
hard, H. Bakhru, P. Narang, and D. R. Englund, “Lead-re-
lated Quantum Emitters in Diamond,” Phys. Rev., B, 99,
075430, 2019.

D. K. Efetov, R.-J. Shiue, Y. Gao, B. Skinner, E. Walsh, H.
Choi, J. Zheng, C. Tan, G. Grosso, C. Peng, J. Hone, K. C.
Fong,and D.R. Englund, “High-speed Bolometry based on
Johnson Noise Detection of Hot Electrons in Cavity-cou-
pled Graphene,” Nature Nanotechnology, 2018.

D.Bunandar, A. Lentine, C. Lee, H. Cai, C. Long, N. Boyn-
ton, N. Martinez, C. DeRose, C. Chen, M. Grein, D. Trotter,
A. Starbuck, A. Pomerene, S. Hamilton, F. N. C. Wong,
R.Camacho, P. Davids, J. Urayama, and D. R. Englund,
“Metropolitan Quantum Key Distribution with Silicon
Photonics,” Phys. Rev. X, 8, 021009, 2018.

H. Choi, M. Heuck, and D. R. Englund, “Self-Similar Nano-

cavity Design with Ultrasmall Mode Volume for Sin-
gle-photon Nonlinearities,” Phys. Rev. Lett., 118, 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
Hyungkook Jeon, RLE

Kerwin Keck, SMART Center

Hyukjin Kwon, RLE

Taehong Kwon, EECS

Smitha Thamarath Surendran, SMART Center
Junghyo Yoon, RLE

GRADUATE STUDENTS

Alex Barksdale, EECS

Kyungyong Choi, EECS

Matthew Flavin, EECS

Wei Ouyang, EECS

Menglin Shang, SMART Center, NUS
Ching Ann Tee, SMART Center, NUS
Aoli Xiong, SMART Center, NTU

VISITORS
Aniruddh Sarkar, Ragon Institute

SUPPORT STAFF

Cindy Higgins, Administrative Assistant

SELECTED PUBLICATIONS

M. T. Flavin, D. K. Freeman, and J. Han, “Interfacial Ion
Transfer and Current Limiting in Neutral-carrier Ion-se-
lective Membranes: A Detailed Numerical Model,” J. of
Membrane Science, 572, pp. 374-381, 2019.

B.L.Khoo,G. Grenci, J.S.Yun Lim, Y. P.Lim, J. Fong, W. H.
Yap, S.B.Lim,S.L.Chua, S.C. Wong, Y.S. Yap,S.-C. Lee, C.
T.Lim,and J. Han, “Low-dose Anti-inflammatory Combi-
natorial Therapy Reduced Cancer Stem Cell Formation
in Patient-derived Preclinical Models for Tumor Relapse
Prevention,” British J. of Cancer, 120, pp. 407-423, 2019.

C.Peng,E.B.de Sousa, H.Y. Gan, H. J. Kwon, S. S. Park, L.
Kilpatrick-Liverman, W. Wang, S. Lavender, Shira Pilch,
and J. Han, “Enhanced Delivery of F-, Ca?*, K* and Na*
ions into Enamel by Electrokinetic Flows,” J. of Dental
Research, doi: 10.1177/0022034518818463, 2019.

M. Shang, R. H. Soon, C. T. Lim, B. L. Khoo, and J. Han,
“Functionalizing the Tumor Microenvironment with
Microfluidics for Anti-cancer Drug Development,” Lab
on a Chip, 19, pp. 369-386, 2019.
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J. Niu, X. Hu, W. Ouyang, Y. Chen, S. Liu, Jongyoon Han,
and L. Liu, “Femtomolar Detection of Lipopolysaccharide
in Injectables and Serum Samples using Aptamer-cou-
pled Reduced Graphene Oxide in a Continuous Injec-
tion-electrostacking Biochip,” Analytical Chemistry, 91,
PDp. 2360-2367, 2019.

L.Gong, Z.Li,and J. Han, “Numerical Simulation of Con-
tinuous Extraction of Highly Concentrated Li+ from High
Mg2+/Li+ ratio brines in an Ion Concentration Polariza-
tion-based Microfluidic System,” Separation and Purifi-
cation Technology, 217, pp. 174-182, 2019.

S.T. Surendran, A. Xiong, P.-O. Lin, P. Preiser, and J. Han,
“Enhancing the Sensitivity of Micro Magnetic Resonance
Relaxometry Detection of Low Parasitemia Plasmodium
Falciparum in Human Blood,” Scientific Reports, 9, p. 255,
2019.

S.Choi, B.Kim, K. G. Nayar, J. Yoon, S. Alhammadi, J. H.
Lienhard, J. Han, and B. Al-Anzi, “Techno-economic Anal-
ysis of Ion Concentration Polarization Desalination for
High Salinity Desalination Applications,” Water Research,
155, pp. 162-174, 2019.

D.Yang, Y. Zhou, Y. Zhou, J. Han, and Ye Ai, “Biophysical
Phenotyping of Single Cells using a Differential Multicon-
striction Microfluidic Device with Self-aligned 3D Elec-
trodes,” Biosensors and Bioelectronics,133, pp.16-23,2019.

R. P. Bhattacharyya, M. Walker, R. Boykin, S. S. Son, J.
Liu, A. C. Hachey, P. Ma, L. Wy, K. Choj, K. C. Cummins,
M. Benson, J. Skerry, H. Ryu, S. Y. Wong, M. B. Goldberg,
J.Han, V. M. Pierce, L. A. Cosimi, N. Shoresh, J. Livny, J.
Beechem, and D. T. Hung, “Rapid Identification and Phy-
logenetic Classification of diverse bacterial pathogensin
a Multiplexed Hybridization Assay Targeting Ribosomal
RNA,” Scientific Reports, 9, p. 4516, 2019.

L. Gong, W. Ouyang, Z. Li, and J. Han, “Direct Numerical
Simulation of Continuous Lithium Extraction from High
Mg?*/Li* Ratio Brines using Microfluidic Channels with
Ion Concentration Polarization,” J. of Membrane Science,
556, Pp. 34-41, 2018.
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Ruonan Han
Associate Professor

Department of Electrical Engineering & Computer Science

Integrated circuits and systems operating from RF to THz frequencies for
sensing and communication applications. Electromagnetism, Chip-scale
wave-matter interactions for miniature spectroscopy and frequency metrology.

Rm. 39-527a | 617-324-5281 | ruonan @ mit . edu

POSTDOCTORAL ASSOCIATE
Xiang Yi, MTL

GRADUATE STUDENTS
Jack Holloway, EECS

Zhi Hu, EECS

Mohamed I. Ibrahim, EECS
Mohamed I. Khan, EECS
Mina Kim, EECS

James Mawdsley, EECS
Nathan Monroe, EECS
Cheng Wang, EECS

UNDERGRADUATE STUDENTS

Weerachai (Junior) Neeranartvong, EECS

VISITORS
Rui Ma, Mitsubishi Electric Research Labs
Jinchen Wang, University of Glasgow

SUPPORT STAFF

Kathleen Brody, Administrative Assistant

SELECTED PUBLICATIONS

M. Kim,C.Wang,Z.Hu,and R. Han, “Chip-scale Terahertz
Carbonyl Sulfide (OCS) Clock: An Overview and Recent
Studies on Long-term Frequency Stability of OCS Tran-
sitions,” [invited], IEEE Transactions on Terahertz Science
and Technology, vol. 9, no. 4, Jul. 2019.

Z.Hu, C. Wang, and R. Han, “A 32-Unit 240-GHz Hetero-
dyne Receiver Array in 65-nm CMOS with Array-wide
Phase Locking,” [invited], IEEE J. of Solid-State Circuits
(JSSC), vol. 54, no. 5, May 2019.

J.Holloway, G. C. Dogiamis,and R. Han, “High-speed Data
Transport Over Fully-Electrical Terahertz Waveguide
Links," [invited], IEEE Microwave Magazine, 2019.

R.Han, Z. Hu, C. Wang, J. Holloway, X. Yi, M. Kim, and J.
Mawdesley, “Filling the Gap: Silicon Terahertz Integrated
Circuits Offer Our Best Bet,” [invited], IEEE Microwave
Magazine, vol. 20, no. 4, Apr. 2019.

C. Wang, M. Kim, X. Yi, Z. Hu, J. Mawdesley, and R. Han,
“Principles and Prototypes of Chip-scale Molecular
Clock, [invited], IEEE Intl. Frequency Control Symp. (IFCS),
Orlando, FL, Apr. 2019.
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C. Wang, X. Yi, J. Mawdsley, M. Kim, Z. Wang, and R.
Han, “Chip-scale Molecular Clock,” [invited], IEEE J. of
Solid-State Circuits (JSSC), vol. 54, no. 4, Apr. 2019.

M.I.Ibrahim, C.Foy, D. Englund, and R. Han, “A Scalable
Quantum Magnetometer in 65snm CMOS with Vector-field
Detection Capability,” IEEE Int. Solid-State Circuit Conf.
(ISSCC), San Francisco, CA, Feb. 2019.

C.Wang, X.Yi, J. Mawdsley, M. Kim, Z. Wang, and R. Han,
“An On-chip Fully-electronic Molecular Clock Based on
Sub-terahertz Rotational Spectroscopy,” Nature Elec-
tronics, vol. 1, pp. 421-427, Jul. 2018.

C. Wang, X. Yi, M. Kim, Y. Zhang, and R. Han, “A CMOS
Molecular Clock Probing 231.061-GHz Rotational Line of
OCS with Sub-ppb Long-term Stability and 66-mW DC
Power," IEEE VLSI Symposia on Technology and Circuits,
Honolulu, HI, Jun. 2018.

M. Ibrahim, C. Foy, D. Kim, D. R. Englund, and R. Han,
“Room-temperature Quantum Sensing in CMOS: On-chip
Detection of Electronic Spin States in Diamond Color
Centers for Magnetometry,” IEEE VLSI Symposia on Tech-
nology and Circuits, Honolulu, HI, Jun. 2018.

Z.Hu, C. Wang, and R. Han, “Heterodyne Sensing CMOS
Array with High Density and Large Scale: A 240-GHz,
32-Unit Receiver using a de-Centralized Architecture,’
IEEE Radio-frequency Integrated Circuit Symposium
(RFIC), Philadelphia, PA, Jun. 2018.

C. Wang, B. Perkins, Z. Wang, and R. Han, “Molecular
Detection for Unconcentrated Gas with ppm Sensitivity
using Dual-THz-Comb Spectrometer in CMOS;’ [invited],
IEEE Transactions on Biomedical Circuits and Systems,
vol. 12, no. 3, Jun. 2018.

Z.Hu,M.Kaynak,and R. Han, “A Large-scale 2-D Radiator

Array at 1THz,” [invited], IEEE J. of Solid-State Circuits
(JSSC), vol. 53, no. 5, May 2018.
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Song Han

Assistant Professor

Department of Electrical Engineering & Computer Science

Machine learning, artificial intelligence, model compression, hardware acceler-
ator, domain-specific architecture.

Rm. 38-344|707-797-7288 | songhan @ mit . edu

GRADUATE STUDENTS
Han Cai, EECS

Driss Hafdi, EECS

Ji Lin, EECS

Yujun Lin, EECS

Zhijian Liu, EECS

Hanrui Wang, EECS

VISITORS
Kuan Wang, Tsinghua University
Ligeng Zhu, Simon Fraser University

SUPPORT STAFF

Valerie DiNardo, Administrative Assistant

SELECTED PUBLICATIONS

H.Cai, L.Zhu,and S. Han, “ProxylessNAS: Direct Neural
Architecture Search on Target Task and Hardware,”
International Conference on Learning Representations
(ICLR), 2019.

J.Lin, C.Gan, and S. Han, “Defensive Quantization: When
Efficiency Meets Robustness,” International Conference
on Learning Representations (ICLR), 2019.

K. Wang*, Z. Liu*, Y.Lin*, J. Lin, and S. Han, “HAQ: Hard-
ware-aware Automated Quantization with Mixed Pre-
cision,” [presented], IEEE Conference on Computer Vision
and Pattern Recognition (CVPR), 2019.

Y. He, J. Lin, Z. Liu, H. Wang, L.-J. Li, and S. Han, "AMC:
AutoML for Model Compression and Acceleration on
Mobile Devices,” European Conference on Computer Vision
(ECCV),2018.

(*equal contribution)
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https://arxiv.org/pdf/1812.00332
https://arxiv.org/pdf/1812.00332
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https://arxiv.org/pdf/1904.08444.pdf
https://arxiv.org/pdf/1904.08444.pdf
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https://arxiv.org/abs/1811.08886
https://arxiv.org/abs/1811.08886
https://arxiv.org/abs/1811.08886
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https://arxiv.org/pdf/1802.03494
https://arxiv.org/pdf/1802.03494
https://arxiv.org/pdf/1802.03494
http://openaccess.thecvf.com/ECCV2018.py

Juejun (JJ) Hu

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,
integration on unconventional substrates (polymers, optical crystals, 2-D
materials, etc.), infrared imaging, spectroscopy, metasurface.

Rm. 13-4054 | 302-766-3083 | hujuejun @ mit . edu

RESEARCH SCIENTIST
Tian Gu, MRL

POSTDOCTORAL ASSOCIATES
Qingyang Du, DMSE

Ying Pan, DMSE

Carlos A. Rios Ocampo, DMSE
Samuel Serna, DMSE

Mikhail Shalaginov, DMSE

Shaoliang Yu, DMSE

GRADUATE STUDENTS
Skylar Deckoff-Jones, DMSE
Sarah Geiger, DMSE

Derek Kita, DMSE

Duanhui Li, DMSE

Jerome Michon, DMSE

Yifei Zhang, DMSE

UNDERGRADUATE STUDENTS
Raja B. Azhar, DMSE

Kyle Markland, DMSE

Paige Vincent, DMSE

VISITOR

Hung-I Lin, National Taiwan University

Jun Qin, University of Electronic Science and Technol-
ogy of China

SUPPORT STAFF

Cory James, Administrative Assistant

SELECTED PUBLICATIONS

Y. Zhang, Q. Du, C. Wang, T. Fakhrul, S. Liu, L. Deng, D.
Huang, P. Pintus, J. Bowers, C. A. Ross, J. Hu, and L. Bij,
“Monolithic Integration of Broadband Optical Isolators
for Polarization-diverse Silicon Photonics,” Optica, vol.
6, Pp. 473-478, 2019.

Q.Du,C.Wang,Y.Zhang,Y.Zhang, T. Fakhrul, W. Zhang,
C.Gongalves, C. Blanco, K. Richardson, L. Deng, C. A. Ross,
L. Bi, and J. Hu, “Monolithic On-chip Magneto-optical
Isolator with 3 dB Insertion Loss and 40 dB Isolation
Ratio,” ACS Photonics, vol. 5, pp. 5010-5016, 2018.

D.Kita, B. Miranda, D. Favela, D. Bono, J. Michon, H. Lin,
T.Gu, and J. Hy, “High-performance and Scalable On-chip
Digital Fourier Transform Spectroscopy,” Nat. Commun.,
vol. 9, pp. 4405, 2018.
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D.Kita, J. Michon, S. G. Johnson, and J. Hu, “Are Slot and
Sub-wavelength Grating Waveguides Better than Strip
Waveguides for Sensing?” Optica, vol. 5, pp. 1046-1054, 2018.

