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Foreword

We are pleased to announce the publication of the 2024 Microsystems Annual Research Report, a collaborative
effort between the Microsystems Technology Laboratories (MTL) and MIT.nano, covering the academic year from
July 1, 2023, to June 30, 2024.

This report highlights the significant achievements of the MIT microsystems community over the past year.
In this time, MIT.nano celebrated its 5th anniversary at the Nano Summit on October 24, 2023. Looking ahead,
MTL will commemorate the 40th anniversary of its founding on November 20, 2024. As we mark these important
milestones, we take pride in showcasing the various ways we continue to drive innovation and advance research
in semiconductor materials, technologies, devices, circuits, and systems, as well as exploring new frontiers in
nanoscience and nanoengineering. We find ourselves at a pivotal moment in the field of microelectronics, where
we are all called upon to push the boundaries of what is possible. MTL, in close partnership with MIT.nano and its
state-of-the-art fabrication and characterization facilities, is well-prepared to meet these challenges.

For four decades, MTL has exemplified interdisciplinary and collaborative research, education, and industrial
engagement at MIT. This year’s report provides a comprehensive overview of over 150 research projects across
diverse areas of micro- and nanotechnology. These projects range from advancements in semiconductor
materials, the development of new devices, and integrated photonics and circuits, to innovations in insect-scale

microrobotics, biomedical systems, and Al hardware accelerators, among many others.

On behalf of MTL and MIT.nano, we extend our deepest gratitude to every contributor to this year's Microsystems
Annual Research Report and to the dedicated staff of both organizations, whose tireless efforts have brought this
dynamic snapshot of our research to life.

Tomas Palacios

Director, Microsystems Technology Laboratories

Vladimir Bulovi¢
Director, MIT.nano

September 2024
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Additively Manufactured Permanent Magnets

Z.Bigelow, L. F. Velasquez-Garcia
Sponsorship: Empiriko Corporation

Hard magnets are extensively used in numerous in-
dustries, including electronics, automotive, renewable
energy, healthcare, and consumer goods. However, con-
ventional methods for producing these magnets are
limited to simple shapes and require assembly, leading
to increased production costs and constrained geome-
tries and devices.

We present anovel three-dimensional (3D) printing
processcapable of producinghard magnetsusing micro-
and nano-reinforced materials, thereby expanding the
scope of their practical applications. Our research
focuses on the fabrication of isotropic magnets at a
miniature scale, typically ranging in size from a few

A Figure 1: 3D printed 75% NdFeB magnet.

FURTHER READING

millimeters. The material composition utilized in our
printing process consists of a blend comprising 75%
NdFeB and 25% Nylon 12 by volume. Our 3D-printed
hard magnets exhibit a measured remanence of 0.423
T, coercivity of 606.7 kA/m, and energy product of 29.5
kJ/m3. These results illustrate the feasibility of 3D
printing hard magnets and underscore the potential
for fine-tuning magnetic properties through additive
manufacturing techniques. These advancements
offer precise control over magnet geometry and
performance, presenting significant opportunities for
industries seeking tailored magnetic solutions.

Hysteresis Loop for 3D Printed Hard Magnets

o
=3
S

1500

Measured Field (T)

-0.60
Applied Field (kA/m)

A Figure 2: Hysteresis loop analysis of a
3D printed 75% NdFeB magnet.

e A P Taylor, J. Izquierdo-Reyes and L. E. Velasquez-Garcia, “Compact, Magnetically Actuated, Additively Manufactured Pumps for Liquids and
Gases,” J. of Physics D-Applied Physics, vol. 53, no. 35, 355002, Aug. 2020. doi: 10.1088/1361-6463/ab8de8

« A.P. Taylor, C. Vélez Cuervo, D. Arnold and L. F. Velasquez-Garcia, “Fully 3D-Printed, Monolithic, Mini Magnetic Actuators for Low-Cost,
Compact Systems,” J. of Microelectromechanical Systems, vol. 28, no. 3, pp. 481-493, Jun, 2019. doi: 10.1109/JMEMS.2019.2910215

e I A Perales and L. E. Velasquez-Garcia, “Fully 3D-Printed Carbon Nanotube Field Emission Electron Sources with In-Plane Gate Electrode,”
Nanotechnology, vol. 30, no. 49, p. 495302, Dec. 2019. doi: 10.1088/1361-6528/ab3d17

2 3DHI & Additive Manufacturing
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3D-Printed CubeSat Plasma Sensors

Z.Bigelow, L. E. Velasquez-Garcia
Sponsorship: MIT Portugal

The ionosphere, a critical layer of Earth's atmosphere,
is composed of plasma, a qua-si-neutral, superheated
state of matter consisting of neutral molecules, ions,
and elec-trons. The thermosphere, a region within the
ionosphere (ranging 80-600 km above Earth's surface)
plays a significant role in global warming. Obtaining
accurate plasma measurements in this region has prov-
en challenging since the most reliable data is gathered
by satellites orbiting within the thermosphere itself.
Given the high cost associated with launching hard-
ware into space, the use of miniaturized satellites, e.g.,
CubeSats, is an ideal solution to collect ionospheric
plasma data. Thus, a strong demand exists for low-cost
and compact plasma sensors that can be directly inte-
grated into CubeSats.

We report the design, fabrication, and
characterization of a novel, compact, and fully
additively manufactured multi-Langmuir probe (MLP)
for CubeSat ionospheric plasma diagnostics (Figure 1).

Housing bottom

Housing top

Electrodes

2cm

A Figure 1: (a) Computer-aided design (CAD) exploded view
of MLP. Driving electronics are inside housing bottom. Housing
top and bottom are assembled using slider mechanism. (b) CAD
close-up of LP electrode used in MLP.

FURTHER READING

The MLP incorporates three different Langmuir probe
(LP) arrangements (single, dual, and triple LPs) to
accurately measure a wide range of plasma properties
with redundancy. The reported MLP has integrated
low-power, compact electronics and is manufactured
via 3D-printing; consequently, it is a plasma sensing
solution compatible with CubeSats that aligns with in-
space manufacturing. The dielectric parts of the MLP
are made via vat photopolymerization of vitrolite;
the conductive parts are made via binder jetting of SS
316L. The electronics of the MLP were verified using
calibrated equipment. Experimental characterization
of MLP prototypes was conducted using a laboratory
helicon plasma chamber and showed good agreement
across different LP configurations. The first of its kind,
the MLP (Figure2)enables superiorand more affordable
CubeSat plasma sensors and aims at providing crucial
data to improve understanding of ionospheric plasma
and its implications for climate change.

Housing
top

Electrodes

Housing top

Cirguitry

Housing bottom

A Figure 2: Selected images of MLP during assembly. (a) Under-
side of housing top showing plug holding electrodes in place. (b)
Top side of housing top showing array of electrodes protruding.
(c) Housing bottom with driving circuit inside. (d) Fully assembled
device.

« Z.Bigelow and L. F. Velasquez-Garcia, ‘Autonomous, Additively Manufactured, Multi-Langmuir Probe for CubeSat Plasma Diagnostics,” IEEE
Transactions of Instrumentation and Measurement, vol. 73, no. 9505713, 2024. doi: 10.1109/TIM.2024.3373052

« J.Izquierdo-Reyes, Z. Bigelow, N. K. Lubinsky, and L. F. Veldsquez-Garcia, “Compact Retarding Potential Analyzers Enabled by Glass-
ceramic Vat Polymerization for CubeSat and Laboratory Plasma Diagnostics,” Additive Manufacturing, vol. 58, p. 103034, 2022. doi: 10.1016/j.

addma.2022.103034

e L.F Velasquez-Garcia, J. Izquierdo-Reyes, and H. Kim, “Review of In-space Plasma Diagnostics for Studying the Earth’s Ionosphere,” J. of
Physics D-Applied Physics, vol. 55, no. 26, p. 263001. 2022. doi: 10.1088/1361-6463/ac520a
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Fully 3D-printed, Three-dimensional Cored Solenoids

J. Cafiada, L. F. Velasquez-Garcia
Sponsorship: Empiriko Corporation, “la Caixa” Foundation

Additive manufacturing can readily produce freeform,
mechanically functional parts, including complex sys-
tems, e.g., pumps. However, the three-dimensional
(3D) printing of electronic components that could en-
able the monolithic manufacture of integrated elec-
tromechanical devices is lagging. Material extrusion,
also known as fused filament fabrication (FFE), is an
accessible additive manufacturing technique. FFF al-
lows the monolithic fabrication of parts comprising
multiple materials, e.g., dielectric and conductive. Re-
ports of 3D-printed resistors, capacitors, and inductors
demonstrate the feasibility of 3D-printing electronic
components via dielectric- conductive material extru-
sion. However, the 3D-printed inductors reported in the
literature are limited to two-dimensional designs. This
work aims to improve the versatility and performance
of 3D-printed solenoids by expanding them to truly 3D
designs and adding soft magnetic cores.

The 3D-printed solenoids have been fabricated
through material extrusion using polylactic acid (PLA)-
and nylon-based materials: we used dielectric PLA

A Figure 1: Three-dimensional, monolithically 3D-printed FeSiAl

nylon-cored solenoid cut in half, on top of a U.S. quarter.

FURTHER READING

to produce insulation films and structural support
features, copper microparticle-doped PLA to create
a spiraling conductive trace, and iron-doped PLA and
FeSiAl-doped nylon to fabricate soft magnetic cores
to be embedded at the center of the structures. By
stacking conductive spirals and insulation films, we
created truly 3D solenoids (Figure 1).

Magnetic field measurements reveal that
3D-printed solenoids can generate Gauss-level
magnetic fields while drawing tens-of-mA currents.
Themagnitude of the magnetic fields that the solenoids
can generate strongly correlates to the number of
stacked conductive layers and to the presence of a soft
magnetic core. Moreover, an increase in the magnetic
permeability of the material used to produce the cores
can boost the generated magnetic fields (Figure 2).