L.Zhang,J.Ding, H. Zheng,S. An, H. Lin, B. Zheng, Q. Du,
G.Yin, J.Michon, Y. Zhang, Z. Fang, M. Shalaginov, L. Deng,
T. Gu, H. Zhang, and J. Hu, “Ultra-thin, High-efficiency
mid-Infrared Transmissive Huygens Meta-optics,” Nat.
Commun., vol. 9, pp. 1481, 2018.

L.Li, H. Lin, Y. Huang, R. Shiue, A. Yadav, J. Li, J. Michon,
D. Englund, K. Richardson, T. Gu, and J. Hu, “High-per-
formance Flexible Waveguide-integrated Photodetec-
tors,” Optica, vol. 5, pp. 44-51,2018.

L.Li, H. Lin, S. Qiao, Y. Huang, J. Li, J. Michon, T. Gu, C.
Ramos, L. Vivien, A. Yadav, K. Richardson, N. Lu,and J. Hu,
“Monolithically Integrated Stretchable Photonics,” Light
Sci. Appl., vol. 7, e17138,2018.

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. Shiue, D. Englund, T. Gu, D. Hewak, K. Richard-
son, J. Kong, and J. Hu, “Chalcogenide Glass-on-Graphene
Photonics,” Nat. Photonics, vol. 11, pp. 798-805, 2017.

L. Li, H. Lin, S. Qiao, Y. Zou, S. Danto, K. Richardson,
J. D. Musgraves, N. Ly, and J. Huy, “Integrated Flexible
Chalcogenide Glass Photonic Devices,” Nature Photonics,
vol. 8, pp. 643-649, 2014.

Y. Zou, D. Zhang, H. Lin, L. Li, L. Moreel, J. Zhou, Q. Du,
0. Ogbuy, 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, pp. 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, pp. 759-764, 2014.

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, pp. 758-762, 2011.

149



Qing Hu
Professor

Department of Electrical Engineering & Computer Science

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

Rm. 36-465 | 617-253-1573 |ghu @ mit . edu

COLLABORATORS
J. L. Reno, Sandia National Lab
Zbig Wasilewski, U. Waterloo

POSTDOCTORAL ASSOCIATES
David Burghoff, RLE

GRADUATE STUDENTS
Ali Khalatpour, EECS
Andrew Paulsen, EECS

Elise Uyehara, EECS

Yang Yang, EECS

Tianyi Zeng, EECS

VISITING STUDENTS

Yue Zhao, Chinese Academy of Sciences

SUPPORT STAFF

Shayne Fernandes, Administrative Assistant

PUBLICATIONS

D. Burghoff, N. Han, F. Kapsalidis, N. Henry, M. Beck, J.
Khurgin, J. Faist, and Q. Hu, “Optomechanical Control
of the State of Chip-scale Frequency Combs,” 2019 CLEO,
San Jose, CA, May 7, 2019.

Y.Gan, B. Mirzaei, J. R. G. Silva, A. Khalatpour, Qing Hu, C.
Groppi, J. V. Siles,and J. R. Gao, “81-beam Supra-THz Local
Oscillator by a Phase Grating and a Quantum Cascade
Laser,” 30th International Symposium on Space Terahertz
Technology, Gothenburg, Sweden, Apr. 15-17, 2019.

Y.Yang, A. Paulsen, D. Burghoff, J. L. Reno, and Q. Hu, “Lat-
eral Heterogeneous Integration of Terahertz Quantum
Cascade Combs,” 8th International Conference on Optical
Terahertz Science and Technology (OTST 2019), Santa Fe,
New Mexico, Mar. 10-15, 2019.

J. Westberg, L. A. Sterczewski, D. Burghoff, Y. Yang, J.
Reno, Q. Hu and G.Wysocki, “THz Dual-comb Spectros-
copy and Hyperspectral Imaging with Quantum Cascade
Laser Frequency Combs,” 8th International Conference
on Optical Terahertz Science and Technology (OTST 2019),
Santa Fe, New Mexico, Mar. 10-15, 2019.

A.Khalatpour, J. L. Reno, and Q. Hu, “Phase-locked Pho-
tonic Wire Lasers by n-coupling,” Nat. Phot., vol. 13, p.
47,2019.
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L.A. Sterczewski, J. Westberg, Y. Yang, D. Burghoff, J.
Reno, Q. Hu, and G. Wysocki, “Terahertz hyperspectral
imaging with dual chip-scale combs,” Optica, 6,766, 20109.

B.S.Williams and Q. Hu, “Terahertz Lasers,” Encyclopedia
of Modern Optics, 1,379-386, 2018.

N. Henry, D. Burghoff, Q. Hu, and J. Khurgin, “Temporal
Characteristics of Quantum Cascade Laser Frequency
Modulated Combs in Long Wave Infrared and THz
Regions,” Optics Express, vol. 26, p. 14201, 2018.

Y. Yang, A. Paulsen, D. Burghoff, J. L. Reno, and Q. Hu,
“Lateral Heterogeneous Integration of Quantum Cascade
Lasers,” ACS Photonics, vol. 5, p. 2742, 2018.

Y. Yang, D. Burghoff, J. Reno, Q. Hu, “Monolithic Het-
erogeneous Integration of Quantum Cascade Lasers,”
8th International Quantum Cascade Laser School and
Workshop (IQCLSW 2018), Cassis, France, Sep. 2-7, 2018.

A.Albo,Y.V.Flores, Q. Hu, and J. L. Reno, “Novel Split-well
Direct-phonon Terahertz Quantum Cascade Lasers,”
8th International Quantum Cascade Laser School and
Workshop (IQCLSW 2018), Cassis, France, Sep. 2-7, 2018.

Y.Yang, D. Burghoff, J. Reno, and Q. Hu, “Frequency Comb
Formation over the Entire Lasing Range of Quantum
Cascade Lasers,” CLEO 2018, San Jose, CA, May 13-18,2018.

J. Westberg, L. Sterczewski, L. Patrick, Y. Yang, D. Burghoff,
J. Reno, Q. Hu, and G. Wysocki, “Terahertz Dual-comb
Spectroscopy using Quantum Cascade Laser Frequency
Combs,” CLEO 2018, San Jose, CA, May 13-18, 2018.

B. Mirzaei, J.R. G. Silva, D. Hayton, Y. Gan, Q. Hu, A. Khalat-
pour, C. Groppi, and J. R. Gao, “Prototype 4.7 THz Array
Local Oscillator for GUSTO,” 29th IEEE International
Symposium on Space THz Technology (ISSTT2018), Pasa-
dena, CA, Mar. 26-28, 2018.

A.Khalatpour, Q. Hu,and J. L. Reno, “4.7 THz Local Oscil-
lator for GUSTO,” 29th IEEE International Symposium on
Space THz Technology (ISSTT2018), Pasadena, CA, Mar.
26-28,2018.
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Alan Jasanoff

Professor of Biological Engineering
Departments of Biological Engineering, Brain & Cognitive

Sciences, and Nuclear Science & Engineering

Next-generation brain imaging, magnetic chemistry and bioengineering, sys-
tems neuroscience and neurochemistry, molecular imaging and imaging probes.

Rm. 16-561 | 617-452-2538 | jasanoff @ mit . edu

POSTDOCTORAL ASSOCIATES
Ali Barandov, BE

Benjamin Bartelle, BE

Souparno Ghosh, BE

Peter Harvey, BE

Nan Lj, BE

Robert Ohlendorf, BE

Miriam Schwalm, BE

He Wei, BE

GRADUATE STUDENTS
Sarah Bricault, Biology
Kevin Chung, BE

Miranda Dawson, BE

Jacob Simon, BE

Agata Wisniowska, HST

UNDERGRADUATE STUDENTS
Francisco Acosta, Physics

Elena Andree, BE

Hannah Collins, BE

Jade Daher, BE

Jingxuan Fan, BCS

Shulammite Lim, BE

Justin Liu, BE

Alexandra Neeser, BE

Athena Ortega, BE

Catherine Williamson, Chemistry

VISITORS
Victoria Wu, Wellesley
Wendy Xie, Beijing University of Chinese Medicine

SUPPORT STAFF

Diane Bellestas, Administrative Assistant

SELECTED PUBLICATIONS

A. Hai, V. C. Spanoudaki, B. B. Bartelle, and A. Jasanoff,
“Wireless Resonant Circuits for the Minimally Invasive
Sensing of Biophysical Processesin Magnetic Resonance
Imaging,” Nat. Biomed Eng. 3, 69-78, (2019).

A.Barandov, B. B. Bartelle, C. G. Williamson, E. S. Loucks, S.
J.Lippard, and A. Jasanoff, “Sensing Intracellular Calcium
Ions using a Manganese-based MRI Contrast Agent,” Nat.
Commun. 10, 897, (2019).
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H. V. Nguyen, A. Detappe, N. M. Gallagher, H. Zhang, P.
Harvey, C. Yan, C. Mathieu, M. R. Golder, Y. Jiang, M. F.
Ottaviani, A. Jasanoff, A. Rajca, I. Ghobrial, P. P. Ghorogh-
chian,and J. A. Johnson, “Triply Loaded Nitroxide Brush-
Arm Star Polymers Enable Metal-free Millimetric Tumor
Detection by Magnetic Resonance Imaging,” ACS Nano
12, 11343-11354, (2018).

E.Sigmund, C. Massner, P. Erdmann, A. Stelzl, H. Rolbieski,
M. Desai, S. Bricault, T. P. Worner, J. Snijder, A. Geerlof,
H. Fuchs, M. Hrabe de Angelis, A. J. R. Heck, A. Jasanoff,
V. Ntziachristos, J. Plitzko, and G. G. Westmeyer, (2018)
“Bacterial Encapsulins as Orthogonal Compartments
for Mammalian Cell Engineering,” Nat Commun 9, (1990).

S. Okada, B. B. Bartelle, N. Li, V. Breton-Provencher, J.
J. Lee, E. Rodriguez, J. Melican, M. Sur, and A. Jasanoff,
“Calcium-dependent Molecular fMRI using a Magnetic
Nanosensor,” Nat Nanotechnol 13, 473-477, (2018).

S.Ghosh, P. Harvey, J. C. Simon, and A. Jasanoff, “Probing
the Brain with Molecular fMRI,” Curr Opin Neurobiol 50,
201-210, (2018).

H.V.Nguyen, Q.Chen, J. T. Paletta, P. Harvey, Y. Jiang, H.
Zhang, M. D. Boska, M. F. Ottaviani, A. Jasanoff, A. Rajca,
and J. A. Johnson, “Nitroxide-based Macromolecular
Contrast Agents with Unprecedented Transverse Relax-
ivity and Stability for Magnetic Resonance Imaging of
Tumors,” ACS Cent Sci 3, 800-811, (2017).

H. Wei, O. T. Bruns, M. G. Kaul, E. C. Hansen, M. Barch,
A. Wisniowska, O. Chen, Y. Chen, N. Lij, S. Okada, J. M.
Cordero, M. Heine, M., Farrar, C. T., Montana, D. M., Adam,
G.,Ittrich, H., Jasanoff, A., Nielsen, P, and M. G. Bawendi,
“Exceedingly Small Iron Oxide Nanoparticles as Positive
MRI Contrast Agents,” Proc Natl Acad Sci USA 114, 2325-
2330, (2017).

J. M. Zhuo, H. A. Tseng, M. Desai, M. E. Bucklin, A. L.
Mohammed, N. T. Robinson, E. S. Boyden, L. M. Rangel,
A.P.Jasanoff, H. J. Gritton, and X. Han, “Young Adult Born
Neurons Enhance Hippocampal-dependent Performance
via Influences on Bilateral Networks,” Elife 5, (2016).

M. Desai, A. L. Slusarczyk, A. Chapin, M. Barch, and A.
Jasanoff, “Molecular Imaging with Engineered Physiol-
ogy,” Nat. Commun. 7,13607, (2016).
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Jeehwan Kim

Class 47 Career Development Associate Professor
Department of Mechanical Engineering
Department of Materials Science & 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
Hyunseok Kim, MechE
Sungkyu Kim, MechE
Yeongin Kim, MechE
Lingping Kong, MechE
Wei Kong, MechE
Hyunseong Kum, MechE
Peng Lin, MechE

Jaewoo Shim, MechE
Hanwool Yeon, MechE

GRADUATE STUDENTS
Chanyeol Choi, EECS
Yunjo Kim, MechE
Sangho Lee, MechE
Yunpeng Liu, MechE
Kuangye Lu, MechE
Kuan Qiao, MechE

Scott Tan, MechE

UNDERGRADUATE STUDENTS

Samer Awale, MechE

Annie Bryan, CSE

Jonah Darnel, EECS

Liam Green, EECS

Junyi Michelle He, EECS

Beomseok Kang, Sungkyunkwan University
Jaeyong Lee, Yeonsei University

Jaekang Song, Yonsei University

SUPPORT STAFF

Emilie Heilig, Administrative Assistant

SELECTED PUBLICATIONS

S.-H.Bae, H. Kum, W. Kong, Y. Kim, C. Choi, B. Lee, P. Lin,
and J. Kim, “Integration of Bulk Materials with Two-di-
mensional Materials for Physical Couplings,” Nature
Materials, 2019.

J.Shim, S.-H. Bae, W.Kong, D. Lee, K. Qiao, D. Nezich, Y. Ju
Park,R.Zhao, S. Sundaram, X. Li, H. Yeon, C. Choi, H. Kum,
R. Yue, G. Zhou, Y. Ou, K. Lee, J. Moodera, X. Zhao, J.-H.
Ahn, C. Hinkle, A. Ougazzaden, and J. Kim, “Controlled
Crack Propagation for Atomic Precision Handling of
Wafer-scale Two-dimensional Materials,” Science, vol.
362, pp. 665-670, 2018.
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W. Kong, H. Li, K. Qiao, Y. Kim, K. Lee, Y. Nie, D. Lee, T.
Osadchy, R. J. Molnar, D. K. Gaskill, R. L. Myers-Ward, K.
M. Daniels, Y. Zhang, S. Sundram, Y. Yu, S.-H. Bae, S. Rajan,
Y.Shao-Horn, K. Cho, A. Ougazzaden, J. C. Grossman, and
J. Kim, “Polarity Governs Atomic Interaction through
Two-dimensional Materials,” Nature Materials, vol. 17,
Pp. 999-1004, 2018.

S.Choi, S.H. Tan, Z.Li,Y.Kim, C. Choi, P.-Y. Chen, H. Yeun,
S.Yu,and J. Kim, “SiGe Epitaxial Memory for Neuromor-
phic Computing with Reproducible High Performance
Based on Engineered Dislocations,” Nature Materials,
vol. 17, pp. 335-340, 2018.

Y.Kim,S. S. Cruz, K. Lee, B. O. Alawode, C. Choi, Y. Song,
J.M. Johnson, C. Heidelberger, W. Kong, S. Choj, 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, pp. 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 Epi-
taxial Graphene for Forming Wafer-scale, Single-domain
Graphene,” PNAS, vol. 114, pp. 4082-4086, 2017.
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Sa ng'GOOk Kim MEMS Energy harvesting, Plasmonic Solar Absorbers, Piezoelectric MEMS,

Professor Al for Design.
Department of Mechanical Engineering Rm. 1-306 | 617-452-2472 | sangkim @ mit . edu
GRADUATE STUDENTS

Haluk Akay, MechE
Zi-Xun Jia, MechE
Ruize Xu, MechE

VISITING RESEARCH STAFF

Sang-Min Yoon, Kookmin University

SUPPORT STAFF

Tony Pulsone, Administrative Assistant

SELECTED PUBLICATIONS

H. Akay, R. Xu, D. Han, T. Teo, and S.-G. Kim, “Energy
Harvesting Combat Boot for Satellite Positioning,” Micro-
machines, 9(5), 244, 2018.

R.Xu, H. Akay,and S.-G. Kim, “Micro Buckled Beam Based
Ultra-low Frequency Vibration Energy Harvester,” Hilton
Head 2018, Hilton Head Island, SC, 2018.

S.-G. Kim, S. M. Yoon, M. Yang, J. Choi, H. Akay, and E.

Burnell, “Al for Design: Virtual Design Assistance,” CIRP
Annals - Manufacturing Technology, vol. 68.1, 2019.
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Lionel C. Kimerling

Thomas Lord Professor of Materials Science & Engineering
Department of Materials Science & Engineering

MIT Microphotonics Center

Semiconductor materials: growth, perfection and materials physics; monolithic silicon
microphotonics: devices, processing, and functionality; silicon solar photovoltaics: light
trapping, multi-junction cells on Ge-on-Si platform, solar-thermal spectral splitting for
high exigency; mid-IR materials and platform integration: chalcogenide glasses, Pble,
integration on Si.

Rm. 13-4118 | 617-253-5383 | Ickim @ mit . edu

POSTDOCTORAL ASSOCIATES
Erik Verlage, MRL
Ruitao Wen, MRL

GRADUATE STUDENTS
Derek Kita, DMSE

Danhao Ma, DMSE

Eveline Postelnicu, DMSE
Peter Su, DMSE

VISITORS
Kazumi Wada, University of Tokyo

RESEARCH STAFF

Julie Diop, AIM Photonics Academy Program Manager
Kevin McComber, Assistant Director, AIM Photonics
Academy

Sajan Saini, Education Director, AIM Photonics Academy

SUPPORT STAFF

Cory W. James, Senior Administrative Assistant

SELECTED PUBLICATIONS

M. Glick, L. C. Kimerling, and R. C. Pfahl, “A Roadmap
for Integrated Photonics,” Optics and Photonics, 29 (3),
36-41,2018.

Y. Guo, J. Wang, Z. Han, K. Wada, L.C. Kimerling, A. M.
Agarwal, and L. Zhang, “Power-efficient Generation of
Two-octave mid-IR Frequency Combs in a Germanium
Microresonator,” Nanophotonics, 7(8), 1461-1467, 2018.

L. He, Y. Guo, Z. Han, K. Wada, J. Michel, A. M. Agarwal,
L. C. Kimerling and L. Zhang, “Broadband Athermal
Waveguides and Resonators for Datacom and Telecom
Applications,” Photonics Research, 6(11), 987-990, 2018.

T. W. Kim, B. R. Albert, L. C. Kimerling, and J. Michel,
“InGaP Solar Cell on Ge-on-Si Virtual Substrate for Novel
Solar Power Conversion,” J. of Applied Physics, 123(8),
085111, 2018.

C.Monmeyran,I. E.Crowe, R. M. Gwilliam, C. Heidelberger,
E. Napolitani, D. Pastor, and L. C. Kimerling, “Improved
Retention of Phosphorus Donors in Germanium using a
non-Amorphizing Fluorine co-Implantation Technique,’
J. of Applied Physics, 123(16), 161524, 2018.
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L.Hongtao, L. Zhenggian, T. Gu, L. C. Kimerling, K. Wada,
A.Agarwal,and J. Hu, “Mid-infrared Integrated Photonics
on Silicon: a Perspective,” Nanophotonics, 7(2),393-420,
2018.

D. Pastor, H. H. Gandhi, C. P. Monmeyran, A. J. Akey, R.
Milazzo,Y.Cai, L. C.Kimerling, et. al., “High Level Active
n+ Doping of Strained Germanium through co-Implanta-
tion and Nanosecond Pulsed Laser Melting," J. of Applied
Physics, 123(16), 165101, 2018.

R. Singh, D. Ma, L. C. Kimerling, A. Agarwal, and B. W.
Anthony, “Chemical Characterization of Aerosol Particles
using On-chip Photonic Cavity Enhanced Spectroscopy,’
ACS Sensors, arXiv:1806.06669, 2018.

R. Singh, P. Sy, L. C. Kimerling, A. Agarwal, and B. W.
Anthony, “Towards On-chip mid-Infrared Photonic Aero-
sol Spectroscopy,” Appl. Phys. Lett., 113, 231107, 2018.

J.Wang, Y.Guo, H. Liu, L. C. Kimerling, J. Michel, A. Agar-

wal, G.Li,and L. Zhang, “Robust Cavity Soliton Formation
with Hybrid Dispersion,” Photonics Research, 6, 647,2018.
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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
Minghui (Hill) Chiu, RLE
Xiaochuan Dai, RLE
Yunfan Guo, RLE
Qingging Ji, RLE

Xiang Ji, RLE

WeiSun Leong, RLE
Nannan Mao, RLE
JiHoon Park, RLE
Mahdi Tavakoli, RLE
Jiayuan Zhao, RLE
Jiangtao Wang, RLE

GRADUATE STUDENTS

Marek Hempel, EECS

Luiz Gustavo Pimenta Martins, Physics
Pin-chun Shen, EECS

Cong Su, NSE

Haozhe Wang, EECS

VISITORS

Huayan Si, ShiJiaZhuang Tiedao University, China
Qingwen Li, Suzhou Institute of Nanotech and Nano-
bionics, China

Weihua Mu, Wenzhou Institute of Biomaterials and
Bioengineering, China

Mengxing Sun, Tsinghua University

SUPPORT STAFF

Arlene Wint, Administrative Assistant

SELECTED PUBLICATIONS

Y. Guo, P.C. Shen, C. Su, A.Y. Lu, M. Hempel, Y. Han, Q. Ji,
Y. Lin, E. Shi, E. McVay, L. Dou, D. A Muller, T. Palacios,
J. Li, X. Ling, and J. Kong, “Additive Manufacturing of
Patterned 2D Semiconductor through Recyclable Masked
Growth,” PNAS, 116, 3437-3442, 2019.

W. S. Leong, H. Wang, J. Yeo, E. J. Martin-Martinez, A.
Zubair, P.-C. Shen, Y. Mao, T. Palacios, M. J. Buehler, J.-Y.
Hong,and J. Kong,” Paraffin-enabled Graphene Transfer,’
Nature Communications, 10, 867, 2019.

M. M. Tavakoli, P. Yadav, D. Prochowicz, M. Sponseller, A.
Osherov, V. Bulovi¢, and J. Kong, “Controllable Perovskite
Crystallization via Antisolvent Technique using Chloride
Additives for Highly Efficient Planar Perovskite Solar
Cells,” Advanced Energy Materials, 1803587, 2019.
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W.S.Leong, Q.Ji,N. Mao, Y. Han, H. Wang, A. J. Goodman,
A.Vignon, C. Su, Y. Guo, P-C. Shen, Z. Gao, D. A. Muller, W.
A.Tisdale,and J. Kong, “Synthetic Lateral Metal-semicon-
ductor Heterostructures of Transition Metal Disulfides,”
J. of the American Chemical Society, 140,12354-12358, 2018.

Z.Gao, Q. Ji, P-C. Shen, Y. Han, W. S. Leong, N. Mao, L.
Zhou, C. Su, J. Niu, X. Ji, M. M. Goulamaly, D. A. Muller,
Y. Li, and J.Kong, “In Situ-generated Volatile Precursor
for CVD Growth of a Semimetallic 2D Dichalcogenide,”
ACS applied materials & interfaces, 10, 34401-34408, 2018.

P-C.Shen,Y.Lin,H. Wang, J.-H. Park, W.S.Leong, A.-Y. Lu,
T. Palacios, and J. Kong, “CVD Technology for 2-D Materi-
als,” IEEE Transactions on Electron Devices, 99,1-13, 2018.

H.Wang, W.S.Leong, F. Hu, L. Ju,C. Su, Y. Guo, J. Li, M. Lj,
A. Huy, and J. Kong, “Low-temperature Copper Bonding
Strategy with Graphene Interlayer,” ACS Nano, doi: 10.1021/
acsnano.7b07739, 2018.

A. Giwa, S. M. Jung, M. Ahmed, W. Fang, J. Kong, and S.
W. Hasan, “Selectivity of Nanoporous MnO2 and TiO2
Membranes for Residual Contaminants in Treated Waste-
water,” Chemical Engineering Technology, doi: 10.1002/
ceat.201700376, 2018.

A.Kudo, S.M. Jung, M. S. Strano, J. Kong, and B. L. Wardle,
“Catalytic Synthesis of Few-layer Graphene on Titania
Nanowires,” Nanoscale, doi: 10.1039/C7NR05853E, 2018.

Q. Xie, M. A. Alibakhshi, S. Jiao, Z. Xu, M. Hempel, J.
Kong, H. Gyu Park, and C. Duan, “Fast Water Transport
in Graphene Nanofluidic Channels,” Nature Nanotech-
nology, doi: 10.1038/s41565-017-0031-9, 2018.

B. J. Modtland, E. Navarro-Moratalla, X. Ji, M. Baldo,
and J. Kong, “Monolayer Tungsten Disulfide (WS2) via
Chlorine-Driven Chemical Vapor Transport,” Small, doi:
10.1002/smll.201701232, 2017.

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.
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Jeffrey H. Lang

Vitesse Professor of Electrical Engineering

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

GRADUATE STUDENTS
Alan Casallas, EECS

Daibo Chen, EECS

Mingye Gu, EECS

Jinchi Han, EECS

Rakesh Kumar, EECS
Apoorva Murarka, EECS
Mark Yang, EECS

UNDERGRADUATE STUDENTS
Benjamin Cary, EECS
Daniel Sheen, EECS

SUPPORT STAFF
Donna Gale, Administrative Assistant
Arlene Wint, Administrative Assistant

SELECTED PUBLICATIONS

N. M. Monroe and J. H. Lang, “Broadband Large-scale
Acoustic Energy Harvesting via Synthesized Electrical
Load- Part I: Harvester Design and Model,” Smart Materi-
als and Structures, also https://doi.org/10.1088/1361-665X/
abl114a, 2019.

N. M. Monroe and J. H. Lang, “Broadband Large-scale
Acoustic Energy Harvesting via Synthesized Electrical
Load - Part IT: Electrical Load,” Smart Materials and Struc-
tures, also https://doi.org/10.1088/1361-665X/ab1158,2019.

A. Oliva and J. H. Lang, “General Analysis of Fibonacci
Charge Pump SSL Output Characteristics with Parasitic
Capacitances,” IEEE Transactions on Power Electronics,
also doi: 10.1109/TPEL.2019.2900468, 2019.

V. Bulovic, W. Chang, J. H. Lang, A. Murarka, and A. L.
Wang, “Tunable Light Emitting Devices and Applications
Thereof,” US Patent 10,256,596, Apr. 9, 2019.

S.Zhao, U.Radhakrishna, S. Hanly, J. Ma, J. H. Lang, and
D. Buss, “Co-optimization of a Piezoelectric Energy Har-
vesting System for Broadband Operation,” Proc. Power
MEMS 2018, Daytona Beach, FL, Dec. 4-7,2018.

Y. Yang, U. Radhakrishna, D. Ward, A. P. Chandrakasan,
and J. H. Lang, “A Silicon MEMS EM Vibration Energy
Harvester,” Proc. Power MEMS 2018, Daytona Beach, FL,
Dec. 4-7,2018.
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X.Wang, H. Wang, and J. H. Lang, “Simulation and Mod-
elling of a Spatially-efficient 3D Wireless Power Transfer
System for Multi-user Charging,” Proc. Power MEMS 2018,
Daytona Beach, FL, Dec. 4-7,2018.

J.Y.Yoon, J.H.Lang,and D. L. Trumper, “Fine-tooth Iron-
core Linear Synchronous Motor for Low Acoustic Noise
Applications,” IEEE Transactions on Industrial Electronics,
65,9895-9904, also doi:10.1109/T1E.2018.2835416, Dec. 2018.

M. G. Angle, J. H. Lang, J. L. Kirtley, Jr., S. Kim, and D.
Otten, “Modeling of Surface Permanent Magnet Motors
with Cogging and Saturation Effects Included,” IEEE
Transactions on Energy Conversion, 33, 1604-1613, also
doi: 10.1109/TEC.2018.2849926, Dec. 2018.

S.Cvijic, M. Ilic, E. Allen, and J. H. Lang, “Using Extended
AC Optimal Power Flow for Effective Decision Making,"
Proc. IEEE PES Integrated Smart Grid Technologies Europe
Conference, Sarajevo, Bosnia & Herzegovina, Oct. 21-25,
2018.

A.Dowdle,D.K. Hall, J. H. Lang, and E. Greitzer, “Electric
Propulsion Architecture Assessment via Signomial Pro-
gramming,” Proc. AIAA/IEEE Electric Aircraft Technolo-
gies Symposium, Cincinnati, OH, Jul. 12-13,2018.

V.Bulovic,J.H.Lang, H. S. Lee, T. M. Swager, T. L. Andrew,
M.E.D'Asaro, P. Deotare, A. Murarka, F. Niroui, E. Sletten,
and A.I. J. Wang, “Electromechanical Device,” US Patent
9991076, Jun. 5,2018.

U.Radhakrishna, P. Riehl, N. Desai, P. Nadeau, Y. Yang, A.
Shin, J. H. Lang, and A. P. Chandrakasan, “A Low-power
Integrated Power Converter for an Electromagnetic
Vibration Energy Harvester with 150-mV-AC Cold Startup,
Frequency Tuning, and 50-Hz AC-to-DC Conversion,”
Proc. Custom Integrated Circuits Conference, San Diego,
CA, also doi: 10.1109/CICC.2018.8357079, Apr. 8-11, 2018.

A. Shin, U. Radhakrishna, Q. Zhang, L. Gu, P. Riehl, A. P.
Chandrakasan,and J. H. Lang, “A MEMS Magnetic-based
Vibration Energy Harvester,” Proc. Power MEMS 2017,
Kanazawa, Japan, 2017, also in J. of Physics: Conference
Series, 1052, 012082, 2018, also http://iopscience.iop.org/
article/10.1088/1742-6596/1052/1/012082/pdf, Nov. 14-17,
2018.

MTL ANNUAL RESEARCH REPORT 2019



Hae-Seung Lee
ATSC Professor of Electrical Engineering & Computer Science
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
Marie Feng, EECS

Taehoon Jeong, EECS

Harneet Singh Khurana, EECS
Rishabh Mittal, EECS

Vipasha Mittal, EECS

XiYang, EECS

SUPPORT STAFF

Elizabeth Kubicki, Administrative Assistant

SELECTED PUBLICATIONS

S.Chung, P. Srivastava, X. Yang, T. Palacios,and H.-S. Lee,
“Digital Post-correction on Dynamic Nonlinearity in
GaN HEMT Track-and-Hold Sampling Circuits,” 2017 IEEE
Compound Semiconductor Integrated Circuit Symposium,
Miami, FL, Oct. 22-25, 2017.

J.Seo, S. Pietrangelo, C. G. Sodini, and H.-S. Lee, “Motion
Tolerant Unfocused Imaging of Physiological Waveforms
for Blood Pressure Waveform Estimation using Ultra-
sound,” I[EEE Transactions on Ultrasonics, Ferroelectrics,
and Frequency Control, vol. 65, pp. 776-779, May 2018.