This technology is of particular interest for low-
cost, low-waste manufacturing of integrated devices
and highly customized hardware in remote areas
with limited access to resources and manufacturing
equipment (e.g., in-space manufacturing).

3
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A Figure 2: Measured magnetic field vs. current for various

3D-printed solenoids.

« J. Cafada, H. Kim, and L. F. Velasquez-Garcia “Three-Dimensional, Soft Magnetic-Cored Solenoids via Monolithic, Multi-Material Extrusion,”
Virtual and Physical Prototyping, vol. 19. no. 1, p. €2310046, Feb. 2024. doi: 10.1080/17452759.2024.2310046

e A P Taylor, J. Izquierdo-Reyes, and L. F. Velasquez-Garcia, “Compact, Magnetically Actuated, Additively Manufactured Pumps for Liquids and
Gases," J. of Physics D-Applied Physics, vol. 53, no. 35, p. 355002, Aug. 2020. doi: 10.1088/1361-6463/ab8de8

e L A Perales and L. F. Velasquez-Garcia, “Fully 3D-Printed Carbon Nanotube Field Emission Electron Sources with In-Plane Gate Electrode,”
Nanotechnology, vol. 30, no. 49, p. 495302, Dec. 2019. doi: 10.1088/1361-6528/ab3d17

4 3DHI & Additive Manufacturing
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Fully 3D-printed, Semiconductor-free Logic Devices

J. Cafiada, L. F. Velasquez-Garcia
Sponsorship: Empiriko Corporation, “la Caixa” Foundation

Additive manufacturing technologies can readily pro-
duce complex, structurally functional parts, includ-
ing complex microfluidics. There are also reports of
three-dimensional (3D)-printed, passive electronic
components (e.g., resistors, capacitors, inductors) and
electromechanical devices, including sensors and ac-
tuators. However, the 3D printing of active electron-
ics with control and processing capabilities remains
a challenge. As a result, the integration of additively
manufactured electromechanical devices necessarily
relies on off-the-shelf components and integrated cir-
cuits to produce functional, controllable systems.

This work reports the first proof-of-concept
demonstration of fully 3D-printed, semiconductor-free
active electronic devices. The devices are fabricated
via material extrusion—one of the most accessible
3D printing technologies. Material extrusion creates
parts by heating up feedstock and pushing it through a
nozzle, constructing parts layer by layer; it is one of the
few additive manufacturing technologies that allows
monolithic multi-material fabrication.

The active electronic devices have been fabricated

4.5 - 100
] Resistance

Resistance (Q, logarithmic scale)
Input curent (mA)

Time (s)

A Figure 1: Resistance of narrow 3D-printed traces of copper-re-
inforced PLA (solid lines) when subjected to ramp up current
(dashed line) and then allowed to cool down. Voltage limited to

30 V.

FURTHER READING

combining dielectric polylactic acid (PLA) (as substrate)
and copper-reinforced PLA. The devices take advantage
of a newly discovered reversible fuse-like behavior
exhibited by narrow 3D-printed traces of copper-
reinforced PLA: when a high-enough current is applied
to a trace, its resistance spikes by orders of magnitude;
after it cools down, its resistance drops to its original
range (Figure 1). Harnessing this phenomenon, we
created a switching device qualitatively comparable to
a p-channel metal-oxide semiconductor transistor to
use as a building block to implement fully 3D-printed,
semiconductor-free logic gates (Figure 2).

This technology allows the monolithic fabrication
of electromechanical devices integrating simple
control and data processing functions and can
enable the additive manufacture of fully functional,
intelligent devices, right off the printer bed. The
technology holds particular interest for low-cost, low-
waste manufacturing of integrated devices and highly
customized hardware in remote areas with limited
access to resources and manufacturing equipment
(e.g., in-space manufacturing).

VCC

Vee® | Vi [ Ve [ Vour™
6 0 0 0.03
0 20 0.08
20 0 0.73
20 20 5i3

A Figure 2: Fully 3D-printed AND gate: schematic (top left),
picture of fabricated device (top right), and input/output signals
(bottom).

e J. Cafada and L. F. Velasquez-Garcia, "Fully 3D-printed, Semiconductor-free, Transistor-like Logic Devices," 22nd International Conference on
Solid-State Sensors, Actuators and Mi-crosystems (TRANSDUCERS), Kyoto, Japan, 2023.

e L A Perales and L. F. Velasquez-Garcia, “Fully 3D-Printed Carbon Nanotube Field Emission Electron Sources with In-Plane Gate Electrode,”
Nanotechnology, vol. 30, no. 49, p. 495302, Dec. 2019. doi: 10.1088/1361-6528/ab3d17

« A L Beckwith, L. F. Veldsquez-Garcia, and J. T. Borenstein, “Microfluidic Model for Evalua-tion of Immune Checkpoint Inhibitors in Human
Tumors,” Advanced Healthcare Materials, vol. 8, no. 11, p. 1900289, Jun. 2019. doi: 10.1002/adhm.201900289

MICROSYSTEMS ANNUAL RESEARCH REPORT 2024
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Additively Manufactured Quadrupole Mass Filter with Unity Mass Resolution

C. Eckhoff, L. F. Velasquez-Garcia
Sponsorship: Empiriko Corporation

Mass spectrometry is a crucial analytical technique
in any field that works with chemistry. The heart of a
mass spectrometer is the mass filter, a structure that
sorts species based on their mass-to-charge ratio. There
have been numerous efforts to miniaturize and reduce
the cost of mass filters to broaden the range of applica-
tions of mass spectrometry.

A quadrupole mass filter (QMF) is a popular
choice for a mass filter due to its sturdiness, mass
range, resolution, and sensitivity. Unfortunately,
miniaturizing QMFs usually significantly compromises
their performance because high-quality QMFs require
high relative manufacturing precision. We have
successfully approached this problem by employing
advanced additive manufacturing to make a lower-
cost, lighter-weight QMF that still boasts exceptional
performance for practical mass spectrometry.

Our devices feature a monolithic and skeletonized
design, integrating all four electrode rods into a single
piece for precise alignment and reduced assembly

A Figure 1: Rendering of device, showcasing monolithic fabrica-
tion and skeletonized architecture.

FURTHER READING

needs. This design not only cuts production costs, but
also creates lightweight components. Utilizing digital
light processing (DLP) of glass ceramics, we printed
the QMF geometry, which is then selectively met-
allized with electroless nickel-boron plating. To ensure
electrode isolation, a lacquer-based maskant was
applied at specially designated points—imperative
for monolithic designs. One of our QMFs requires 10s
of U.S. dollars in materials and takes about a day to
manufacture.

Mass spectra experiments showcase well-resolved
peaks with full width at half maximum (FWHM) of
0.7 Da or less at 69 m/z (the threshold of unity mass
resolution). These exciting results bolster the potential
of additive manufacturing to create portable mass
spectrometers and other next-generation scientific
instruments. Our primary focus now falls on further
enhancing the device's performance to be compatible
with isotope detection and increased mass range.

Intensity (A.U.)

31

41 et

0 50 100 150 200 250
M/z (Da)

A Figure 2: Scan of PFTBA with unity mass resolution at 69 m/z.

« C.C.Eckhoff, N. K. Lubinsky, L. J. Metzler, R. E. Pedder, and L. E. Velasquez-Garcia, “Low-Cost, Compact Quadrupole Mass Filters with Unity
Mass Resolution via Ceramic Resin Vat Photopolymerization,” Advanced Science, vol. 11, no. 9, Dec. 2023. doi: 10.1002/advs.202307665.

« C.C.Eckhoff, N. K. Lubinsky, R. E. Pedder and L. F. Velasquez-Garcia, "Miniature, Monolithic, Fully Additively Manufactured Glass-Ceramic
Quadrupole Mass Filters for Point-of-Care Mass Spectrometry," 2023 IEEE 36th International Vacuum Nanoelectronics Conference (IVNC), pp.

204-206, 2023. doi: 10.1109/IVNC57695.2023.10188968.

« I A Perales and L. F. Veldsquez-Garcia, “Fully 3D-Printed Carbon Nanotube Field Emission Electron Sources with In-Plane Gate Electrode,”
Nanotechnology, vol. 30, no. 49, p. 495302, 2019. doi: 10.1088/1361-6528/ab3d17
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Additively Manufactured, Monolithic, Self-Heating Microfluidic Devices

J. Cafiada, L. F. Velasquez-Garcia
Sponsorship: Empiriko Corporation, “la Caixa” Foundation

Temperature regulation is critical in many microfluidic
applications, e.g., to sustain living organismes, to trigger
specific chemical reactions. Temperature regulation
techniques often involve the use of bulky equipment,
and integrated cooling-heating systems rely on costly
fabrication processes.

We propose the use of multi-material extrusion 3D
printing to create monolithic, self-heating microfluidic
devices. The proof-of-concept devices are fabricated
using two polylactic acid-based materials: one

(b)

20 mm

dielectric, used to produce the microfluidic channels;
and one conductive, used to fabricate heat-generating
resistors. The ability of material extrusion to create
custom, intricate patterns enables the fabrication
of complex, application-specific designs of both the
microfluidic structure and the heating system. This
technology can greatly impact the yield of microfluidic
research by enabling the fast, inexpensive, in-house
fabrication of custom, self-heating microfluidic
devices.
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A Figure 1: (a) Optical and thermal images of a 3D-printed, self-heating microfluidic device, and (b) Optical and thermal images, and

measured temperature profiles of a custom 3D-printed heater.
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Miniature 3D-Printed Super Sensor: Multi-Langmuir Probe Device for CubeSat

|onospheric Plasma Diagnostics

Z.Bigelow, L. F. Velasquez-Garcia
Sponsorship: MIT Portugal, NewSat Flagship Project

The ionosphere is a plasmic part of Earth's atmosphere
which affects climate change. Studying it requires sat-
ellite based in-situ measurements and the versatility of
Langmuir probes make them ideal for this. We report
the design, fabrication, and characterization of a com-
pact, fully 3D printed, multi-Langmuir probe (MLP) for
use on CubeSats. The MLP has low-power, compact
electronics and is fully 3D printed, to be compatible
with in-space manufacturing. The MLPs are made via
vat photopolymerization of vitrolite for the dielectric

o

Circuitry
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Housing top \ | \

T cccererer
" Ceree.

bottom

) ¢ fE
\\ Housing

Single data cable

parts and binder jetting SS 316L for the conductive
parts. The MLP uses three different Langmuir probe
arrangements (single, dual, and triple) to measure a
wide range of plasma properties with redundancy. The
MLP was tested in a helicon plasma chamber, showing
good agreement across the different configurations.
This MLP enables cheaper CubeSat plasma sensors
and aims at improving our understanding of the iono-
sphere and its effects on climate change.