X. Yang and H.-S. Lee, “Design of a 6th-order Continu-
ous-time Bandpass Delta-sigma Modulator with 250
MHz IF, 25 MHz Bandwidth, and over 75 dB SNDR,” 2018
IEEE International Symposium on Circuits and Systems
(ISCAS), Florence, Italy, May 2018.

H.S.Khurana, A. P. Chandrakasan, and H.-S. Lee, “Recode
then LSB-first SAR ADC for Reducing Energy and Bit-cy-
cles,” 2018 IEEE International Symposium on Circuits and
Systems (ISCAS), Florence, Italy, May 2018.

S.Chung, P. Srivastava, X. Yang, T.Palacios,and H.-S. Lee,
“Digital Post-correction of Nonlinearity with Memory
Effects in GaN HEMT Track-and-Hold Circuits for
High-performance ADCs,” Workshop on Digital Pre-Dis-
tortion and Post-Correction from DC to mmWave for
Wireline and Optical Communications, 2018 IEEE Radio
Frequency Integrated Circuits Symposium (RFIC), Phila-
delphia, PA, Jun. 2018.
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S.0Orguc, H.S.Khurana, K. M. Stankovic, H.-S. Lee,and A.
P.Chandrakasan, “EMG-based Real-time Facial Gesture
Recognition for Stress Monitoring,” 2018 40th Annual
International Conference of the IEEE Engineering in Medi-
cine and Biology Society (EMBC), pp. 26512654, Honolulu,
HI, Jun. 2018.

J. Seo, C. G. Sodini, and H.-S. Lee, “Monitoring of Pulse
Pressure and Arterial Pressure Waveform Changes
during the Valsalva Maneuver by a Portable Ultrasound
System” 2018 40th Annual International Conference of the
IEEE Engineering in Medicine and Biology Society (EMBC),
Pp. 3817- 3820, Honolulu, HI, Jun. 2018.

S. Orguc, H. S. Khurana, K. M. Stankovic, H.-S. Lee, and
A. P. Chandrakasan, “A Wavelet-based, Real-time Facial
Gesture Recognition System using EMG,’ [invited], IEEE
Life Sciences Conference (LSC), Oct. 2018.

H.Wang, J.Yang, H.-S. Lee,and S. Han, “Learning to Design
Circuits,” NeurIPS, Montreal, Canada, Dec. 2018.

S.Idaand H.-S. Lee, “Pseudo Resistance Circuit and Charge
Detection Circuit,” U.S. Patent 10,187,041, Jan. 22, 2019.
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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 associated with
micro and nanoscale dimensions for developing precision measurement methods.

Rm. 76-261| 617-253-5039 | srm (@ mit . edu

POSTDOCTORAL ASSOCIATES
Georgios (Yorgos) Katsikis, KI

Scott Knudsen, BE

Teemu Miettinen, KI

Peter Winter, KI

Ye Zhang, KI

GRADUATE STUDENTS
Bashar Hamza, EECS

Joon Ho Kang, Physics

Alex Miller, HST

Max Stockslager, MechE
Weida (Richard) Wu, BE

UNDERGRADUATE STUDENTS
Laura Bilal, BE
Kelsey DeGouveia, BE

RESEARCH SPECIALIST
Kris Payer, MTL

SUPPORT STAFF

Mariann Murray, Administrative Assistant

SELECTED PUBLICATIONS

M. R. Luskin, M. A. Murakami, S. R. Manalis, and D. M.
Weinstock, “Targeting Minimal Residual Disease: a Path
to Cure?” Nature Reviews Cancer, 18(4): 255-63, 2018.

N. L. Calistri, R. J. Kimmerling, S. W. Malinowski, M.
Touat, M. M. Stevens, S. Olcum, K. L. Ligon, and S. R.
Manalis, “Microfluidic Active Loading of Single Cells
Enables Analysis of Complex Clinical Specimens,” Nature
Communications, 9, 2018.

A.E.Cetin, M. M. Stevens, N. L. Calistri, M. Fulciniti, S.
Olcum, R. J. Kimmerling, N. C. Munshi, and S. R. Manalis,
“Determining Therapeutic Susceptibility in Multiple
Myeloma by Single-cell Mass Accumulation,” Nature
Communications, 8, 2017.

N. Cermak, J. W. Becker, S. M. Knudsen, S. W. Chisholm,
S.R. Manalis, and M. F. Polz, “Direct Single-cell Biomass
Estimates for Marine Bacteria via Archimedes’ Principle,’
ISME Journal, 11(3): 825-8, 2017.
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M. M. Stevens, C. L. Maire, N. Chou, M. A. Murakami, D. S.
Knoff, Y. Kikuchi, R. J. Kimmerling, H. W. 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-+, 2016.

R.J.Kimmerling, G. L. Szeto, J. W.Lj, A. S. Genshaft,S. W.
Kazer, K. R. Payer, J. D. Borrajo, P. C. Blainey, J. D. Irvine,
A.K.Shalek, and S. R. Manalis, “A Microfluidic Platform
Enabling Single-cell RNA-seq of Multigenerational Lin-
eages,” Nature Communications, 7, 2016.

A. M. Hosios, V. C. Hecht, L. V. Danai, M. O. Johnson, J.
C. Rathmell, M. L. Steinhauser, S. R. Manalis, and M.
G. Vander Heiden, “Amino Acids Rather than Glucose
Account for the Majority of Cell Mass in Proliferating
Mammalian Cells,” Developmental Cell, 36(5): 540-9, 2016.

V.C. Hecht, L. B. Sullivan, R. J. Kimmerling, D. H. Kim, A.
M. Hosios, M. A. Stockslager, M. M. Stevens, J. H. Kang,
D. Wirtz, M. G. Vander Heiden, and S. R. Manalis, “Bio-
physical Changes Reduce Energetic Demand in Growth
Factor-deprived Lymphocytes,” J. of Cell Biology, 212(4):
439-47,2016.

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.
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Farnaz Niroui
Assistant Professor

Department of Electrical Engineering & Computer Science

Nanofabrication techniques with a focus on achieving nanometer precision and
resolution, utilizing emerging nanomaterials. Surfaces, interfaces and forces at
the nanoscale. Active devices with applications in electromechanical systems,
optoelectronics, and quantum technologies.

Rm. 13-3005B | 617-253-0085 | fniroui @ mit . edu

GRADUATE STUDENTS
Peter Satterthwaite , EECS
Spencer (Weikun) Zhu, ChemE

SUPPORT STAFF

Catherine Bourgeois, Administrative Assistant

SELECTED PUBLICATIONS

T.W. Jones, A. Osherov, M. Alsari, M. Sponseller, B. C. Duck,
Y. Jung, E. Niroui, R. Brenes, C. Stan, Y. Li, M. Abdi-Jalebi,
N.Tamura, J. E. Macdonald, M. Burghammer, R. Friend, V.
Bulovic, A. Walsh, G. J. Wilson, S. Lilliui,and S. D. Stranks,
“Lattice Strain Causes Non-radiative Losses in Halide
Perovskites,” Energy Environ. Sci., vol. 12, pp. 596-606, 2019.

F. Niroui, M. Saravanapavanantham, T. M. Swager, J. H.
Lang,and V. Bulovic, “Fabrication of Nanoscale Structures
with Nanometer Resolution and Surface Uniformity,”
IEEE International Conference on Micro Electro Mechan-
ical Systems, pp. 659-662, 2017.

G. D. Han, K. H. Tu, E. Niroui, W. Xu, S. Zhou, X. Wang,
V. Bulovic, C. A. Ross, J. H. Warner, and J. H. Grossman,
“Photoluminescent Arrays of Nanopatterned Monolayer
MoS2,” Adv. Funct. Mater., vol. 27,1703688, 2017.

R. Brenes, D. Guo, A. Osherov, N. K. Noel, C. Eames, E. M.
Hutter, S. K. Pathak, F. Niroui, R. H. Friend, M. S. Islam,
H. J. Snaith, V. Bulovic, T. J. Savenijie, and S. D. Stranks,
“Metal Halide Perovskite Polycrystalline Films Exhibiting
Properties of Single Crystals,” Joule, vol. 1, pp.155-167, 2017.

B. Osoba, B. Saha, L. Dougherty, J. Edgington, C. Qian, F.
Niroui, J. H. Lang, V. Bulovic, J. Wu, and T. K. Liu, “Sub-50
mV NEM Relay Operation Enabled by Self-assembled
Molecular Coating,” International Electron Devices Meet-
ing, pp. 655-658, 2016.

F. Niroui, A. I. Wang, E. M. Sletten, Y. Song, J. Kong, E.
Yablonovitch, T. M. Swager, J. H. Lang, and V. Bulovic,
“Tunneling Nanoelectromechanical Switches based on
Compressible Molecular Thin Films,” ACS Nano, vol. 9,
Pp. 7886-7894, 2015.

F. Niroui, E. M. Sletten, P. B. Deotare, A. I. Wang, T. M.
Swager, J. H.Lang, and V. Bulovic, “Controlled Fabrication
of Nanoscale Gaps using Stiction,” IEEE International
Conference on Micro Electro Mechanical Systems, pp.
85-88, 2015.
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F. Niroui, P. B. Deotare, E. M. Sletten, A. I. Wang, E.
Yablonovitch, T. M. Swager, J. H. Lang, and V. Bulovic,
“Nanoelectromechanical Tunneling Switches based on
Self-assembled Molecular Layers,” IEEE International
Conference on Micro Electro Mechanical Systems, pp.
1103-1106, 2014.
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Tomas Palacios
Professor

Department of Electrical Engineering & Computer Science

Design, fabrication, and characterization of novel electronic devices and sys-
tems based on wide bandgap semiconductors and 2-D materials, polarization
& bandgap engineering, transistors for high voltage, sub-mm wave power &
digital applications

Rm. 39-567a | 617-324-2395 | tpalacios @ mit . edu

POSTDOCTORAL ASSOCIATES
Xu Zhang, MTL
Yuhao Zhang, MTL

GRADUATE STUDENTS
Nadim Chowdhury, EECS
Marek Hempel, EECS
Yuxuan Lin, EECS

Charles Mackin, EECS
Elaine McVay, EECS

Ayrton Munoz, EECS
Joshua Perozek, EECS
Pao-Chuan Shih, EECS
Qingyun Xie, EECS

Mantian Xue, EECS

Luo (Alyssa) Yiyue, EECS, CSAIL
Mengyang Yuan, EECS
Ahmad Zubair, EECS

UNDERGRADUATE STUDENTS
Ryan Catalano, EECS, UROP

Lokhin Cheng, EECS, SuperUROP
Jaeyoung Jung, EECS, UROP

Kevin Limanta, Physics, UROP

Jacob Pritzker, EECS, UROP

Jeremy Sogo, EECS, UROP

Ertem Tas, EECS, UROP

Mark Theng, EECS, UROP

Xingyu Zou, EECS, SuperUROP

VISITORS

Yuanchen Chu, Purdue University

Juan Ferrero Hernaz, Universidad Politécnica de
Madrid

Jori Lemettinen, Aalto University School
Shang-Chun Lu, Purdue University

Yilin Sun, Tsinghua University

Marisa Lopez Vallejo, Universidad Politécnica de
Madrid

Kohei Yoshizawa, DOWA

Hengyu Wang, Zhejiang University

SUPPORT STAFF

Joseph Baylon, Administrative Assistant

SELECTED PUBLICATIONS

H.Okumura, Y. Kato, T. Oshima, and T. Palacios, “Demon-
stration of Lateral Field-effect Transistors using Sn-doped
B-(AlGa) 20 3 (010),” Jap. J. of Applied Physics, vol. 58, SB,
pp. SBBD12, 2019.
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X.Zhang, J. Grajal, J. L. Vazquez-Roy, U. Radhakrishna,
X. Wang, W. Chern, L. Zhou, Y. Lin, P.-C. Shen, X. Ji, X.
Ling, A. Zubair, Y. Zhang, H. Wang, M. Dubey, J. Kong, M.
Dresselhaus, and T. Palacios, “Two-dimensional MoS2-en-
abled Flexible Rectenna for Wi-Fi-band Wireless Energy
Harvesting,” Nature, vol. 566, pp. 7744, 2019.

Q.Ma, C.H.Lui, J. C. W. Song, Y. Lin, J. F. Kong, Y. Cao, T.
H. Dinh, N. L. Nair, W. Fang, K. Watanabe, T. Taniguchi,
S.-Y.Xu, J. Kong, T. Palacios, N. Gedik, N. M. Gabor, and P.
Jarillo-Herrero, “Giant Intrinsic Photoresponsein Pristine
Graphene,” Nat. Nanotechn., vol. 14, pp. 145, 2019.

W.S Leong, H. Wang, J. Yeo, E. J. Martin-Martinez, A.
Zubair, P.-C. Shen, Y. Mao, T. Palacios, M. J. Buehler, J.-Y.
Hong, and J. Kong,'Paraffin-enabled Graphene Transfer,’
Nature Communications, vol. 10, pp. 867, 2019.

Y. Guo, T. Palacios, J. Li, X. Ling, J. Kong, et. al., “Additive
Manufacturing of Patterned 2D Semiconductor through
Recyclable Masked Growth,” National Academy of Sci-
ences, vol. 116, 9, pp. 3437-3442, 2019.

P. C. Shen, Y. Lin, H. Wang, J.-H. Park, W. S. Leong, A.-Y.
Ly, T. Palacios, and J. Kong, “CVD Technology for 2-D
Materials,” IEEE Trans. on Electron Devices., vol. 65, 10,
PP- 4040-4052, 2018.

Y. Zhang, M. Sun, J. Perozek, Z. Liu, A. Zubair, D. Piedra,
N. Chowdhury, X. Gao, K. Shepard, T. Palacios, “Large-
area 1.2-kV GaN Vertical Power FinFETs with a Record
Switching Figure of Merit,” IEEE EDL, 40,1, pp. 75-78, 2019.

Y.Chuy, S.-C.Lu, N. Chowdhury, M. Povolotskyi, G. Klimeck,
M. Mohamed, and T. Palacios, “Superior Performance of
5nm Gate Length GaN MOSFET for Digital Logic Appli-
cations,” IEEE EDL, 2019.

A. Nourbakhsh, L. Yu, Y. Lin, M. Hempel, R.-J. Shiue, D.
Englund, and T. Palacios, “Heterogeneous Integration
of 2D Materials and Devices on a Si Platform,” Beyond-
CMOS Technologies for Next Generation Computer Design
(Springer), pp. 43,2019.

J.Lemettinen, H. Okumura, T. Palacios, and S. Suihkonen,
“N-polar AIN Buffer Growth by Metal-organic Vapor
Phase Epitaxy for Transistor Applications,” Applied Phys-
ics Express, vol. 11,10, pp. 101002-1 through 101002-4, 2018.
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Negar Reiskarimian
Assistant Professor

Department of Electrical Engineering & Computer Science

Integrated circuits and systems and applied electromagnetics with a focus
on analog, RF, millimeter-Wave (mm-Wave) and optical integrated circuits,
metamaterials and systems for a variety of applications.

Rm. 39-427a| 617-253-0726 | negarr @ mit . edu

GRADUATE STUDENTS
Soroush Araei, EECS

VISITORS
Hongji Huang, Nanjing University of Posts and
Telecommunications

SUPPORT STAFF

Jami L. Mitchell, Administrative Assistant

SELECTED PUBLICATIONS

N. Reiskarimian, M. Tymchenko, A. Alu and H. Krish-
naswamy, ‘Breaking Time-Reversal Symmetry Within
Infinitesimal Dimensions Through Staggered Switched
Networks,” in Metamaterials, Sep. 2019.