7 Electrodes

A Figure 1: MLP device fully assembled, with relevant parts labelled.
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High-precision Adhesion Measurements for Heterogeneous Lintegration

A.T.Wang, C.C. Tasan, C. V. Thompson
Sponsorship: SRC/DARPA, Mitsubishi Materials Corporation

Advances in computing power require rapid devel-
opment of new materials and processes for heteroge-
neous integration with two-and-a-half dimensional
(2.5D) and three-dimensional (3D) architectures. These
architectures require bonding between integrated cir-
cuits (ICs) fabricated as separate dies that are intercon-
nected with high densities of electrical interconnects.
From a reliability perspective, these bonds may pose
an issue since thermomechanical stresses may cause
delamination. To assess this risk, adhesion tests must
more accurately quantify the strength of the bonds, or
more specifically, the work of adhesion. This term rep-
resents the energy required to de-bond a sample, which
includes any plastic work from permanent deforma-
tion and elastic energy released from crack propaga-
tion. Ideally, characterization of specific failure mecha-
nisms would be carried out through in situ mechanical
testing in scanning electron microscopes (SEMs).

We considered several adhesion measurement
testsandselected the wedge test based upon sample size
limitations and measurement precision. The wedge test

A Figure 1: One side of the designed setup consist-
ing of a clamp to hold the blade and a motor con-
nected to a cam twhichat can move the clamp left

and right to precisions within one micrometer.

FURTHER READING

involves inserting a blade between the bonded samples
and observing the delamination. The drawback of the
wedge test is that it is typically done by hand, which
often leads to imprecision. We have resolved this issue
by designing and building a setup which can allow the
test to be done with a deformation stage. The stage
is designed for tensile/compressive testing of small
samples and therefore has high force resolution (0.02
to 2000 N) and controlled constant displacement rates
(0.1 to 20 um/s). Furthermore, the deformation stage
can be put inside an scanning electron microscope
(SEM), which allows for high resolution observations
of de-bonding mechanics. The setup also allows for
alignment of the blade and the sample within the SEM
using a cam-style linear actuator. We performed a
proof-of-concept test with the setup. Figure 1 shows a
computer model of one side of the designed parts; and
Figure 2 shows an SEM micrograph of the proof-of-
concept test. GoMoving forward, we plan ton working
with university and industry collaborators to begin
testing complex bonded structures.

7 /////”/‘,//;

A Figure 2: Proof-of-concept of the wedge
test with an insert depicting a closer view of the
blade being inserted into a bonded sample.

« Integrated 3D Systems Group, Georgia Tech, “Heterogeneous Integration (2.5D and 3D),” https://bakirlab.gatech.edu/research-area/

heterogeneous-integration-25d-and-3d.

« 0. Vallin, K. Jonsson, and U. Lindberg, ‘Adhesion Quantification Methods for Wafer Bonding,” Materials Science and Engineering: R, vol. 50, pp.

109-165, Jan. 2006.
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Development of a GaN/ Si CMOS Stacked-3DIC Platform for W-band Applications

P. Yadav, J. Niroula, Q. Xie, R. Han, T. Palacios

Sponsorship: United States Air Force Office of Scientific Research (Grant No. FA9550-22-1-0367), SRC JUMP 2.0 (Grant
No. 2023-JU-3136), Lockheed Martin Corp. (Grant No. 025570-00036), Advanced Research Projects Agency-Department of
Energy (Grant No. DE-AR0001591), and National Defense and Science Graduate Fellowship

With data rates pushing into the Tbps for augment-
ed/virtual reality, there is an urgent need for the use
of sub-terahertz radio-frequency (RF) front ends and
transistors. GaN transistors are an ideal candidate for
the front-end-of-line (FEOL) as they push the limits of
high-power density, high frequency semiconductor de-
vices. Further, Si is an ideal candidate for the back-end-
of-line (BEOL) due to ease of manufacturing and access
to complementary logic technology for digital circuits.

In this system, three-dimensional (3D)-stacked
GaN dielets, are connected via highly scaled
interconnects to the Si BEOL. The dielet is optimally

Si CMOS FEOL (d)

placed to ensure uniform and minimal thermal
degradation in the system. This approach will yield a
bespoke chip design, tailor-made for the given high-
speed application. To design the most efficient high
data rate communication systems, we have embraced
a design/system-technology co-optimization (DTCO/
STCO) approach that combines a highly scaled W-band
GaN dielet technology featuring a novel Cu-based gate
metallization, with state-of-the-art Inteli6 22-nm Si
bias and control circuitry, via Cu-Cu 3D-heterogeneous
integration.

", fae =176 GHz

(C) 10° 101 101
Frequency (Hz)

0.9mm

Silicon

A Figure 1. 3DIC building blocks and key technology nodes. (a) 3DIC integration schematic with
GaN dielet leveraging Si complementary metal-oxide semiconductor (CMOS) BEOL (b) 80-nm
CMOS-compatible t-gate high-electron-mobility transistorytransistor (HEMT) technology in
200-mm sourced GaN-on-Si (c) W-band RF performance of scaled GaN-on-Si HEMT with
CMOS-compatible gate (d) Cross section scanning electron microscopy of GaN/Si CMOS Cu-CU
bonding interface. (e) Chip micrograph of Intel16 BEOL circuit.

FURTHER READING

« P.Yadav, Q. Xie, J. Niroula, G. K. Micale, H. Pal, and T. Palacios, "First Demonstration of GaN RF HEMTs on Engineered Substrate," 2023 Device
Research Conference (DRC), pp. 1-2. doi: 10.1109/DRC58590.2023.10186940.

« S.K.Rajan, M. J. Lj, M. S. Bakir, and G. S. May, "High Density and Low-Temperature Interconnection Enabled by Mechanical Self-Alignment
and Electroless Plating," 2019 International 3D Systems Integration Conference (3DIC), pp. 1-4, 2019. doi: 10.1109/3DIC48104.2019.9058840.
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RAELLA: Reforming the Arithmetic for Efficient, Low-Resolution, and Low-Loss

Analog PIM: No Retraining Required!

T. Andrulis, J. S. Emer, V. Sze
Sponsorship: Ericsson, MIT AI Hardware Program, MIT Quest

Processing-In-Memory (PIM) accelerators have the po-
tential to efficiently run Deep Neural Network (DNN)
inference. By computing directly inside memory, PIM
accelerators avoid expensive off-chip movement of the
DNN weights. Furthermore, PIM accelerators often uti-
lize Resistive-RAM (ReRAM) devices and ReRAM cross-
bars for dense and efficient analog compute.

Unfortunately, while ReRAM crossbars can
compute efficiently and with high density, overall PIM
accelerator energy is often dominated by the analog-
to-digital converters (ADCs) that read computed
analog values from crossbars.

Some prior works attempt to reduce this ADC
overhead by changing or pruning DNN weights. This
reduces computations and ADC converts required, but
alsointroduces accuracy loss. Other works use efficient
lower-resolution ADCs to process high-resolution
analog values from crossbars, but the resolution
difference introduces error and also leads to accuracy
loss. Unfortunately, this accuracy loss require costly
DNN retraining to compensate for, which is not always
possible.

12

Circuits and Systems

To address high ADC costs without requiring
retraining, we propose the RAELLA architecture.
RAELLA adapts thearchitecture to each DNN;it lowers
the resolution of computed analog values by encoding
weights to produce near-zero analog values, adaptively
slicing weights for each DNN layer, and dynamically
slicing inputs through speculation and recovery. Low-
resolution analog values allow RAELLA to both use
efficient low-resolution ADCs and maintain accuracy
without retraining, all while computing with fewer
ADC converts.

Compared to other low-accuracy-loss PIM
accelerators, RAELLA increases energy efficiency by
up to 4.9x and throughput by up to 3.3x. Compared to
PIM accelerators that cause accuracy loss and retrain
DNNs to recover, RAELLA achieves similar efficiency
and throughput without expensive DNN retraining.

MICROSYSTEMS ANNUAL RESEARCH REPORT 2024



Implementation and Application of Adaptive Reset Switching for Harmonic

Rejection in Passive Mixers

S. Araei, S. Mohin, N. Reiskarimian

Wireless communication systems benefit from soft-
ware-defined radios (SDRs) that can seamlessly switch
across multiple standards without relying on cum-
bersome filters. The hard switching passive mixer is a
key enabler for such receivers by facilitating on-chip
tunable filtering. Utilizing a mixer-first receiver archi-
tecture to apply such filtering at the antenna interface
is effective against near-band blockers but falls short
against far-out blockers, particularly harmonic block-
ers. Interferers around the harmonics of the local oscil-
lator are down-converted along with the desired signal,
receive the same amplification, and can saturate the en-
tire receiver. To maximize harmonic blocker tol-erance
in mixer-first designs, suppressing harmonic blockers
right at the antenna is crucial, similar to how near-
band blockers are attenuated.

In this work, we propose an adaptive reset
switching technique that effectively distin-guishes
between desired signals and harmonic blockers. If the
circuit detects a base-band signal originating from
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A Figure 1: Concept of adaptive reset switching and its sin-
gle-ended and double-balanced implementation.