A.Nagulu, N. Reiskarimian, T. Dinc and H. Krishnaswamy,
“Spatio-Temporal Conductivity Modulation: A Pathway
Towards CMOS Compatible, Low Loss, Magnetic-Free
Non-Reciprocity,” in META19, Jul. 2019.

N. Reiskarimian, A. Nagulu, T. Dinc and H. Krishnas-
wamy, ‘Non-Reciprocal Devices: A Hypothesis Turned
into Reality,” IEEE Microwave Magazine, vol. 20, no. 4,
Pp. 94-111, Apr. 2019.

N.Reiskarimian, T. Dinc, J. Zhou, T. Chen, M. Baraani Das-
tjerdi, J. Diakonikolas, G. Zussman, and H. Krishnaswamy,
“A One-Way Ramp to a Two-Way Highway: Integrated
Magnetic-Free Non-Reciprocal Antenna Interfaces for
Full Duplex Wireless,” in IEEE Microwave Magazine, vol.
20, no. 2, pp. 56-75, Feb. 2019.

M. Baraani Dastjerdji, S. Jain, N. Reiskarimian, A. Natara-
janand H. Krishnaswamy, “Full-Duplex 2x2 MIMO Circu-
lator-Receiver with High TX Power Handling Exploiting
MIMO RF and Shared-Delay Baseband Self-Interference
Cancellation,” IEEE International Solid-State Circuits
Conference (ISSCC), Feb. 2019.

N.Reiskarimian, T. Dinc, A. Nagulu and H. Krishnaswamy,
“Integrated Conductivity-Modulation-Based RF Magnet-
ic-Free Non-Reciprocal Components: Recent Results and
Benchmarking,” IEEE Antennas and Wireless Propagation
Letters (AWPL), vol. 17, no. 11, pp. 1978-1982, Nov. 2018.
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N. Reiskarimian, M. Baraani Dastjerdi, J. Zhou and H.
Krishnaswamy, “Analysis and Design of Commuta-
tion-Based Circulator-Receivers for Integrated Full-Du-
plex Wireless,” IEEE Journal of Solid State Circuits (JSSC),
vol. 53, no. 8, pp. 2190-2201, Aug. 2018.

M. Baraani Dastjerdi, T. Chen, N. Reiskarimian, G. Zuss-
man and H. Krishnaswamy, “Self-Interference Cancel-
lation via Beamforming in an Integrated Full Duplex
Circulator-Receiver Phased Array,” in IEEE International
Conference on Signal Processing and Communications
(SPCOM 2018), Jul. 2018.

M. Baraani Dastjerdi, N. Reiskarimian, T. Chen, G. Zuss-
man and H. Krishnaswamy, “Full Duplex Phased-Array
Receiver Employing Self-Interference Cancellation via
Beamforming,” in 2018 IEEE Radio Frequency Integrated
Circuits Symposium (RFIC), Jun. 2018.
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Jennifer L. M. Rupp

Professor of Electrochemical Materials at the Department of
Materials Science and Engineering

Department of Electrical Engineering and Computer Science

Electrochemical Materials

Room 8-242 | 617-253-4477 | jrupp @ mit . edu

POSTDOCTORAL ASSOCIATES
Moran Balaish, DMSE

Juan Carlos Gonzalez Rosillo, DMSE
Zachary Hood, DMSE

Kunjoong Kim, DMSE

Haemin Paik, DMSE

Katarzyna Sokol, DMSE

GRADUATE STUDENTS
Thomas Defferriere, DMSE
Willis O'Leary, DMSE

Sara Catherine Sand, DMSE
Philipp Simons, DMSE
Yuntong Zhu, DMSE

VISITORS

Wonseok Chang, MRL
Lincoln Miara, DMSE
Hyun Suk, DMSE
Masaki Wadaguchi, MRL
Eric Wang

VISITING STUDENTS

Lorenz Olbrich

Andrea Pertoldi

Steven Schenk

Eva Sediva, Swiss Federal Institue of Technology

SELECTED PUBLICATIONS

N.S.Yiizbasi, A. M. Kierzkowska, Q. Imtiaz, P. M. Abdala,
A.Kurlov,J.L. M. Rupp, and C. R. Miiller, “ZrO,-supported
Fe,O, for Chemical-Looping-Based Hydrogen Produc-
tion: Effect of pH on its Structure and Performance as
Probed by X-ray Absorption Spectroscopy and Electrical
Conductivity Measurements,” J. Phys. Chem., C, 120, pp.
18977-18985, 2016.

S.Schweiger, R. Pfenninger, W. J. Bowman, U. Aschauer,
and J. L. M. Rupp, “Designing Strained Interface Hetero-
structures for Memristive Devices,” Advanced Materials,
2017.

A. H. Bork, E. Povoden-Karadeniz, and J. L. M. Rupp,
“Modeling Thermochemical Solar-to-Fuel Conversion:
CALPHAD for Thermodynamic Assessment Studies of
Perovskites, Exemplified for, La,Sr.MnO,,” Adv. Energy
Mater., 7,2017.
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R.Schmitt, J. Spring, R. Korobko, and J. L. M. Rupp, “Design
of Oxygen Vacancy Configuration for Memristive Sys-
tems” ACS Nano, 11, 9, pp. 8881-8891, 2017.

M. Ignatowich, A. H. Bork, T. C. Davenport, J. L. M. Rupp, C.
K.Yang,Y.Yamazaki,and S. M. Haile, “Impact of Enhanced
Oxide Reducibility on Rates of Solar-driven Thermo-
chemical Fuel Production,” MRS Communication, 7, pp.
873-878, 2017.

J. Van den Broek, J. L. M. Rupp, and S. Afyon, “Boosting
the Electrochemical Performance of Li-garnet based
All-Solid-State Li-ion Batteries with Li, Ti O,, Electrode:
Routes to Cheap and Large Scale Ceramic Processing,” J.

of Electroceramics, 38, 2-4, pp. 182-188, 2017.

J. L. M. Rupp, D. Rettenwander, J. Kilner, and M. Doeff,
“Editorial for the JECR Special Issue on All Solid-state
Batteries,” J. of Electroceramics, 38, 2-4, pp. 125-127, 2017.

J. L. M. Rupp, I. Valov, and D. Ielmini “Editorial for the
JECR Special Issue on Resistive Switching: Oxide Mate-
rials, Mechanisms, and Devices,” J. of Electroceramics,
38,1-4,1-3,2017.

E. Gilardji, E. Fabbri, L. Bi, J. L. M. Rupp, T. Lippert, D.
Pergolesi,and E. Traversa, “Effect of Dopant — Host Ionic
Radii Mismatch on Acceptor Doped Barium Zirconate
Microstructure and Proton Conductivity,” J. of Physical
Chemistry, C, 121, 18, 9786-9747, 2017.

Y. Shi, I. Garbayo, P. Muralt, and J. L. M. Rupp, “Micro-
solid State Energy Conversion Membranes: Influence of
Doping and Strain on Oxygen Ionic Transport and Near
Order for Electrolytes,” J. of Materials Chemistry, A, 5, pp.
3900-3908, 2017.

M. Kubicek, A. H. Bork, and J. L. M. Rupp, “Perovskite
Oxides— A Review on a Versatile Material Class for Solar-
to-Fuel Conversion Processes,” J. of Materials Chemistry,
A, 5, pp. 11983-12000, 2017.

M. Rawlence, A. N. Filippin, A. Wackerlin, T.-Y. Ling, E.
Cuervo-Reyes, A. Remhof, C. Battaglia, J. L. M. Rupp,
and S. Buecheler, “The Effect of Gallium Substitution
on Lithium Ion Conductivity and Phase Evolution in
Sputtered Li,,,Ga,La,Zr,0,, Thin Films,” ACS Materials
and Interfaces, 10, 16, pp. 13720-13728, 2018.
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Michael P. Short

Class of 1942 Career Development Associate Professor

Department of Nuclear Science & Engineering

Corrosion, fouling, radiation damage, picosecond ultrasonics, alloy develop-
ment for advanced reactors and clean energy systems.

Rm. 24-204 | 1-617-347-7763 | hereiam @ mit . edu

RESEARCH SCIENTISTS
Akshay Dave, NRL
Bren Philips, NSE

POSTDOCTORAL ASSOCIATES
Sara Ferry, NSE

Kangpyo So, NSE

Cigdem Toparli, NSE/DMSE

GRADUATE STUDENTS
Saleem Aldajani, NSE

Max Carlson, NSE

Rachel Connick, NSE
Benjamin Dacus, NSE

Cody Dennett, NSE

Charles Hirst, NSE
Miaomiao Jin, NSE

Lige Liu, NSE

Julie Logan, NSE

Samuel McAlpine, NSE
Sean Robertson, NSE
Mohammad Shahin, NSE
Weiyue Zhou, NSE

William Yu Ren Zhou, DMSE

UNDERGRADUATE STUDENT
Myles Stapelberg, NSE

SUPPORT STAFF

Rachel Batista, Administrative Assistant

SELECTED PUBLICATIONS

Jin, M,, Cao, P,, and Short, M. P, “Mechanisms of Grain
Boundary Migration and Growth in Nanocrystalline
Metals under Irradiation,” Scripta Mater.,163:66-70, 2019.

Dennett,C. A.,Buller, D., Hattar, K.,and Short, M. P., “Real-
time Thermomechanical Property Monitoring during
Ion Beam Irradiation using in situ Transient Grating
Spectroscopy,” NIMB, 440:126-138, 2019.

Zhou, W.,Woller,K.B., Zheng, G., Stahle, P.,and Short, M. P,
“A Simultaneous Corrosion/Irradiation Facility for Test-
ing Molten Salt-facing Materials,” NIMB, 440:54-59, 2019.

Hofmann, F., Short, M. P., and Dennett, C. A., “Transient

Grating Spectroscopy: An Ultrarapid, Nondestructive
Materials Evaluation Technique,” MRS-B, 44:392-402,2019.
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Jin, M., Cao, P, Yip,S.,and Short, M. P, “Radiation Damage
Reduction by Grain-boundary Biased Defect Migration
in Nanocrystalline Cu,” Acta Mater., 155:410-417, 2018.

Jin, M., Permann, C.,and Short, M. P, “Breaking the Power
Law: Multiscale Simulations of Self-ion Irradiated Tung-
sten,” J. Nucl. Mater., 504:33-40, 2018.

Dennett, C. A.and Short, M. P, “Thermal Diffusivity Deter-
mination using Heterodyne Phase Insensitive Transient
Grating Spectroscopy,” J. Appl. Phys.,123:215109, 2018.

Jin, M., Cao, P.,and Short, M. P, “Thermodynamic Mixing
Energy and Heterogeneous Diffusion uncover the Mech-
anisms of Radiation Damage Reduction in Single-phase
Ni-Fe alloys,” Acta Mater., 147:16-23, 2018.

Dumnernchanvanit, I., Mishra, V., Robertson, S., Zhang,
N., Delmore, A., Mota, G., Hussey, D., Byers, A., Wang, G.,
and Short, M. P, “The Fractalline Properties of Exper-
imentally Simulated PWR Fuel Crud,” J. Nucl. Mater.,
499:294-300, 2018.

Dennett, C. A, So, K., Kushima, A., Buller, D, Hattar, K.,
and Short, M. P,, “Detecting Self-ion irradiation-induced
Void Swelling in Pure Copper using Transient Grating
Spectroscopy,” Acta Mater.,145:496-503, 2018.

Yang,Y.,Short, M. P,,and Li, J., “Monte Carlo Simulation of
PKA Distribution along Nanowires under Ion Radiation,”
Nucl. Eng. Des., 340:300-307, 2018.

Schaefer, C., Ortega, M., Kupwade-Patil, K., Soriano, C.,
Biiyiikoztiirk, O., White, A., and Short, M. P. “Irradiated
Recycled Plastic as a Concrete Additive for Improved
Chemo-mechanical Properties and Lower Carbon Foot-
print,” Waste Manag., 71:426-439, 2018.

Dumnernchanvanit, I, Zhang, N., Delmore, A., Robertson,
S.,Carlson, M., Hussey, D.,and Short, M. P, “Initial Exper-
imental Evaluation of Crud-resistant Materials for Light
Water Reactors,” J. Nucl. Mater., 498:1-8, 2018.

Yang, Y., Li Y., Short,M. P, Kim, C.,Berggren, K.,and Li, J.,
“Nano-beam and Nano-target Effects in Ion Radiation,”
Nanoscale, 10:1598-1606, 2018.
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Max M. Shulaker

Assistant Professor
Emanuel E. Landsman Career Development Chair

Department of Electrical Engineering and Computer Science

anosystems, emerging nanotechnologies, monolithic three-dimensional inte-
N ystems, technol 3 lithic th d l'int
gration, carbon nanotubes, heterogeneous integration

Rm. 38-567 | 617-324-2730 | shulaker @ mit . edu

POSTDOCTORAL ASSOCIATES
Gage Hills, MTL

GRADUATE STUDENTS
Tathagata Srimani, EECS
Mindy Bishop, HST
Christian Lau, EECS

Pritpal Kanhay, EECS
Rebecca Ho, EECS

Aya Amer, EECS

Minghan Chao, EECS
Andrew Yu, EECS

SUPPORT STAFF

Joanna Maclver, Administrative Assistant

SELECTED PUBLICATIONS

P.Kanhaiya, C. Lau, G. Hills, M. Bishop,and M. M. Shulaker,
“1Kbit 6T SRAM Arraysin Carbon Nanotube FET CMOS”
Symposium on VLSI Technology (VLSI-Technology) : Digest
of Conference. (2019):1-2.

T.Srimani, G. Hills, C. Lau,and M. M. Shulaker, “Monolithic
Three-Dimensional Imaging System: Carbon Nanotube
Computing Circuitry Integrated Directly Over Silicon
Imager” Symposium on VLSI Technology (VLSI-Technol-
ogy): Digest of Conference. (2019):1-2.

A. G. Amer, R. Ho, G. Hills, A. P. Chandrakasan, and M.
M. Shulaker “SHARC: Self-Healing Analog with RRAM
and CNFETs,” IEEE International Solid-State Circuits
Conference (ISSCC). 2019: 470-472.

T. Srimani, G. Hills, M. D. Bishop, and M. M. Shulaker
“30-nm Contacted Gate Pitch Back-Gate Carbon Nano-
tube FETs for Sub-3-nm Nodes” IEEE Transactions on
Nanotechnology [1536125X] 18. (2019): 132-138.

C.Lau, T. Srimani, M. D. Bishop, G. Hills, and M. M. Shu-
laker “Tunable n -Type Doping of Carbon Nanotubes
through Engineered Atomic Layer Deposition HfO X
Films" ACS Nano [19360851] 12.11 (2018): 10924-10931.

P. S. Kanhaiya, Y. Stein, W. Lu, J. A. del Alamo, and M.
M. Shulaker “X3D: Heterogeneous Monolithic 3D Inte-
gration of “X"(Arbitrary) Nanowires: Silicon, III-V, and
Carbon Nanotubes” IEEE Transactions on Nanotechnol-
ogy (TNANO) 18 (2019): 270-273.
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T.Srimani, G. Hills, X. Zhao, D. Antoniadis, J. A. del
Alamo,and M.M. Shulaker, “Asymmetric Gating for
Reducing Leakage Current in Carbon Nanotube
Field-Effect Transistors,” Applied Physics Letters
(APL) (2019): accepted.

R. Ho, C. Lau, G. Hills, and M. M. Shulaker “Carbon
Nanotube CMOS Analog Circuitry,” IEEE Transac-
tions on Nanotechnology (TNANO), 2019: 1-4.

P.S.Kanhaiya, G. Hills, D. A. Antoniadis, and M. M.
Shulaker “DISC-FETs: Dual Independent Stacked
Channel Field-Effect Transistors” IEEE Electron
Device Letts. [07413106] 39.8 (2018): 1250-1253.
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Charles G. Sodini

LeBel Professor

Department of Electrical Engineering & 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
Sam Fuller, Analog Devices, Inc.
Joohyun Seo, Analog Devices, Inc.

GRADUATE STUDENTS
Kyle Beeks, EECS
Marie Feng, EECS

SUPPORT STAFF

Kathleen Brody, Administrative Assistant

SELECTED PUBLICATIONS

H.-Y. Lai, G. Saavedra-Pefia, C.G. Sodini, T. Heldt, and
V. Sze, “Enabling Saccade Latency Measurements with
Consumer-grade Cameras,” Proc. of the IEEE International
Conference on Image Processing, pp. 3169-3173, 2018.

M. Delano and C. Sodini, “Evaluating Calf Bioimpedance
Measurements for Fluid Overload Management in a
Controlled Environment,” Physiological Measurement,
vol. 39, no. 12, p. 125009, 2018.

M. K. Delano and C. G. Sodini, “Electrode Placement for
Calf Bioimpedance Measurements During Hemodialy-
sis,” Engineering in Medicine and Biology Conference, pp.
5910-5913, Jul. 2018.

J.Seo. S. Pietrangelo, C. G. Sodini, and H.-S. Lee, “Motion
Tolerant Unfocused Imaging of Physiological Waveforms
for Blood Pressure Waveform Estimation using Ultra-
sound,” I[EEE Transactions on Ultrasonics, Ferroelectrics,
and Frequency Control, vol. 65,no.5, pp. 766-779, May 2018.

S. Pietrangelo, H.-S. Lee, and C. G. Sodini, “A Wearable
Transcranial Doppler Ultrasound Phased-array System,”
Acta Neurochirurgica Supplement, vol. 126, pp. 111-114, 2018.

K. Chen, “A Column-Row-Parallel Ultrasound Imaging
Architecture for 3-D Plane-wave Imaging and Tx Sec-
ond-order Harmonic Distortion Reduction,” IEEE Trans-
actions on Ultrasonics, Ferroelectrics, and Frequency
Control, vol. 65, no. 5, pp. 828-843, May 2018.
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Yogesh Surendranath

Paul M. Cook Career Development Professor
Assistant Professor of Chemistry
Department of Chemistry

Inner-sphere electrochemistry, organic-inorganic hybrid interfaces, and inter-
facial reactivity at phase boundaries for chemical catalysis, energy storage and
utilization, and environmental stewardship.

Rm. 18-292 | 617-253-2664 | yogi @ mit . edu

POSTDOCTORAL ASSOCIATES
Ryan Bisbey, Chemistry

Michael Pegis, Chemistry

Marcel Schreier, Chemistry

Patrick Smith, Chemistry

GRADUATE STUDENTS
An Chu, Chemistry

William Howland, Chemistry
Megan Jackson, Chemistry
Onyu Jung, Chemistry

Corey Kaminsky, Chemistry
Soyoung Kim, Chemistry
Noah Lewis, Chemistry
Andrew Licini, Chemistry
Travis Marshall-Roth, Chemistry
Jonathan Melville, Chemistry
Seokjoon Oh, Chemistry
Jeffery Rosenberg, Chemistry
Jaeyune Ryu, Chemistry
Bryan Tang, Chemistry
James Toh, Chemistry

Thejas Wesley, ChemE

Bing Yan, Chemistry

UNDERGRADUATE STUDENTS
Alexander Alabugin, Chemistry
Zachary Chin, Chemistry

Alex Liu, Chemistry

VISITORS
Ceyla Asker, FAU
Asmaul Hoque, ICIQ

SUPPORT STAFF

Joanne Baldini, Administrative Assistant

SELECTED PUBLICATIONS

J. Ryu, A. Wuttig, and Y. Surendranath, “Quantification
of Interfacial pH Variation at Molecular Length Scales
using a Concurrent Non-faradaic Reaction,” Angew. Chem.
Int. Ed., vol. 57, pp. 9300, 2018.

M. Schreier, Y. Yoon, M. N. Jackson, and Y. Surendranath,
“Competition between H and CO for Active Sites Gov-
erns Copper-mediated Electrosynthesis of Hydrocarbon
Fuels,” Angew. Chem. Int. Ed., vol. 57, pp. 10221, 2018.
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M. N.Jackson,O.Jung,H.C. Lamotte,and Y. Surendranath,
“Donor-dependent Promotion of Interfacial Proton-cou-
pled Electron Transfer in Aqueous Electrocatalysis,” ACS
Catal., vol. 9, pp. 3737, 2019.

C. J. Kaminsky, J. Wright, and Y. Surendranath, “Graph-
ite-conjugation Enhances Porphyrin Electrocatalysis,”
ACS Catal., vol. 9, pp. 3667,2019.

M.N.Jackson, M. L. Pegis, Y. Surendranath, “Graphite-con-
jugated Acids Reveal a Molecular Framework for Pro-
ton-Coupled Electron Transfer at Electrode Surfaces,”
ACS Cent. Sci., ASAP, 2019.
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Vivienne Sze
Associate Professor of Electrical Engineering & Computer Science

Department of Electrical Engineering & Computer Science

Joint design of signal processing algorithms, architectures, VLS and systems
for energy-efficient implementations. Applications include computer vision,
machine learning, autonomous navigation, 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 (co-advised with Thomas Heldt)
Peter Li, EECS, Department Fellowship (co-advised
with Sertac Karaman)

James Noraky, EECS

Gladynel Saavedra Pena, EECS (co-advised with
Thomas Heldt)

Soumya Sudhakar, AeroAstro (co-advised with Sertac
Karaman)

Amr Suleiman, EECS, ODGE Fellowship

Yannan Nellie Wu, EECS, Department Fellowship
(co-advised with Joel Emer)

Tien-Ju Yang, EECS

Zhengdong Zhang, EECS

UNDERGRADUATE STUDENTS
Alan Cheng, EECS
Diana Wofk, EECS

SUPPORT STAFF

Janice L. Balzer, Administrative Assistant

SELECTED PUBLICATIONS

Z.Zhang, T. Henderson, V. Sze, and S. Karaman, “FSMI:
Fast Computation of Shannon Mutual Information for
Information-theoretic Mapping,” IEEE International Con-
ference on Robotics and Automation (ICRA), 2019.

D. Wofk* F.Ma* T.-J.Yang, S. Karaman, and V. Sze, “Fast-
Depth: Fast Monocular Depth Estimation on Embedded
Systems,” IEEE International Conference on Robotics and
Automation (ICRA), 2019.

A.Suleiman, Z.Zhang, L. Carlone, S. Karaman, and V. Sze,
“Navion: A2mW Fully Integrated Real-time Visual-inertial
Odometry Accelerator for Autonomous Navigation of
Nano Drones,” IEEE J. of Solid-State Circuits (JSSC), VLSI
Symposia Special Issue, vol. 54, No. 4, pp. 1106-1119, 2019.

J. Noraky and V. Sze, “Depth Estimation of non-Rigid
Objects for Time-Of-Flight Imaging,” IEEE International
Conference on Image Processing (ICIP), 2018.

H.-Y.Lai, G. Saavedra Pefia, C. Sodini, T. Heldt, and V. Sze,
“Enabling Saccade Latency Measurements with Con-
sumer-Grade Cameras,” IEEE International Conference
on Image Processing (ICIP), 2018.
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T.-J.Yang, A.Howard, B. Chen, X. Zhang, A. Go, M. Sandler,
V.Sze, and H. Adam, “NetAdapt: Platform-aware Neural
Network Adaptation for Mobile Applications,” European
Conference on Computer Vision (ECCV), 2018.

A.Suleiman,Z.Zhang, L. Carlone, S. Karaman, and V. Sze,
“Navion: An Energy-efficient Visual-inertial Odometry
Accelerator for Micro Robotics and Beyond,” IEEE Hot
Chips: A Symposium for High-performance Chips, 2018.

M. Tikekar, V. Sze, and A. P. Chandrakasan, “A Fully-in-
tegrated Energy-efficient H.265/HEVC Decoder with
eDRAM for Wearable Devices,” IEEE Journal of Solid State
Circuits (JSSC), vol. 53, No. 8, pp. 2368-2377, 2018.

G. Saavedra Pefia, H.-Y. Lai, V. Sze, and T. Heldt, “Deter-
mination of saccade latency distributions using Video
Recordings from Consumer-grade Devices,” IEEE Inter-
national Engineering in Medicine and Biology Conference
(EMBC), 2018.

A.Suleiman,Z.Zhang, L. Carlone, S. Karaman, and V. Sze,
“Navion: A Fully Integrated Energy-efficient Visual-in-
ertial Odometry Accelerator for Autonomous Naviga-
tion of Nano Drones,” IEEE Symposium on VLSI Circuits
(VLSI-Circuits), 2018.

*authors contributed equally
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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. 13-2098 | 617-253-7652 | cthomp @ mit. edu

RESEARCH SCIENTIST
Wardhana Sasangka, SMART

POSTDOCTORAL ASSOCIATES
Michael Chon, MRL

Pushpendra Kumar, SMART
Baoming Wang, MRL

Xinghui Wang, SMART

GRADUATE STUDENTS
Maxwell L'Etoile, DMSE
Jinghui, Miao, DMSE

Yoon Ah Shin, DMSE

Lin Xu, DMSE

Gao Yu, NTU

VISITORS

Daniel Nezich, Lincoln Laboratory

Daniele Perego, Paul Scherer Institute, SMART
Mark Polking, Lincoln Laboratory

Annie Weathers, Lincoln Laboratory

SUPPORT STAFF

Sarah Ciriello, Administrative Assistant

SELECTED PUBLICATIONS

P. A. Linford, L. Xu, B. Huang, Y. Shao-Horn, and C. V.
Thompson, “Multi-cell Thermogalvanic Systems for Har-
vesting Energy from Cyclic Temperature Changes,” J. of
Power Sources, vol. 399, pp. 429, 2018.

J.Miao and C. V. Thompson, “Kinetic Study of the Initial
Lithiation of Amorphous Silicon Thin Film Anodes,” J.
of the Electrochemical Society, vol. 165 (3) pp. A650, 2018.

H. K. Mutha, H. J. Cho, M. Hashempour, B. L. Wardle, C.
V.Thompson, and E. N. Wang, “Salt Rejection in Flow-be-
tween Capacitive Deionization Devices,” Desalination,
vol. 437, pp. 154, 2018.

D. Perego, J. H. S. Teng, X. Wang, Y. Shao-Horn, and C. V.
Thompson, ‘High-performance Polycrystalline RuO,
Cathodes for Thin Film Li-ion Batteries, Electrochimica
Acta, vol. 283, pp. 228,2018.

W. A. Sasangka, Y. Gao, C. L. Gan, and C. V. Thompson,
“Impact of Carbon Impurities on the Initial Leakage
Current of AlGaN/GaN High Electron Mobility Transis-
tors,” Microelectronics Reliability, vol. 88-90, pp. 393,2018.
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Harry L. Tuller

R. P. Simmons Professor of Ceramics and Electronic Materials

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, MRL
Clement Nicollet, MRL

GRADUATE STUDENTS
Thomas Defferriere, DMSE
Chang Sub Kim, DMSE
Sunho Kim, DMSE

VISITORS

Alexis Grimaud, CNRS Paris

George Harrington, Kyushu University

Tamar Kadosh, Rafael Advanced Defense Systems
Dino Klotz, Kyushu University

Taro Ueda, Nagasaki University

SUPPORT STAFF

Hilary Sheldon, Administrative Assistant

SELECTED PUBLICATIONS

A.J. Tan, M. Huang, C. O. Avci, F. Buettner, M. Mann, W.
Hu, C. Mazzoli, S. Wilkins, H. L. Tuller, and G. S. D. Beach,
“Magneto-ionic Control of Magnetism using a Solid-State
Proton Pump,” Nature Materials,18,35-41, doi.org/10.1038/
$41563-018-0211-5, 2019.

J.Wang, N. H. Perry, L. Guo, L. Vayssieres, and H. L. Tuller,
“Onthe Theoretical and Experimental Control of Defect
Chemistry, Electrical and Photoelectrochemical Prop-
erties of Hematite Nanostructures,” ACS Appl. Mater.
Interfaces, 11(2),2031-2041, doi:10.1021/acsami.8b16911,2019.

G. F. Harrington, L. Sun, BYildiz, K. Sasaki, N. H. Perry,
and H. L. Tuller, “The Interplay and Impact of Strain
and Defect Association on the Conductivity of Rare
Earth Substituted Ceria,” Acta Materialia, 166, 447-458,
doi.org/10.1016/j.actamat.2018.12.058, Mar. 2019.

C.Nicollet, D.Kalaev,and H. L. Tuller, “Mixed Conductiv-
ity and Oxygen Surface Exchange Kinetics of Lantha-
num-praseodymium Doped Cerium Dioxide,” Solid State
Ionics, 331, 96-101, doi.org/10.1016/].55i.2019.01.003, 2019.

N. H. Perry, N. Kim, E. Ertekin, and H. L.Tuller, “Origins
and Control of Optical Absorption in a non-Dilute Oxide
Solid Solution: Sr(Ti,Fe)O3-x Perovskite Case Study,’
Chem. Mater., 31 (3), 1030-1041, doi:10.1021/acs.chemma-
ter.8b04580, 2019.
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C.-S. Kim, S. R. Bishop, and H. L. Tuller, “Electro-che-
mo-mechanical Studies of Perovskite-structured Mixed
Ionic-electronic Conducting SrSn, ,Fe O, .5 Part II:
Electrical Conductivity and Cathode Performance,” J. Elec-

troceram., 40 [1], 57-64,d0i:10.1007/s10832-017-0098-6, 2018.

J.M. Polfus, B.Yildiz, H. L. Tuller, and R. Bredesen, “Adsorp-
tion of CO, and Facile Carbonate Formation on BaZrO,
Surfaces,” J. Phys. Chem. C, 122, 307-314, doi:10.1021/acs.
jpcc.7b08223,2018.

J. G. Swallow, J. Lee, T. Defferriere, G. M. Hughes, S. N.
Raja, H. L. Tuller, J. H. Warner, and K. J. Van Vliet, “Atomic
Resolution Imaging of Nanoscale Chemical Expansion
in Pr,Ce O, ; During In Situ Heating,” ACS Nano. 12,

1359-1372, doi:10.1021/acsnano.7b07732, 2018.

N. H. Perry, J. J. Kim, and H . L. Tuller, “Oxygen Surface
Exchange Kinetics Study by Simultaneous Impedance
Spectroscopy and Optical Transmission Relaxation:
Sr(Ti,Fe)O,_, Thin Film Case Study, Focus Issue on Car-
bon-neutral Energy Science and Technology,” J. Science
and Technology of Advanced Materials (STAM),19 [1]130-
141, doi:10.1080/14686996.2018.1430448, 2018.