FURTHER READING

harmonic blockers, it immediately shunts the charge to
ground. Otherwise, it leaves the signal intact, ensuring
minimal impact on the system'’s noise figure. The co-
design of top-plate and bottom-plate mixing enables
a fully passive and low-loss implementation of this
adaptive reset switching, achieving harmonic rejection
at both the antenna interface and the baseband nodes.
This proposed harmonic filtering technique requires
no additional circuitry beyond extra switches and
benefits from technology scaling. The fabricated
45-nm silicon-on-insulator (SOI) prototype receiver,
occupying an active area of 0.68 mm? operates across
a broad frequency range from 250 MHz to 4 GHz.
It tolerates +14.5 dBm and +16 dBm for 3rd and 5th
harmonic blocker powers, respectively; this is100 times
greater than state-of-the-art broadband receivers that
utilize active harmonic rejection. Such high linearity,
combined with the seamless integration of adaptive
reset switching into legacy mixer-first receivers, paves
the way for next-generation universal radios.

Tming dépacitoﬂs
[ R (B

[ Fully Rassive - |
Harmonic Réjection Mixer

A Figure 2: Die micrograph of the proposed harmonic rejection
receiver.

e S.Araei, S. Mohin, and N. Reiskarimian, “0.25GHz-to-4GHz Harmonic-Resilient Receiver with Built-In HR at Antenna and BB Achieving
+14/+16.5dBm 3rd/5th IB Harmonic B1dB,” IEEE International Solid-State Circuits Conference (ISSCC), pp. 90-92, 2024.
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A CMOS-Integrated Color Center Pulse-Sequence Control and Detection System

J.Wang, L. B. Harris, X. Chen, D. R. Englund, R. Han

Sponsorship: Intel University Shuttle, Jet Propulsion Laboratory

We introduce a CMOS-integrated control and detection
system capable of functioning at both room and cryo-
genic temperatures, for accommodating general color
centers. The chip encompasses a radio frequency driv-
er comprising two inductors, designated for electron/
nuclear spin within two diamond samples. The chip
incorporates readout circuitry equipped with photo-
diodes fashioned in the shape of Union Jack patterns
to reject the eddy current. To facilitate fluorescence
detection while mitigating the impact of passivation

fluorescence and laser excitation, a tunable pulse gen-
erator is implemented within the readout system. This
configuration enables the acquisition of fluorescence
data of color centers in the time domain subsequent to
the deactivation of the laser pulse. Since the lifetime of
the red fluorescence emitted by the passivation layer is
much shorter than that of any types of color centers,
the chip no longer requires post-processing such as re-
active-ion etching to remove the passivation.

Readout.  CLK

coVe1 Vo2 Readoutr

Traditional ¢
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)

Proposed

PhotZ)diode Approach L 9

A Figure 1: Block Diagram of Control and Readout Circuit
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An Enhanced Harmonic-Tolerant Mixer-First Receiver Employing Concurrent Top

and Bottom-Plate Mixing for 5G NR Applications

S. Araei, S. Mohin, N. Reiskarimian

The demand for stringent linearity in modern receiv- The LO filtering in this design not only delivers HR at
ers, crucial for supporting 5G New Radio (NR), along the mixer's output but also promptly suppresses har-
with the aspiration to eliminate the reliance on off-chip  monic blockers at the antenna interface, ensuring high
Surface Acoustic Wave (SAW) filters, drove the prefer- linearity. Moreover, this HR technique requires only a
ence for mixer-first receivers over the past decade. few switches and capacitors, making it scaling-friendly
These structures, however, are vulnerable to harmonic  and leading to extended frequency operation and supe-
blockers, posing a significant challenge to their design. rior noise performance compared to existing state-of-
In this work, we introduce a low-loss fully passive har- the-art HR mixers, positioning it as a strong candidate
monic rejection (HR) mixer that concurrently uses top for 5G NR applications.

and bottom-plate mixing linked with a readout switch.
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A Scalable Cryogenic Phased Array Feed for Radio Astronomy with Integrated

Continuous Calibration

D. Sheen, F. Lind, R. Han

Sponsorship: NSF SpectrumX (SII-2132700), Intel University Shuttle Program

The rapid growth of mobile communications platforms
poses an increasing challenge for radio astronomy and
radio science instruments. As broadband communica-
tions technologies push into millimeter wave ranges,
scientific receivers that once operated in clear spec-
trum must now contend with sources orders of mag-
nitude stronger than the signals they are designed to
observe. The next generation of radio telescopes and
radiometers need to be dynamic instruments capable
of adaptive spatial and spectral filtering of measure-
ment data while maintaining calibration in a strong

16 Circuits and Systems

signal environment. Phased arrays can offer these ca-
pabilities, but their noise performance and cost scaling
with aperture size render them impractical for micro-
wave radio astronomy:.

In this work, we propose a hardware architecture
for a new generation of scalable high dynamic range
phased array feeds for reflector telescopes to address
theses challenges. This approach promises to overcome
many of the scaling limits of traditional phased
arrays. A technology demonstration is planned for the
Westford Radio Telescope.
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A Blocker-tolerant mm-Wave MIMO Receiver with Spatial Notch Filtering Using

Non-reciprocal Phase-shifters for 5G

S. Mohin, S. Araei, M. Barzgari, N. Reiskarimian

Millimeter-wave beamforming receivers (RX) have be-
come increasingly popular for their ability to enhance
spectral efficiency, improve signal-to-noise ratio, and
enable multiple-input multiple-output (MIMO) op-
erations. Analog beam-formers contribute to spatial
blocker suppression at the RX front-end, thus protect-
ing the analog-to-digital converter (ADC) from strong
spatial blocker signals. In contrast, digital beamform-
ers generate multiple output streams and allow for
flexible digital calibration. They are more compact and
energy-efficient than hybrid beamformers. However,
digital beamformers are vulnerable to strong signal
interference and necessitate a high RX/ADC dynamic
range and linearity to avoid saturation. To address this
challenge, various techniques have been developed to

blocker suppressed

Spatial Notch Filter

A Figure 1: The proposed Receiver with SNF.

A Figure 2: Die micrograph.

FURTHER READING

establish spatial notch filters (SNFs) that selectively
eliminate interference from certain incident angles.

We present a highly linear SNF architecture
that supports N-input-N-output MIMO systems. Our
design employs low-loss nonreciprocal phase-shifters
(NRPSs) to directly suppress spatial blockers at the
outputs of low noise amplifiers (LNAs), thus targeting
blockers at the earliest stage within the RX chain.
This architecture offers significant advantages over
previous designs by: (I) enhancing RX linearity through
the rejection of blockers at the LNA outputs, achieving
an in-notch input P1dB of -7.8 dBm and (II) enabling
the SNF to be completely deactivated in the absence
of spatial blockers, which reduces power consumption
and the noise impact of the SNF components.
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e S.Mohin, S. Araei, M. Barzgari, and N. Reiskarimian, “A Blocker-Tolerant mm-Wave MIMO Receiver with Spatial Notch Filtering Using Non-
Reciprocal Phase-Shifters for 5G Applications,” IEEE Radio Frequency Integrated Circuits Symposium (RFIC), Washington D.C., USA, 2024, pp.

15-18.
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Millimeter-wave Phased-array Radar for Vital Sign Detection

S. Sabouri, N. Reiskarimian, A. P. Chandrakasan

Cardiovascular diseases have been the leading cause of
death globally, as outlined by the World Health Orga-
nization (WHO). Continuous monitoring of heart rate
and respiration is crucial in diagnosing and treating
these diseases; hence any advancements in monitoring
are invaluable.

The aim of this project is to use radar technology
for continuous, in-home healthcare monitoring of
vulnerable populations, including the elderly and
individuals with chronic illnesses. The advancements
in wireless sensing, communications, and radar
technologies enables contactless detection of vital
signs, such as respiration and heart rate.

The proposed radar system for vital-sign detection
transmits a radio frequency (RF) signal towards a user
and measures the time it takes for the signal reflected
off the patient to arrive back to the device: the periodic
displacements of the chest due to breathing and
heartbeat affect thetimeofarrivaland can be measured
by the radar. However, most radars for vital signs in
the prior work are made with discrete components and
operate at frequencies below millimeter-wave, limiting
the performance and precision in measurements. Thus,
the goal of the project is to develop a millimeter-wave
phased-array radar integrated circuit for improved,

multi-user detection of human respiration and heart
rate.

This radar architecture will use beamforming
techniques to improve the vital signal quality by
receiving the reflected RF signal in a directed beam
towards the target. To accurately collect vital sign data
from a target even as they move within a room, an
adaptive beamforming algorithm will be implemented
on an FPGA, steering the beam to track the target’s
location.

Solving for the multi-variable beamforming
parameters is a computationally intensive and non-
convex optimization problem. To mitigate this issue, a
machine learning (ML) model will be used to optimize
the beamforming and radar parameters such as the
phases and gains of antenna elements, beamwidth, and
chirp characteristics to maximize performance.

Ultimately, there will be a tapeout of this novel
RF integrated circuit (IC) radar system on a chip. To
implement the beamforming capabilities, the chip will
include a millimeter-wave phased-array front-end. A
fractional-N phase locked loop (PLL) will be used to
generate the frequency-modulated continuous wave
(FEMCW) chirp waveform for each RF channel in the
phased-array.

ML optimizer Analog BF gains o
antennas
Digital BF gains/ Analog BF
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phases j
«—ADC —— LPF 4®.ﬁ_ NA
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A Figure 1: Proposed millimeter-wave radar for vital sign detection block diagram. Architecture includes
phased-array RF front end integrated circuit (IC), digital beamformer (BF) block, DSP block, FMCW chirp

generator, PLL, and ML optimizer to find op-timal beamforming and chirp parameters.