S. Schmidtchen, H. Fritze, S. Bishop, D. Chen, and H. L.
Tuller, “Chemical Expansion of Praseodymium-cerium
Oxide Films at High Temperatures by Laser Doppler
Vibrometry,” Solid State Ionics, 319, 61-67, doi:org/10.1016/j.
$51.2018.01.033, 2018.

D.Kalaev, H. L. Tuller,and I. Riess, “Measuring Ionic Mobil-
ity in Mixed-Ionic-Electronic-Conducting Nano-Dimen-
sioned Thin Films at Near Ambient Temperatures,” Solid
State Ionics, 319, 291-295, doi:org/10.1016/j.551.2018.02.021,
2018.

T. M. Huber, E. Navikas, K. Sasaki, B. Yildiz, H. Hutter,
H. L. Tuller, and J. Fleig, “Interplay of Grain Size Depen-
dent Electronic and Ionic Conductivity in Electrochem-
ical Polarization Studies on Sr-Doped LaMnO, (LSM)
Thin Film Cathodes,” J. Electrochem. Soc., 165 (9) F1-F8,
doi:10.1149/2.1081809jes, 2018.

Q.Luy,S.R.Bishop,D.Lee,S.Lee, H. Bluhm, H. L. Tuller, H. N.
Lee, and BYildiz, “Electrochemically Triggered Metal-In-
sulator-Transition between VO, and V,0,," Advanced Func
Mat. 28, [34],1803024, doi.org/10.1002/adfm.201803024,2018.
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Krystyn J. Van Vliet

Associate Provost

Michael (1949) and Sonja Koerner Professor of Materials Science
and Engineering Department of Materials Science and Engineering

Department of Biological Engineering

Material chemomechanics through both experiments and simulations among
three main efforts: Chemomechanics at the cell-material interface, Chemo-
mechanics of complex gels, and Chemomechanics of defected crystals and
nanocomposite interfaces.

Rm. 8-237 | 617-253-3315 krystyn @ mit . edu

RESEARCH SCIENTIST
Anna Jagielska, BE

GRADUATE STUDENTS
Yen-Ting Chi, DMSE

Daniela Espinosa-Hoyos, ChemE
Alex Mijailovic, MechE

SUPPORT STAFF

Kathryn E. Simmons, Administrative Assistant

SELECTED PUBLICATIONS

D. A.Rennerfeldt, J. S. Raminhos, S. M. Leff, P. Manning,
and K. J.Van Vliet, “Emergent Heterogeneity in Putative
Mesenchymal Stem Cell Colonies: Single-cell Time Lapsed
Analysis,” PLOS ONE 14(4), 2019.

V. A.Ganesh, B. Kundukad, D. Cheng, S. Radhakrishnan,
S. Ramakrishna, and K. J. Van Vliet, “Engineering Sil-
ver-zwitterionic Composite Nanofiber Membrane for
Bacterial Fouling Resistance,” J. Appl Polym. Sci.136,2019.

B. Qing, E. P. Canovic, A. S. Mijailovic, A. Jagielska, M. J.
Whitfield, A. Lowe, E. H. Kelly, D. Turner, M. Sahin, and
K.J.Van Vliet, “Probing Mechanical Properties of Brain
in a Tuberous Sclerosis Model of Autism,” J. Biomech.
Eng. 141, 2019.

E.D.Liu, K. Tam, N. Pishesha, Z. Poon, and K. J. Van Vliet,
“Improving Hematopoietic Recovery through Modeling
and Modulation of the Mesenchymal Stromal Cell Secre-
tome,” Stem Cell Res. Ther., 9,2018.

E.P.McGrogan, S. N.Raja, Y.-M. Chiang,and K. J. Van Vliet,
“Electrochemomechanical fatigue: Decoupling Mecha-
nisms of Fracture-induced Performance Degradationin
LiXMn204," J. Electrochem. Soc., 165 A2458-A2466, 2018.

A.S.Mijailovic, B. Qing, D. Fortunato, and K. J. Van Vliet,
“Characterizing Viscoelastic Mechanical Properties of
Highly Compliant Polymers and Biological Tissues using
Impact Indentation,” Acta Bio, 2018.
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E. Makhija, A. Jagielska, L. Zhu, A. Bost, W. Ong, S. Y.
Chew, G. V. Shivashankar, and K. J. Van Vliet, “Mechanical
Strain Alters Cellular and Nuclear Dynamics at Early
Stages of Oligodendrocyte Differentiation,” Front. Cell.
Neurosci., 2018.

J.G.Swallow, J.K.Lee, T. Defferriere, G. M. Hughes, S. N.
Raja, H. L. Tuller, J. H. Warner, and K. J. Van Vliet, “Atomic
Resolution Imaging of Nanoscale Chemical Expansion
in PrxCe1-x02-8 during In Situ Heating,” ACS Nano, 2018.

D. Espinosa-Hoyos, A. Jagielska, K. A., Homan, H. Du, T.
Busbee, D. G. Anderson, N. X. Fang, J. A. Lewis, and K. J.
Van Vliet, “Engineered 3D-Printed Artificial Axons,” Sci.
Rep. 8. 478, 2018.
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Luis Fernando Velasquez-Garcia
Principal Research Scientist

Microsystems Technology Laboratories

Micro- and nano-enabled multiplexed scaled-down systems that exploit high elec-
tric field phenomena; powerMEMS; additively manufactured MEMS/NEMS. Ac-
tuators, cold cathodes, nanosatellite propulsion, ionizers, microplasmas, portable

mass spectrometry, pumps, sensors, X’FG)/ sources.

Rm. 39-415B | 617-253-0730 | Ifvelasq @ mit . edu

POSTDOCTORAL ASSOCIATE
Chenye Yang, MTL

GRADUATE STUDENTS
Ashley L. Beckwith, MechE
Yosef S. Kornbluth, MechE
Zhumei Sun, MechE

UNDERGRADUATE STUDENT
Sharon Lin, EECS

VISITORS

Brenda Garcia Farrera, Tecnolégico de Monterrey
Dulce Viridiana Melo Maximo, Tecnoldgico de Monterrey
Imperio Anel Perales Martinez, Tecnolégico de Monterrey
Emmanuel Segura Cardenas, Tecnoldgico de Monterrey
Alan Osiris Sustaita Narvaez, Tecnolégico de Monterrey
Anthony Taylor, Edwards Vacuum

SUPPORT STAFF

Jami L. Mitchell, Administrative Assistant

SELECTED PUBLICATIONS
Y. Kornbluth, R. H. Mathews, L. Parameswaran, L. Racz,
and L. F. Velasquez-Garcia, “Room-temperature, Atmo-
spheric-pressure Deposition of Dense, Nanostructured
Metal Films via Microsputtering,” Nanotechnology, Vol.
30, no. 28,285602 (10pp), Jul. 2019.

A. P. Taylor, C. Vélez Cuervo, David Arnold, and L. F.
Velasquez-Garcia, “Fully 3D-Printed, Monolithic Mag-
netic Actuators for Low-Cost, Compact Systems,” J. of
Microelectromechanical Systems, vol. 28, no. 3, pp. 481
-493, Jun. 2019.

A.L.Beckwith, L. F. Velasquez-Garcia, and J. T. Borenstein,
“A 3D-Printed Microfluidic for Patient-specific Assess-
ment of Immunotherapy Efficacy,” Advanced Healthcare
Materials, vol. 8, no. 11,1900289 (6pp), Jun. 2019.

B.Garcia-Farrera and L. F. Velasquez-Garcia, “Near-room
Temperature Direct Writing of Ultrathin Zinc Oxide
Piezoelectric Films via Near-field Electrohydrodynamic
Jetting for High-frequency Flexible Electronics,” [pre-
sented] 20th International Conference on Solid-State
Sensors, Actuators, and Microsystems (Transducers
2019-Eurosensors XXXIII), Berlin, Germany, June 23-27,
2019.
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C.Yangand L. F. Velasquez-Garcia, “Low-cost, Additively
Manufactured Electron Impact Gas Ionizer with CNT
Field Emission Cathode for Compact Mass Spectrome-
try," J. of Physics D-Applied Physics, vol. 52, no. 7, 075301,
p. 9, Feb. 2019.

Y. Kornbluth, R. Mathews, L. Parameswaran, L. M. Racz,
and L. F. Velasquez-Garcia, “‘Room-temperature Printing
of Micronscale-wide Metal Lines for Microsystems via
Atmospheric Microsputtering,” Technical Digest 32nd
Conference on Micro Electro Mechanical Systems (MEMS
2019), Seoul, South Korea, January 27-31, 2019.

Z. Sun, G. Vladimirov, E. Nikolaev, and L. F. Velasquez-
Garcia, “Exploration of Metal 3-D Printing for the Micro-
fabrication of Freeform, Finely Featured, Mesoscaled
Structures,” J. of Microelectromechanical Systems, vol.
27, no. 6, pp. 1171-1185, Dec. 2018.

A.L.Beckwith, J. T. Borenstein, and L. E. Velasquez-Garcia,
“Monolithic 3D-Printed Microfluidic Platform for Assess-
ment of Immunotherapy Treatments,” J. of Microelectro-
Mechanical Systems, vol. 27,no. 6, pp. 1009-1022, Dec. 2018.

A.P.Taylor and L. F. Velasquez-Garcia, “Low-cost, Mono-
lithically 3D-Printed, Miniature High-flow Rate Liquid
Pump,” Technical Digest of the 18th International Confer-
ence on Micro and Nanotechnology for Power Generation
and Energy Conversion Applications (PowerMEMS 2018),
Daytona Beach, FL, December 4-7,2018.

C.Yangand L. F. Veldsquez-Garcia, “Compact, 3D-Printed
Electron Impact Ion Source with Microfabricated,
Nanosharp Si Field Emitter Array Cathode,” Technical
Digest of the 18th International Conference on Micro and
Nanotechnology for Power Generation and Energy Con-
version Applications (PowerMEMS 2018), Daytona Beach,
FL, December 4-7, 2018.

Z.Sun and L. F. Velasquez-Garcia, “Miniature, 3D-Printed,
Monolithic Arrays of Corona Ionizers,” Technical Digest
of the 18th International Conference on Micro and Nan-
otechnology for Power Generation and Energy Conver-
sion Applications (PowerMEMS 2018), Daytona Beach, FL,
December 4-7,2018.

A. Beckwith, L. F. Velasquez-Garcia, and J. Borenstein
“An Additive Manufacturing-based Microfluidic System
for Evaluation of Cancer Immunotherapies,” Technical
Digest MRS Fall 2018, Boston, MA, November 25-30, 2018.
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Evelyn N. Wang
Department Head, 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. 3-174 | 617-253-3523 | enwang @ mit . edu

POSTDOCTORAL ASSOCIATES
Bikram Bhatia, MechE
Shuai Gong, MechE

GRADUATE STUDENTS
Samuel Cruz, MechE

Alina Dale LaPotin, MechE
Colin Kelsall, MechE

Arny Leroy, MechE

Jay Sircar, MechE
Youngsup Song, MechE
Elise Strobach, MechE
Geoffrey Vaartstra, MechE
Kyle Wilke, MechE

Lin Zhao, MechE

Lenan Zhang, MechE
Yajing Zhao, MechE

UNDERGRADUATE STUDENT
Valerie Muldoon, MechE

SUPPORT STAFF

Alexandra Cabral, Administrative Assistant

SELECTED PUBLICATIONS

L.Zhang,J.Zhu,K.L. Wilke, Z.Xu, L. Zhao, Z. Lu, L. L. God-
dard,and E.N. Wang, “Enhanced Environmental Scanning
Electron Microscopy using Phase Reconstruction and Its
Application in Condensation,” ACS Nano, 2019, [in press].

L.Zhao, E. Strobach, B. Bhatia, S. Yang, A. Leroy, L. Zhang,
and E. N. Wang, “Theoretical and Experimental Investi-
gation of Haze in Transparent Aerogels,” Optics Express,
27(4), p. 39-50, 2019.

L.Zhang,Z.Xu,Z.Lu,J.Du,and E. N. Wang, “Size Distribu-
tion Theory for Jumping-droplet Condensation,” Applied
Physics Letts., 114(16), pp. 1637011-1637015, 2019.

G.Vaartstra, Z.Lu,and E. N. Wang, “Simultaneous Predic-
tion of Dryout Heat Flux And Local Temperature for Thin
Film Evaporation In Micropillar Wicks,” International J.
of Heat and Mass Transfer, 136, pp. 170-177, 2019.

D.J.Preston,Z.Lu,Y.Song,Y.Zhao, K. L. Wilke, D.S. Antao,
M. Louis, and E .N. Wang, “Heat Transfer Enhancement
during Water and Hydrocarbon Condensation on Lubri-
cant Infused Surfaces,” Scientific Reports, 8(540), 2018.
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H. J. Cho, V. Sresht, and E. N. Wang, “Predicting Sur-
face Tensions of Surfactant Solutions from Statistical
Mechanics,” Langmuir, 34(6), pp. 2386-2395, 2018.

D. J. Preston and E. N. Wang, “Jumping Droplets Push
the Boundaries of Condensation Heat Transfer,” Joule,
2(2), pp. 205-207, 2018.

D.F.Hanks, Z. Ly, J. Sircar, T. R. Salamon, D. S. Antao, K.
R. Bagnall, B. Barabadi, and E. N. Wang, “Nanoporous
Membrane Device For Ultra High Heat Flux Thermal Man-
agement,” Microsystems and Nanoengineering, 4(1), 2018.

H. Kim, S. R. Rao, E. A. Kapustin, L. Zhao, S. Yang, O. M.
Yaghi, and E. N. Wang, “Adsorption-based Atmospheric
Water Harvesting Device for Arid Climates,” Nature
Communications, 9, 2018.

D. J. Preston, K. L. Wilke, Z. Lu, S. S. Cruz, Y. Zhao, L. L.
Becerra,and E. N. Wang, “Gravitationally-driven Wicking
for Enhanced Condensation Heat Transfer,” Langmuir,
34(15), pp. 4658-4664, 2018.

A.Leroy, B.Bhatia, L. Zhao,and E. N. Wang, “Specular Side
Reflectors for High-efficiency Thermal-to-optical Energy
Conversion,” Optics Express, 26(10), pp. 462-479, 2018.

S.Somasundaram, H. Bin, W. Mengyao, C.S. Tan, and E.
N. Wang, “Charging of Miniature Flat Heat Pipes,” Heat
and Mass Transfer, 1(1), pp. 1-6, 2018.

Y. Zhao, D. J. Preston, Z. Lu, L. Zhang, J. Queeney, and E.
N. Wang, “Effects of Millimetric Geometric Features on
Dropwise Condensation under Different Vapor Condi-
tions,” Int. J. of Heat and Mass Transfer, 119, 2018.

L. A. Weinstein, K. McEnaney, E. Strobach, S. Yang, B.
Bhatia, L. Zhao, Y. Huang, J. Loomis, F. Cao, S.V. Boriskina,
Z.Ren, E. N. Wang, and G. Chen, “A Hybrid Electric and
Thermal Solar Receiver,” Joule, 2(5), pp. 962-975, 2018.