FURTHER READING

« F. Adib, "Smart Homes that Monitor Breathing and Heart Rate," Proc. 33rd Annual ACM Conference on Human Factors in Computing Systems,

p. 2015.
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A Sub-6GHz Conﬁgurable Receiver with 3rd-order Channel Selectivity and

Harmonic Rejection

H.Yang, N. Reiskarimian

As the sub-6G spectrum becomes increasingly congest-
ed with applications such as 5G New Radio, Bluetooth,
and wireless local-area networks (WLAN), it is crucial
for receivers to exhibit sharp filtering and resilience
against out-of-band blockers, including harmonic and
close-in blockers. Additionally, user equipment can
benefit from the flexibility of the carrier frequency and
bandwidth to support multiple communication stan-
dards with a single device, such as software-defined
radios (SDRs). The conventional mixer-first receiver
offers a surface acoustic wave-less, highly linear, and
configurable solution, but it is vulnerable to harmonic
blockers and has a poor noise figure.

In this work, we propose a configurable receiver
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A Figure 1: Figure 1: Architecture of the proposed receiver.
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tolerant to both harmonic blockers and close-in
blockers, with all blockers rejected and 3rd-order
filtering directly at the antenna. As shown in Figure
1, the proposed design combines a low-noise amplifier
(LNA) with Miller harmonic rejection mixer and a 3rd-
order notch filter feedback. With the LNA and the
second layer of harmonic rejection mixer, the obtained
baseband signal has a decent noise figure and blocker
1-dB compression point (BidB).

This design will be implemented in Taiwan
Semiconductor Manufacturing Company 65-nm
technology. The simulated profile of the normalized
antenna voltage response is shown in Figure 2.
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A Figure 2: Voltage response at antenna node
based on schematic simulation results.
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Design-technology Co-optimization of 2D Electronics

A.Yao, J. Zhu, T. Palacios
Sponsorship: SRC Jump 2.0 SUPREME Center

With 2D electronics becoming more mature in both
material synthesis and device integration techniques,
Design-Technology Co-Optimization (DTCO) has been
used in designing complex electronic devices based on
2D materials and optimizing device performance and
material properties. However, there still lacks an effi-
cient electrical characterization method to provide re-
al-time evaluation and accurate feedback for every pro-
cess step from material growth to device fabrication.
Meanwhile, it is also critical to conduct compact, accu-
rate device modeling especially for high-performance
transistors with scaled channel length.

In this project, we investigated fast electrical
characterization methods based on circular
transmission line model (CTLM) structure. We
developed a parameterized cell (PCell) to aid CTLM
layout design and fabricated global back-gated devices
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with both transferred and directly-grown 2D thin films.
The convenience of only one lithography step allows
seamless switches between different combinations of
dielectric layers, metal contacts and passivation layers.
The samples were examined by scanning electron
microscope (SEM) and contour detection algorithms
were used toidentify the fabrication-induced variation,
domain size, effective channel length and width. These
data offered experimental calibration for precise
device modeling, which later contributed to design and
performance predictions based on TCAD simulation.
Simulation models were further studied focusing on
highly-scaled transistors with channel length below 10
nm. We expect this fabrication, characterization and
modeling pipeline to ultimately facilitate future DTCO
processes with improved efficiency and accuracy for
novel materials and devices.
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Ohmic Contacts to Ultrawide-Bandgap Two-Dimensional Semiconductors

A.S. Gupta, J. Zhu, T. Palacios
Sponsorship: Army Research Office (ARO)

Power transistors for fast switching high voltage appli-
cations require wide bandgaps to enable large break-
down fields. Silicon carbide (SiC) and gallium nitride
(GaN) thus offer advantages over silicon for high-volt-
age devices and circuits. However, these materials still
have limited bandgaps (~3.5 eV) and are difficult to in-
tegrate with circuits based on other material systems.
The emerging ultrawide-bandgap (UWBG) two-di-
mensional (2D) semiconductors, which have bandgaps
above 5 eV, are expected to provide even better perfor-
mance thanks to their wider bandgaps, higher critical
fields, and atomic thinness. However, forming ohmic
contacts to UWBG 2D materials such as hexagonal bo-
ron nitride (h-BN) and 2D GaN is very challenging due
to their extreme band misalignment with metal con-
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tacts, difficulties in realizing substitutional doping, and
the Fermi level pinning effect.

Here, we investigate potential approaches to
forming ohmic contacts to UWBG 2D semiconductors.
Modulation doping can be used to introduce more
carriers to the transistor channel without significantly
deteriorating carrier mobility. Dipole moments, graded
2D heterostructures, and highly-doped UWBG oxides,
areallinvestigated to tune both the contact metal work
function and the band edge of UWBG semiconductors.
A combination of these techniques can be used to form
ohmic contacts to UWBG 2D materials, thus enabling
the next generation of power electronic devices with
higher operation voltage as well as future integrated
circuits with increased functionalities.
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Identification of Multiple Failure Mechanisms for Device Reliability Using

Differential Evolution

U. Chakraborty, E. Bender, D. S. Boning, C. V. Thompson
Sponsorship: SRC

Assessing the reliability of electronic devices, circuits,
and packages requires accurate lifetime predictions
and identification of failure modes. However, the com-
mon assumption of a single failure mechanism usually
leads to inaccurate reliability estimates. In this work,
we demonstrate a new method for extracting under-
lying failure mechanism distribution parameters from
data corresponding to a combined distribution of two
distinct failure mechanisms. The failure mechanisms
can be mutually exclusive and acting on different com-
ponents (mixture model), or simultaneously acting on
the same component (competing-risks model). We im-
plement differential evolution (DE) for parameter iden-
tification in both competing-risks and mixture models
and show that it out-performs the best-known method

in the literature, the limited-memory Broyden-Fletch-
er—-Goldfarb-Shanno (L-BFGS-B) approach, especially
at small sample sizes (Figure 1a). On industrial ball grid
array reliability data (Figure 1b), our approach provides
up to 92% reduction in mean squared error, 7% increase
in log-likelihood, and 61% decrease in maximum abso-
lute error. On ring oscillator data obtained from labo-
ratory experiments, the corresponding improvements
are 94%, 5%, and 77%, respectively. For both simulated
and real datasets, we validated the improvement in
performance through statistical tests of significance.
Finally, we apply our method to demonstrate an ap-
proach for empirical extraction of the temperature-de-
pendence of parameters from lifetime data at different
test temperatures.
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A Figure 1: (a) Mean squared error of DE vs L-BFGS-B across different sample sizes for a compet-
ing-risks model. (b) Single Weibull, mixture, and competing-risks model fits to Xilinx ball grid array failure

data.

FURTHER READING:

« U.Chakraborty, E. Bender, D. S. Boning, and C. V. Thompson, “Identification of Multiple Failure Mechanisms for Device Reliability Using
Differential Evolution,” IEEE Transactions on Device and Materials Reliability, vol. 23, no. 4, pp. 599-614, Dec. 2023.
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Dipole-Engineered Contacts to Two-Dimensional Semiconductors

A.S. Gupta, J. Zhu, T. Palacios
Sponsorship: Army Research Office

Power transistors for fast-switching, high-voltage ap-
plications require wide bandgaps to enable large break-
down fields. Emerging ultrawide-bandgap (UWBG)
two-dimensional (2D) semiconductors such as hexago-
nal boron nitride (hBN) and 2D gallium nitride (GaN)
have bandgaps above 5 eV and are expected to provide
better performance than current WBG semiconduc-
tors thanks to their higher critical fields and atomic
thinness. However, forming low-resistance contacts to
UWBG 2D materials is challenging due to their extreme
energy band misalignment with conventional metal
contacts and the Fermi level pinning effect, which both
contribute to large Schottky barrier heights (SBHs).
Here, we propose using dipoles to reduce the
SBH. Inserting a material with an appropriate built-
in electric field at the contact interface will enhance

(b)

carrier injection from the metal to the 2D channel
(Figure 1a). In this work, we study contacts to MoS,
with MoSSe, a so-called “Janus” 2D material, which has
vertical asymmetry and therefore an inherent dipole.
We demonstrate higher current density in Janus 2D
material contacts than in conventional MoS, contacts
to bilayer MoS, transistors, confirming the positive
impact of dipole-tuned contacts. Future work will focus
on contact materials with stronger dipoles, as well as
wider bandgap channel materials such as hBN and
2D GaN. Overall, this work is a step towards forming
ohmic contacts to WBG and UWBG 2D materials, thus
enabling the next generation of power electronic
devices with higher operation voltage as well as future
integrated circuits with increased functionalities.
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A Figure 1: (a) Band diagram of dipole tuning effect, (b) schematics of back-gated MoS,

transistors with and without dipole contacts, and (c) measured transfer curves of back-gated

transistors.

FURTHER READING

« Y. Guo, Y. Lin, K. Xie, B. Yuan, J. Zhu, P-C. Shen, A-Y. Ly, C. Su, et al., “Designing Artificial Two-dimensional Landscapes Via Atomic-layer

Substitution,” Proc. National Academy of Sciences, vol. 118, p. 32, 2021.

e J.Zhu, J-H. Park, S. A. Vitale, W. Ge, G. S. Jung, J. Wang, M. Mohamed, T. Zhang, et al., “Low-thermal-budget Synthesis of Monolayer
Molybdenum Disulfide for Silicon Back-end-of-line Integration on a 200 mm Platform,” Nature Nanotechnology, vol. 18, pp. 456-463, 2023.
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Field-free Deterministic Switching of a Perpendicular Magnetic Anisotropy van der
Waals Ferromagnet Above Room Temperature

S.N. Kajale, T. Nguyen, N. T. Hung, M. Lj, D. Sarkar

Sponsorship: Nano-cybernetic Biotrek Group, NSF, Department of Energy Office of Science, Basic Energy Sciences

Two-dimensional (2D) van der Waals (vdW) magnetic
materials are emerging as a cornerstone for the next
generation of spintronic devices, which are pivotal for
advancing high-density, energy-efficient memory and
computational technologies. The unique properties of
vdW materials, such as their atomic-scale thickness
and ability to exfoliate into 2D layers, offer unprece-
dented opportunities for miniaturization and integra-
tion into electronic devices. Recent break-throughs
in the synthesis and manipulation of these materials
have demonstrated their potential in spintronic appli-
cations, particularly through the control of spin-orbit
torque (SOT) in vdW ferromagnets. However, the devel-
opment of spintronic devices that operate efficiently
at room temperature and require no external magnetic
fields for operation remains a significant challenge. The
ability to control the magnetic state of vdW ferromag-
nets electrically, with no need for magnetic fields, is
crucial for practical deployment of compact and ther-
mally stable devices. This control is especially import-
ant for applications in environments where magnetic
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fields may interfere with other electronic components
or device miniaturization is critical.