W. Mengyao, H. Bin, Q. Liang, S. Somasundaram, C. S.
Tan, and E. N. Wang, “Optimization and Thermal Char-
acterization of Uniform Silicon Micropillar based Evapo-
rators,” International J. of Heat and Mass Transfer, 127(1),
pp. 51-60, 2018.
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Bilge Yildiz
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

POSTDOCTORAL ASSOCIATES
Georgios Dimitrakopoulos, NSE
Nicolas Emond, DMSE
Franziska Hess, NSE

Jiwon Kim, NSE

Konstantin Klyukin, DMSE
Kevin May, DMSE

Anisur Rahman, NSE

Cigdem Toparli, NSE

Xiahui Yao, NSE

Pjotrs Zguns, DMSE

GRADUATE STUDENTS
Yen-Ting Chi, DMSE

Minh A Dinh, NSE

Dongha Kim, DMSE
Younggyu Kim, DMSE
Seungchan Ryu, MechE
Sara Sand, DMSE

Vrindaa Somjit, DMSE
Jiayue Wang, NSE

Jing Yang, DMSE

Hantao Zhang, NSE
William (Yu Ren) Zhou, DMSE

SUPPORT STAFF

Nancy Iappini, Administrative Assistant

SELECTED PUBLICATIONS

L.Sunand B.Yildiz, “Stabilizing Single Atoms and a Lower
Oxidation State of Cu by a 1/2[110]{100} Edge Dislocation
in Cu-CeO2," Physical Review Materials 3, 025801, 2019.

G. Vardar, W. J. Bowman, Q. Lu, J. Wang, R. J. Chater, A.
Aguadero, R. Seibert, J. Terry, A. Hunt, I. Waluyo, D. D.
Fong, A.Jarry,E.J. Crumlin, S. L. Hellstrom, Y.-M. Chiang,
and B. Yildiz, “Structure, Chemistry, and Charge Trans-
fer Resistance of the Interface between Li7La3Zr2012
Electrolyte and LiCoO Cathode,” Chemistry of Materials,
30(18), 6259, 2018.

Q.Luy,S.R.Bishop,D. Lee,S. Lee, H. Bluhm, H. L. Tuller, H.
N. Lee, and B. Yildiz, “Electrochemically Triggered Met-
al-insulator Transition between VO2 and V205, Advanced
Functional Materials, 1803024, 2018.

Y.Chen, S.Huang, X. Ji, K. Adepalli, K. Yin, X. Ling, W. Wang,
J.Xue, M. Dresselhaus, J. Kong, and B. Yildiz, “Tuning Elec-
tronic Structure of Single Layer MoS2 through Defect
and Interface Engineering,” ACS Nano, 12 (3), 2569, 2018.
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M. Youssef, K. J. Van Vliet, and B. Yildiz, “Polarizing
Oxygen Vacancies in Insulating Metal Oxides under
High Electric Field,” Physical Review Letts.,119,126002, 2017.

K.K. Adepallj, J. Yang, J. Maier, H. L. Tuller, and B. Yildiz,
“Tunable Oxygen Diffusion and Electronic Conduction
in SrTiO, by Dislocation-Induced Space Charge Fields,”
Advanced Functional Materials, 27, 1700243, 2017.

M. Youssef, B. Yildiz, and K. J. Van Vliet, “Thermomechan-
ical Stabilization of Electron Small Polarons in SrTiO,
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.Luand B.Yildiz, “Voltage-controlled Topotactic Phase
Transition in Thin-film SrCoOx Monitored by in situ
X-Ray Diffraction,” Nano Letts., 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 Nd,NiO, Thin Films with
Tensile Strain along C-Axis,” ACS Nano, 9,2, 1613-1621,2015.

L. Sun, D. Marrocchellij, and B. Yildiz, “Edge Dislocation
Slows Down Oxide Ion Diffusion in Doped CeO, by Seg-
regation of Charged Defects,” Nature Communications,
6, article no. 6294, 2015.

D. Marrocchelli, L. Sun, and B. Yildiz, “Dislocations in
SrTiO,: 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.
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Theses Awarded

S.B.

Alexis D’Alessandro (J. HAN)
Viability of Ion Concentration Polarization Technology
for Creation of a Portable Desalination Unit

Frederick O. Daso (B. L. WARDLE)
Manufacture of Aerospace=Grade Thermoset and
Thermoplastic Composites via Nanoengineered

Thermal Processing

S.M.
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Saleem A. Aldajani (M. P. SHORT)
Non-Destructively Detecting LWR Structural Material

Embrittlement using Transient Grating Spectroscopy

Alex Barksdale (J. HAN)
Lithium Extraction from Brines using lon
Concentration Polarization

Jinchi Han (1. H. LANG)
Tunneling Nanoelectromechanical Switches based On
Compressible Self-assembled Molecules

Ashley L. Kaiser (8. L. WARDLE)
Capillary Densification and Adhesion Tuning
of Aligned Carbon Nanotube Arrays for Shape-

Engineerable Architectures

Ethan Lee (. A. DEL ALAMO)
Dielectric Reliability in GaN Metal-Insulator-
Semiconductor High Electron Mobility Transistors

Saurav Maji (A. P. CHANDRAKASAN)
Energy-Efficient Protocol and System for Security of
Implantable Devices

Milica Notaros (M. R. WATTS)
Integrated Visible-Light Liquid-Crystal Devices

Gladynel Saavedra (v. szE)
Saccade Latency Determination using Video
Recordings from Consumer-grade Devices

Emily Salvador (v. M. BOVE)

Funnel Vision: Low-cost Auto-Stereoscopic 360-degree
Display with Conical Reflection and Radial Lenticular
& Contextual Artificially Intelligent Character with
Procedural Animation

Geoffrey Vaartstra (E. WANG)
Comprehensive Modeling of Thin Film Evaporation in
Micropillar Wicks

Patrick White (J. BUONGIORNO)

Pathways and Frameworks for the Licensing and
Regulation of Advanced Nuclear Reactors in the United
States

Gufan Yin (. HU)
Photonic Inverse Design for 3-D Structures and Optical
Phase Change Materials

Haoquan Zhang (D. J. PERREAULT)
An Integrated Multi-Input Single-Output Buck Converter

for Laterally-Arrayed Multi-Bandgap Solar Cells

Ryan Zimmerman (v. BULOVIE)
Fabrication of Singulated c-Si Solar Cells for Semi-

Flexible Photovoltaic Modules

M.ENG.

Kyle A. Beeks (c. G. SODINI)
Arterial Blood Pressure Estimation using Ultrasound
Technology and Transmission Line Arterial Model

Michael Delaus (D. s. BONING)
Machine Learning for Automated Anomaly Detection

in Semiconductor Manufacturing

Jiarui Huang (A. P. CHANDRAKASAN)
Automatic 3D Surface Area Measurement for Vitiligo
Lesions

Alex Lednev (U. A. DEL ALAMO)
Time-dependent Dielectric Breakdown (TDDB) in Novel
GaN MIS-HEMT Devices

Elizabeth Lee (L. DANIEL)
Sensitivity validation of a Coaxial Probe for a
Multilayer Tissue Model, Using Simulation and

Phantom Measurements

James Mawdsley (R. HAN)
Terahertz Frequency Synthesis in CMOS for a Chip-
Scale Molecular Clock

Allan Sadun (L. DANIEL)
Robust Design Algorithms for Silicon Photonics

Rachel Yang (D. J. PERREAULT)
Low-loss Inductor Design for High-frequency Power
Applications

Yuechen Yang (. H. LANG)
Optimization of a Vibration based Electromagnetic
MEMS Energy Harvester

PH.D.

Theses Awarded

Xiaowei Cai (J. A. DEL ALAMO)
InGaAs MOSFETs for Logic and RF Applications: a
Study in Reliability, Scalability, and Transport

Lucas Marcelo Caretta (D. R. ENGLUND)
Chiral Spin Textures and Dynamics in Muti-sublattice
Magnetic Materials

Yu-Hsiang (k. A. NELSON)
Photoinduced Dynamics Studied by Ultrafast Single-

Shot Pump-Probe Spectroscopy
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PH.D. (conTiNUED)

» Andrew Dane (k. K. BERGGREN)
Superconducting Photodetectors, Nanowires, and

Resonators

+ Cody Dennett (M. P. SHORT)
Capturing Radiation-induced Microstructure Evolution
in situ Through Direct Property Monitoring

 Qingyang Du (1. HU)
Novel Materials for Silicon-based Photonics

* Sara Ferry (M. P. SHORT)
Breaking the Bottleneck in Radiation Materials Science
with Transient Grating Spectroscopy

« Alex Jordan Hanson (D. J. PERREAULT)
Enabling Miniaturized Grid-Interface Power
Conversion

+ Megan Jackson (Y. SURENDRANATH)
Molecular Control of Interfacial Inner-sphere Electron
Transfer

« Miaomiao Jin (M. P. SHORT)
Computational Characterization of Radiation-induced

Defect Dynamics and Material Response

« Chiraag Juvekar (A. P. CHANDRAKASAN)
Hardware and Protocols for Authentication and Secure
Computation

« Joon Ho Kang (s. R. MANALIS)
Dynamics of Single-cell Mass, Volume, and Stiffness
during Mitosis

« Chang Sub Kim (H. L. TULLER)
Controlling and Understanding Electro-Chemo-
Mechanical Properties of Layered Cuprate Thin Films

« Rakesh Kumar (J. H. LANG)
A Cost-effective Battery Management and Monitoring
Strategy for Micro-grids in India

 Taehong Kwon (J. HAN)
Novel Micro/Nanofluidic System for Separation and
Monitoring of Cells and Proteins in Perfusion

* lvan Lemesh (g. s. beach)
Static and Dynamic Properties of Magnetic Skyrmions
in Engineered Multilayer Films

« Jérome Michon (U. HU)
Novel Optical Sensors for Chemical and Biological
Applications

+ Daniel Novy (v. M. BOVE)
Programmable Synthetic Hallucinations: Towards a

Boundless Mixed Reality

+ Seokjoon Oh (Y. SURENDRANATH)
Graphite-conjugated Catalysts: Bridging
Heterogeneous and Homogeneous Catalysts
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Divya Panchanthan (G. MCKINLEY)
Droplet Levitation and Underwater Plastron

Restoration using Aerophilic Surface Textures

Tahoura Sajida Samad (k. RIBBECK)
Understanding Mucus Permeability Across Length
Scales

Alexander Senko (p. ANIKEEVA)
Transgene-free Strategies for Wireless Control of

Animal Physiology using Magnetite Nanoparticles

Joohyun Seo (H.-s. LEE/C. G. SODINI)

Non-invasive Central Arterial Pressure Waveform
Estimation System using Ultrasonography for Real-
time Monitoring

Aik Jun Tan
Dynamic Modulation of Material Properties using Solid
State Proton Gating

Zheng Jie Tan (J. HU/N. X. FANG)
Multilayer Thin Film Oxides for Resistive Switching

Kyle Wilke (€. N. WANG)
Tailoring Wetting Behavior at Extremes

Jacob Witten (k. RIBBECK)
Understanding the Selective Permeability of Biological

Hydrogels

Bing Yan (Y. SURENDRANATH)
Designing Interfacial Structures for Selective
Electrocatalysis

Xi Yang (H.-s. LEE)
Flash Analog-to-Digital Converters with Time-Based
Techniques

Yang Yang (Q. HU)
Terahertz Laser Frequency Combs: Devices and
Applications

Yoseob Yoon (K. A. NELSON)
Effects of Interactions on Correlation, Thermalization,
and Transport of Exciton-polaritons

Zhengdong Zhang (v. szE)
Efficient Computing for Autonomous Navigation using
Algorithm-and-Hardware Co-design

Ahmad Zubair (1. PALACIOS)
Tunneling and Ferroelectric based Transistors for
High-frequency Application
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Glossary

TECHNICAL ACRONYMS

ADC Analog-to-Digital Converters

CMOS Complementary Metal-Oxide—Semiconductor
CNT Carbon Nanotubes

ECP Electro-chemical Plating

FET Field-effect Transistor

HSQ Hydrogen Silsesquioxane

InFO Integrated Fan Out

MOSFET Metal-Oxide-Semiconductor Field-effect Transistor
nTRON Nanocryotron

RDL Re-distribution Layers

RIE Reactive ion etching

SNSPDs Superconducting nanowire single photon detectors
SS Subthreshold swing

TMAH Tetramethylammonium Hydroxide

TREC Thermally regenerative electrochemical cycle

MIT ACRONYMS & SHORTHAND

BE
Biology
ChemE
cics
CMSE
LIRG
DMSE
EECS
ISN

KI

LL

MAS
MechE
MEDRC
MIT-CG
MITEI
MIT-GaN

179

Department of Biological Engineering
Department of Biology

Department of Chemical Engineering

Center for Integrated Circuits and Systems
Center for Materials Science and Engineering
Interdisciplinary Research Group

Department of Materials Science & Engineering

Department of Electrical Engineering & Computer Science

Institute for Soldier Nanotechnologies

David H. Koch Institute for Integrative Cancer Research

Lincoln Laboratory
Program in Media Arts & Sciences
Department of Mechanical Engineering

Medical Electronic Device Realization Center

MIT/MTL Center for Graphene Devices and 2D Systems

MIT Energy Initiative
MIT/MTL Gallium Nitride (GaN) Energy Initiative
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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

LSMART Singapore-MIT Alliance for Research and Technology Center
LSMART-LEES  SMART Low Energy Electronic Systems Center

SUTD-MIT MIT-Singapore University of Technology and Design Collaboration Office
UROP Undergraduate Research Opportunities Program

U.S. GOVERNMENT ACRONYMS

AFOSR U.S. Air Force Office of Scientific Research

LFATE-MURI Foldable and Adaptive Two-dimensional Electronics
Multidisciplinary Research Program of the University Research Initiative

AFRL U.S. Air Force Research Laboratory

ARL U.S. Army Research Laboratory

LARL-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

L DREaM Dynamic Range-enhanced Electronics and. Materials

DoD Department of Defense

DoE Department of Energy

LEFRC 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

LRAVEN Rapid Analysis of Various Emerging Nanoelectronics

NASA National Aeronautics and Space Administration

LGSRP NASA Graduate Student Researchers Project

NDSEG National Defense Science and Engineering Graduate Fellowship

NIH National Institutes of Health

LNCI National Cancer Institute

NNSA National Nuclear Security Administration
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NRO National Reconnaissance Office

NSF National Science Foundation

LCBMM NSF Center for Brains, Minds, and Machines

LCiQM Center for Integrated Quantum Materials

LCSNE NSF Center for Sensorimotor Neural Engineering

LE3S NSF Center for Energy Efficient Electronics Science
LGRFP Graduate Research Fellowship Program

LIGERT NSF The Integrative Graduate Education and Research Traineeship
LNEEDS NSF Nano-engineered Electronic Device Simulation Node
LSEES NSF Science, Engineering, and Education for Sustainability
LSTC NSF Science-Technology Center

ONR Office of Naval Research

LPECASE Presidential Early Career Awards for Scientists and Engineers
OTHER ACRONYMS

CNRS Paris Centre National de la Recherche Scientifique

CONAGyT Consejo Nacional de Ciencia y Tecnologia (Mexico)

IEEE Institute of Electrical and Electronics Engineers

IHP Germany Innovations for High Performance Microelectronics Germany
KIST Korea Institute of Science and Technology

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

LNEEDS 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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Back cover image credit: “Chip-scale Scalable Ambient
Quantum Vector Magnetometer in 65 nm CMOS."
Mohamed Ibrahim (Ruonan Han), p. 24.
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