In this context, we report a novel approach for
achieving field-free, deterministic, and non-volatile
switching of a perpendicular magnetic anisotropy
(PMA) vdW ferromagnet, specifically Fe,GaTe,, above
room temperature (up to 320 K). Our method utilizes
the unconventional out-of-plane anti-damping torque
generated by an adjacent WTe, layer, as shown in
Figure 1. This configuration not only facilitates the
desired field-free magnetic switching but does so at
a low current density of 2.23 x 108 A cm™, showcasing
the practical viability of this approach. Our study
exemplifies the efficacy of vdW heterostructures
comprising 2D magnets and low-symmetry vdW
materials for efficient, field-free control of PMA
magnetic tunnel junctions. It provides an all-vdW
solution for the next generation of scalable and
energy-efficient spintronic devices that can meet the
growing demands of big data and artificial intelligence
hardware.
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A Figure 1: Schematic of Fe;Gale, device when cur-
rent is applied along crystallographic (a) b-axis of WTe,
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S.N. Kajale, J. Hanna, K. Jang, and D. Sarkar, “Two-dimensional Magnetic Materials for Spintronic Applications,” Nano Research, vol. 17, pp.

743-762, 2024.

S.N. Kajale, T. Nguyen, N. T. Hung, M. Li, and D. Sarkar, “Field-free Reterministic Switching of all-van der Waals Spin-orbit Torque System

Above Room Temperature,” Science Advances, vol. 10, p. eadk8669, 2024.
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Room Temperature Spin-orbit Torque Switching of a van der Waals Ferromagnet

S.N.Kajale, T. Nguyen, M. Li, D. Sarkar
Sponsorship: Nano-cybernetic Biotrek Group

Recent discovery of emergent magnetism in two-di-
mensional van der Waals magnetic materials (vdWMM)
has broadened the material space for developing spin-
tronic devices for energy-efficient computation. Spin-
tronic devices leverage the spin of electrons in addition
to their charge to enable enhanced function-ality, high
speeds, and lower energy consumption than in tra-
ditional charge-based devices. Spintronic devices are
driving new paradigms of bio-inspired, energy efficient
computation like neuromorphic stochastic computing
and in-memory computing. While vdWMM discovery
has progressed appreciably, a solution for non-volatile,
deterministic switching of vdWMM at room tempera-
ture is missing, limiting the prospects of their adop-
tion into commercial spintronic devices. Perpendic-
ular magnetic anisotropy (PMA) magnets are crucial
for scaling spintronic devices to advanced technology
nodes, as they enable high thermal stability and effi-
cient current-induced switching in nanoscale devices.
Here, we report current-controlled non-volatile,

deterministic magnetization switching in a vdWMM,
Fe,GaTe, at room temperature. Fe,GaTe, exhibits
a high Curie temperature and strong perpendicular
magnetic anisotropy, making it a promising candidate
for spintronic applications. We have achieved spin-
orbit torque (SOT) switching of Fe,GaTe, using a
Pt spin-Hall layer (Figure 1) up to 320 K, with a small
threshold switching current density J , = 1.69 x 108
A cm™? at room temperature, the lowest among all
vdWMM-based SOT devices reported so far. We have
also quantitatively estimated the anti-damping-like
SOT efficiency of our Fe,GaTe,/Pt bilayer system to
be ¢DL = 0.093, using the second harmonic Hall volt-
age measurement technique. These results mark a
crucial step in making vdWMM a viable choice for the
development of scalable, energy-efficient spintronic
devices for memory and logic components that can
meet the growing demands of big data and artificial
intelligence hardware.
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A Figure 1: (a) Schematic illustration of the Fe;Gale,/Pt bilayer devices. (b) Current induced switching of
Fe,Gale, magnetization, measured through anomalous Hall resistance (ny), at 300 K with in-plane magnetic

field applied parallel to current.

FURTHER READING

« S.N.Kajale, J. Hanna, K. Jang, and D. Sarkar, “Two-dimensional Magnetic Materials for Spintronic Applications,” Nano Research, vol. 17, pp.

743-762, 2024.

« S.N.Kajale, T. Nguyen, C. A. Chao, D. C. Bono, A. Boonkird, M. Li, and D. Sarkar, “Current-induced Switching of a van der Waals Ferromagnet at

Room Temperature,” Nature Communications, vol. 15, p. 1485, 2024.
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Highly Integrated Graphene-based Chemical Sensing Platform for Structural

Monitoring Applications

C. Lopez Angeles, T. Palacios
Sponsorship: Ferrovial

Two-dimensional materials, such as graphene, hold
promise for sensing applications. Graphene's remark-
able surface-to-volume ratio, when employed as a
transducer, enables the sensor channel to be readily
modulated in response to chemical changes in proximi-
ty to its surface, effectively converting chemical signals
into the electrical domain. However, their utilization
has been constrained due to variations in device-to-de-
vice performance arising from synthesis and fabrica-
tion processes.

To address this challenge, we employ Graphene
Field Effect Transistors (GFETSs) in developing a robust
and multiplexed chemical sensing array comprising
tens of sensing units. This array is coupled with
custom-designed high-speed readout electronics
for structural monitoring applications, for example,
detecting pH degradation in concrete.

MICROSYSTEMS ANNUAL RESEARCH REPORT 2024

In harsh environmental conditions, structures
constructed from reinforced concrete may experience
degradation due to corrosion, a chemical process
initiated by carbonation and significant fluctuations in
temperature and humidity. Under normal conditions,
concrete maintains a pH level within the alkaline range
of 13 to 14. However, when subjected to carbonation, its
pH decreases to values between 8 and 9.

Our platform excels in real-time pH monitoring.
By conducting I-V sweep measurements in the sensor
channel, we have established a correlation between
[H+] concentration and the gate-source voltage (VGS)
at graphene's Dirac point with an accuracy of roughly
98%. This system and correlation allow for the prompt
detection of any deviations induced by corrosion
within a concrete environment.
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Thermal Management in GaN High Electron Mobility Transistors (HEMTs)

D.Erus, T. Palacios

Wide bandgap of GaN make GaN HEMTs a key build-
ing block for the next generation of high-power and
high-frequency electronics. However, the large power
density in these devices induces harsh self-heating.
GaN-on-Si structure enables the use of state-of-the-art
fabrication tools which reduces defects and increases
the yield. However, due to the lower thermal conduc-
tivity of Si compared to SiC, GaN-on-Si HEMTs have
a higher peak temperature than the commonly used
GaN-on-SiC HEMTs at the same power dissipation lev-
el.

(a)Sum 300 250 S
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In this work, the same Silvaco TCAD simulation frame-
work is used to find thermal solutions that decrease
the peak temperature of GaN-on-Si HEMTs. Making
a1 um diamond via under the drain of the GaN-on-Si
HEMT decreases its thermal resistance 38%. Covering
the sides of the HEMT with Cu decreases its thermal
resistance 70%, which is lower than the thermal resis-
tance of the GaN-on-SiC HEMT. This work proposes a
viable solution for thermal management in GaN-on-Si
HEMTs.
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A Figure 1: a) GaN-on-SiIC HEMT structure; b) GaN-on-Si HEMT with 1 pm diamond via; ¢) GaN-on-Si

HEMT with copper covered sides.

FURTHER READING

e T.Kim,J. A. del Alamo and D. A. Antoniadis, "Switching Dynamics in Metal-Ferroelectric HfZrO,-Metal Structures," in IEEE Transactions on

Electron Devices, vol. 69, no. 7, pp. 4016-4021, Jul. 2022.
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Advanced Materials issues of GaN-on-Si Transistors for RF and Beyond

G. K. Micale, J. A. Perozek, Q. Xie, J. Niroula, H. Pal, P. Yadav, P. C. Shih, T. Palacios

Sponsorship: SRC Jump 2.0 SUPREME Center

In an age of ever-increasing demand for high-speed
communications, gallium nitride high-electron-mo-
bility-transistors (GaN HEMTs) have emerged as a
breakthrough technology to meet the frequency and
power demands of modern electronics. Owing to their
large breakdown voltages and high electron saturation
velocity, GaN HEMTs are the leading technology for
power and RF applications. Using Si substrates for GaN
heteroepitaxy dramatically increases the cost-efficien-
cy of GaN RF devices, but due to the lattice mismatch
and low resistivity and thermal conductivity of Si sub-
strates, GaN-on-Si device performance has lagged SiC,
the leading substrate choice for high-frequency GaN
devices. Achieving a deeper understanding of parasit-
ics and their causes will enable major improvements
to cutoff frequency (f;) and maximum oscillation fre-
quency (f,,,) and offer helpful insights for fabricating
more advanced device architectures.

Low resistance regrown ohmic contacts will

MICROSYSTEMS ANNUAL RESEARCH REPORT 2024

help increase f,,,. Combining reactive ion etching
with novel wet etching techniques during contact
fabrication is an effective way to control the sidewall
angle and mitigate plasma damage in the recessed
GaN, which will improve the regrown GaN/2DEG
channel interface and reduce the contact resistance.
In this work, we study two wet etching methods to
use with inductively coupled plasma dry etching to
optimize the interfaces of GaN recesses: (1) KOH and (2)
a Digital Etch (DE) that alternates between H,SO,/H,0,
and dilute HCl. Comparing contact resistance from
devices made with each method will help deconvolve
the impact of plasma damage and sidewall angle on
contact resistance. Furthermore, investigating the role
of plasma damage, topology, and interface impurities
on channel carrier density and contact resistivity
that will facilitate ultralow resistance ohmic contacts
that will play a key role in future high-power, high-
frequency HEMT architectures.
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Tunneling Magnetoresistance in Antiferromagnetic Tunneling Junctions

C.-T. Chou, B. C. McGoldrick, T. Nguyen, S. Ghosh, K. A. Mkhoyan, M. Li, L. Liu
Sponsorship: SRC, DARPA, NSF (DMR-210491, DMR-2011401), DOE (DE-SC002014), NNCI (CCS-2025124)

Achieving a high tunneling magnetoresistance (TMR)
in junctions with antiferromagnetic (AFM) electrodes
has been an enthusiastically pursued goal in spintron-
ics, with the prospect of employing AFMs as next-gen-
eration memory and spin-logic devices. High TMR in
antiferromagnetic tunnel junctions have been reported
in the literature, but the underlying mechanism for the
TMR is still not fully understood. In this work, we study
Mn,Sn/MgO/CoFeB tunnel junctions where AFM Mn-

(@) Rus

Ta(5

CoFeB(10)
MgO(2.

,Sn and FM CoFeB serve as fixed layer and free layer, re-
spectively. Large TMR ratios up to 49% are observed in
these junctions are comparable to that in conventional
FM tunnel junctions. The large TMR suggests the effec-
tive spin polarization in AFMs can be as large as that
in FMs when proper tunneling barrier and counter FM
electrode are selected. The new physical mechanisms
revealed by our results are critical for understanding
spin polarized tunneling in AFM tunnel junctions.

A Figure 1: (a) Schematic of the antiferromagnetic tunnel junction structure and (b) tunneling magnetoresistance at
10K Inset: schematics of magnetic moments of the CoFeB and Mn3Sn layers.
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Atomically-thin Ferroelectric Transistors made from Rhombohedral-stacked MoS,

T.H.Yang,Y. W. Lan, J. Kong

Sponsorship: U. S. Army Research Laboratory, U. S. Army Research Office (W911NF2320057)

Ferroelectric transistors are a promising technolo-
gy to develop low-power and non-volatile comput-
ing-in-memory devices for neuromorphic machine
learning architectures that overcome the von Neumann
bottleneck. These devices require scaled thickness
and ferroelectric channel materials. Two-dimensional
high-mobility semiconductors such as molybdenum
disulfide (MoS,) are promising candidates for ultrathin
ferroelectric channels due to their sliding ferroelectrici-
ty property. However, the realization of switchable elec-
tric polarization in epitaxial MoS, remains challenging,
owing to the absence of mobile domain boundaries,
thereby limiting aggressive translation into practical
applications. Here, we explore polarity-switchable epi-
taxial rhombohedral (3R)-stacked MoS, as a ferroelec-
tric channel for 2D ferroelectric memory transistors.
We find that a shear transformation spontaneously oc-
curs in our 3R-MoS, epilayers, producing heterostruc-
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tures with stable ferroelectric domains embedded in a
highly dislocated and unstable non-ferroelectric ma-
trix. This diffusionless phase-transformation process
produces mobile screw dislocations that enable col-
lective polarity control of 3R-MoS, via an electric field.
The polarization-electric field measurement reveals a
switching field of 0.036 V nm for shear-transformed 3R
MoS,. Individual ‘sliding’ ferroelectric transistors made
of shear-transformed 3R MoS, are non-volatile memo-
ry units with only two atomic-layer-thickness, exhibit-
ing an average memory window of ~7 V with an applied
voltage of 10 V, retention > 104 s, and endurance > 10% cy-
cles. Our work proves the potential of sliding-ferroelec-
tricity-based transistors in the future ultra-scaled fer-
roelectric memory-transistor paradigm and provides a
straightforward growth strategy for high-throughput
manufacturing.
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Compact Multi-terminal Nano-electromechanical Relay

T.Dang, J. Han, V. Bulovi¢, J. H. Lang
Sponsorship: Analog Devices Graduate Fellowship

Nano-electromechanical (NEM) relays have emerged
as promising candidates for complementing CMOS
technology because of their superior characteristics,
including zero leakage, steep sub-threshold slope, high
on-off current ratio, and robustness in harsh environ-
ments. However, current implementations of NEM
relays typically require intricate fabrication and large
device active area due to their complicated design and
structure, which brings significant challenges for their
scaling, versatility, and monolithic integration with
CMOS circuits. Therefore, a multi-terminal NEM relay
with a simple structure, lateral layout, compact design,
ease of processing, and high performance would be
greatly beneficial. In this work, a nanoscale multi-ter-
minal electromechanical relay with compact and sim-
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ple device structures is fabricated with a single lift-off
process, thereby allowing versatile implementations
for ultra-low-power digital logic. The relay can achieve
bistable switching behavior using a pair of gate/drain
electrodes, as well as sub-1V actuation voltage with a
pre-biased gate electrode, making it advantageous for
use in energy-efficient and radiation-hardened electro-
mechanical computing and storage. The lateral design
is favorable for further scaling and is compatible with
monolithic 3D integration to enable reconfigurable
CMOS-NEM hybrid circuits. Together, these features
enable the relay to perform as a key component for ze-
ro-standby-power electromechanical computing/stor-
age and CMOS-NEM integration.
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Temperature-dependent Impedance Characterization of Ferroelectric HFQ.SZrO_SO2

Thin Films

J.C.-C. Huang, Y. Shao, T. Kim, E. Borujeny, D. A. Antoniadis, J. A. del Alamo

Sponsorship: SRC, Ericsson

Since the discovery of ferroelectricity in Si-doped HfO,,
HfO, has become an attractive ferroelectric material
due to its complementary metal-oxide semiconduc-
tor-compatibility and its potential applications in a
variety of electronic devices such as ferroelectric (FE)
field-effect transistor and analog non-volatile resistors.
While various dopants have been introduced to induce
ferroelectricity in HfO, films, Hf, ;Zr, .0, (HZO) stands
out because of its thickness scalability and outstand-
ing ferroelectric properties. Though impedance mea-
surements constitute a powerful method to investigate
electrostatics and defect physics in microelectronics, it
remains an underexploited technique when it comes to
providing insight into FE properties of HZO. Our group
has recently demonstrated impedance characteriza-
tion of metal/FE/metal structures (MFM) over a broad
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frequency range up to 10 GHz and shed light on the role
of defects in the dynamics of these structures.

In this work, we have performed temperature-
dependent impedance characterization using coplanar
waveguide devices consisting of W/HZO/W capacitors.
These measurements cover a frequency range from
kilohertz to gigahertz and a temperature range
from -60 to 150°C. The results indicate that lower
temperature and higher frequency might suppress
electron hopping related to defects. We also find the
convergence of capacitance-voltage peaks towards
0 volts while lowering the temperature, which has
not been reported in the literature. Our findings can
provide valuable insights into the underlying physical
mechanisms governing FE switching in HZO.

| 2 Figure 2: Capacitance-voltage curves of
W/HZO/W structures measured at 1.9 GHz at

various tem peratures,

FURTHER READING

4Figure 1: Schematic diagram of a W/HZO/W

coplanar waveguide device.
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Hf, Zr,0,: from 1kHz to 10 GHz" 2023 International Electron Devices Meeting (IEDM), pp. 1-4, 2023.
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Simulation of Rethermalization Effect in 2D Cold-Source FET

P.Wu, S. A. Vitale, K. Tibbetts, J. Kong

Sponsorship: MIT Lincoln Laboratory Advanced Concept Committee

Transistors with steep subthreshold swing (SS) are of
interest for reducing the supply voltage and thus the
power consumption of integrated circuits. Cold-source
field-effect transistor (CS-FET) has been proposed as
a candidate for steep slope transistor, which relies on
low-pass energy filtering from the cold source to en-
able cold carrier injection. However, previous studies
on CS-FETs mainly focus on ballistic simulation, and
the impact of scattering is often ignored. In this work,
we develop a simulation framework based on the Boltz-
mann transport equation (BTE) that incorporates the
impact of phonon scattering. Based on the simulation,
we study the impact of the rethermalization effect on
the off-state performance of CS-FET quantitatively and
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its dependence on device and material parameters. We
find that the cold carriers will quickly rethermalize if
the contact length between the cold source and the
channel is comparable to the phonon-limited mean
free path of electrons. Due to the small phonon-limited
mean free path of MoS, (around 10 nm), it is unlikely
to observe steep-slope switching in MoS,-based CS-FET,
in accordance with our previous experiment results. Fi-
nally, we apply the understanding from the simulation
to provide a guideline of device design and material
choice for experimental CS-FET implementation and
point out the necessity of adopting a channel material
with high mobility (or more precisely, long mean free
path).
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A Figure 1: Rethermalization in CS-FET. (a) Device schematics. (b) Simulated energy-position-resolved

current spectrum for two different source overlap lengths LS. (c) Simulated transfer characteristics of

different source overlap lengths L.
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P. Wu, and J. Appenzeller, “Design Considerations for 2-D Dirac-Source

Transactions on Electron Devices, vol. 69, no. 8, pp. 4674-4680, Aug. 2022.
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A Comprehensive Study on Si-ion Implanted Ohmic Contacts on AlGaN/GaN

Heterostructure

M. Oh, Q. Xie, P-C. Shih, M. Khoury, A. Kumar, R. Ley, B. D. Briggs, T. Palacios
Sponsorship: Advanced Research Projects Agency-Energy (ARPA-E) (grant no. DE-AR0001591)

Ohmic contacts to III-Nitride heterostructures pose
challenges due to the wide band gap and the limita-
tions of existing methods, e.g. low throughput for
MBE regrown contacts, rough surface morphology for
alloyed contacts, and the use of metal stacks that are
incompatible with Si fabs. In contrast, implanted con-
tacts offer ease of manufacturing with precise doping
control and uniformity.

This work delves into Si-ion implanted ohmic
contacts on AlGaN/GaN heterostructures. The contact
resistance (R) of the implanted contacts can be divided
in three components: R, the resistance between the
metal and the implanted region; R, the resistance of
the implanted region; and R, the resistance between
theimplanted region and the two-dimensional electron
gas (2DEG). R, reached a minimum when the ohmic
metals were deposited after etching the entire AlGaN
layer. R, is proportional to the length of the implanted
region between the metals and 2DEG, thus can be
reduced through precise lithography, such as electron
beam lithography. R, was reduced by employing a
dual-path implantation technique that increased the Si
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concentration at the interface between the implanted
region and 2DEG. Both R and R, had minimum values
with a middle dose, indicating that a higher dose would
lead to an increase in both carrier density and lattice
damage, making the optimum value lie in the middle
range.

Moreover, this work explores, for the first time,
high-temperature Si-ion implantation to form ohmic
contacts on AlGaN/GaN heterostructures. Room
temperature, 300 ‘C, and 500 ‘C were explored in
this work, and XRD results demonstrated that less
lattice damage was created by the implantation at
high temperature. Electrical characterization showed
that the higher the implant temperature, the more
carriers were activated, resulting in lower R, and R,
values. Consequently, the lowest Rc (average : 0.20
Q-mm, minimum 0.14 Q-mm) was obtained from 500 °C
implantation with a dose of 3x10'5 cm™2.
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Next-Generation High-Performance GaN Complementary Technology

P. K. Darmawi-Iskandar, Q. Xie, J. Niroula, T. Palacios

Sponsorship: Samsung Electronics Co., Ltd. (033517-00001), Qualcomm Inc. (MAS-492857), and National Defense Science,

Engineering Graduate Fellowship

Gallium Nitride (GaN) complementary technology (CT)
has the potential to offer record levels of efficiency,
power, and compactness for data centers, power adapt-
ers, electric vehicles (EVs), and 5G/6G telecommunica-
tion systems. Over the years, significant research has
been conducted on GaN-CMOS at MIT and worldwide,
especially for high-voltage power management ap-
plications. However, the scaling limits of GaN CMOS
for lower voltage applications have not been fully ex-
plored. Understanding the scaling limit of GaN is im-
portant for low voltage power management, mixed-sig-
nal IC, and RF amplifier applications.
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This work seeks to explore the low voltage scaling
limits of enhancement-mode n-channel p-GaN-gate
HEMTs, through the combination of the following
approaches: (1) material epitaxy, especially the

polarization-inducing barrier; (2) novel transistor
architecture to ensure good gate control at short
channels; (3) improved processing to achieve aggressive
scaling in these transistors.
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A Figure1: Highly scaled GaN complementary technology (CT). (a) Epitaxial structure. (b) Device structures of p-FET and
n-FET based on the same GaN-on-Si platform as illustrated in Fig. 1(a). (c)(d) Benchmark of GaN CT transistors.
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Al-Empowered Automatic 2D Material Image Sampling and Scoring System

M.-C.Chen, A.-Y. Lu, S. Liu, J. Kong
Sponsorship: SRC JUMP 2.0 SUPREME Center

As the miniaturization of transistors progresses, the
inherent physical limitations of silicon-based semi-
conductors, including leakage current, short-channel
effect, and carrier mobility, are beginning to surface.
Two-dimensional (2D) materials present a promising
solution for further downsizing while preserving con-
trol over electronic properties. In the development of
2D materials, precise process control of chemical vapor
deposition (CVD) is critical to the outcome, and our
group has leveraged machine learning (ML) to expedite
the process in several aspects, including literature text
mining, recipe optimization, and unraveling correlation
between Raman and photoluminescence spectra. For
recipe optimization of our autonomous CVD synthesis
platform, it is important to provide reliable feedback
of CVD results to the recipe optimization algorithm. In
this project, we aim to design an Al-empowered auto-
matic 2D material image sampling and scoring system

38 Materials - Synthesis & Characterization

that can capture optical images of the 2D materials
from CVD substrates, thereby avoiding human bias in
selecting better crystals. The scope of this automated
system starts at navigation of the linear motion stage
to transferring the sample under the microscope, per-
form fine autofocus along the z-axis, taking images ac-
cording to strategically designed sampling pattern and
executing vignetting correction and stitching, all the
way through image recognition with FastSAM, pattern
statistics, and generating a final single score for each
experimental result. Multiple independent functions
including linear stage control, sample edge and angle
detection, image processing, and FastSAM crystal rec-
ognition have been completed, and we are currently
working on system integration. This system will en-
hance the integration of automatic characterization
branch for our autonomous CVD platform and acceler-
ate the further development of 2D materials.
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Seeding Promoter Effect on Metal Organic Chemical Vapor Deposition Synthesized

Molybdenum Disulfide

Y. Jiao, J. Zhu, T. Palacios

Sponsorship: Center for Heterogeneous Integration of Micro Electronic Systems (JUMP 2.0)

Two-dimensional (2D) transition metal
dichalcogenide (TMD) materials are promising for
next-generation electronics thanks to their excellent
electronic and photonic properties. Metal organic
chemical vapor deposition (MOCVD) has gained
significant research interest for its excellent uni-
formity and quality. Many factors such as flow rate,
temperature, and substrate conditions affect its
growth quality. Optimization of the growth recipe is
often difficult. Seeding promoters such as NaCl have
been reported to significantly improve the growth rate
and quality. However, a systematic understanding of
the mechanism behind this improvement is yet to be
quantitatively investigated. Understanding the effect
of seeding promoters can benefit the optimization of
growth recipes and lead to better uniformity of 2D
material deposition process over large area substrates,

which is one of the biggest limitations of the large-
scale fabrication of 2D electronics.

Here, we quantitatively studied NaCl's promoting
effectonthehigh temperature MOCVD growth of MoS,,.
The study investigates the concentration dependence
of the seeding density, flake size, and flake quality of
as-grown MoS, and proposes the mechanism of NaCl's
promoting effect. This study also discusses the trade-
off and contamination issues of utilizing seeding
promoters. With this result, we further optimized the
growth and improved the material uniformity across
the 200-mm platform as well as boosting the average
mobility to around 50 cm?/(V-s). This effort has pro-
vided insight into the fundamental growth mechanism
and suggests a promising future of heterogeneous
integration of TMD material and complementary
metal-oxide semiconductor technology.
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A Figure 1: Lateral growth rate change based on NaCl concentration in

saturated water:isopropyl alcohol solution.
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e J.Zhu, J. Park, S. A. Vitale, et al,, “Low Thermal Budget Synthesis of Monolayer Molybdenum Disulfide for Silicon Back-end-of-line Integration
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Laser-assisted Failure Recovery for Dielectric Elastomer Actuators in Aerial Robots

S.Kim, Y-H. Hsiao, Y. Lee, W. Zhu, Z. Ren, F. Niroui, Y. Chen
Sponsorship: NSF, MathWorks Fellowship

Dielectric elastomer actuators (DEAs) are a class of
muscle-like soft actuators that are widely applied
in many robotic systems demonstrating robustness
against unexpected damage-a distinguishing feature
that is challenging to achieved in robots with rigid actu-
ators. However, unlike natural muscles, DEAs are prone
to suffering local dielectric breakdowns. These often
cause global device failure, limiting the performance,
lifetime, and size scalability of DEA-based systems.
Here, we developed an isolation process of defects or
damages on DEAs (Figure 1) that directly cause local
breakdowns. We first investigated the electromechan-
ical evolution of external damage as the DEAs break
down. Then, we designed a simplified material testing
setup that can imitate piercing damages to optimize
the fabrication of DEAs. Finally, we internally isolated
the damaged area from original actuator structure. As
aresult, our DEAs can endure over 100 punctures while
maintaining high bandwidth (>400 Hz) and power den-
sity (>700 W/kg) - sufficient for supporting energetical-
ly expensive locomotion such as flight.

Moreover, when the DEAs suffered severe

dielectric breakdowns that cause device failure,
we demonstrated a laser-assisted repair method
for isolating the critical defects and recovering
performance. We performed the ablation using
diode-pumped solid-state laser that penetrates the
transparent elastomer layer while partially degrading
the electrode layer material. Then, we applied high
voltage input to the actuator to electrically disconnect
the ablated region from surrounding actuation area.
We finally achieved 12-second controlled hovering
flight with a 4-unit robot driven by pierced and
laser-recovered DEAs along with the damaged
wing (Figure 2). This laser-assisted repair technique
demonstrates precise localization and isolation of
critical defects, effectively decoupling actuator size
from the probability of experiencing such defects.
Consequently, our laser-assisted repair method
enables the fabrication of considerably larger DEAs,
thereby expanding the scope of applications across
diverse domains. These findings culminate in the first
aerial robot that can endure critical actuator and wing
damage without compromising flight quality.

Damaged wing

10-pierced DEA

Laser-recovered DEA

10-pierced DEA

Damaged wing

Loss of wing area

20%

A Figure 1: A conceptual photograph illustrating a dam-
aged biomimetic ﬂying robot module that landed on a
cactus.

A Figure 2: 760-mg flapping-wing micro aerial robot consisting of
four modules that can endure severe piercing and burning damages
on DEAs and having the tip of the wing cut off while maintaining con-

trolled flight capability.

FURTHER READING

e S.Kim, Y-H. Hsiao, Y. Lee, W. Zhu, Z. Ren, E. Niroui, and Y. Chen. “Laser-assisted Failure Recovery for Dielectric Elastomer Actuators in Aerial

Robots,” Science Robotics, eadf4278, Mar. 2023.
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Striving for Rapid Fabrication of Arbitrary, Ultraclean 2D Heterostructures using a
Robotic Vacuum Transfer Setup and Automation

Z.Hennighausen, S. He, J. Wang, X. Zheng, T. Zhang, K. Zhang, KY. Ma, Z. Wang, J. Park, J. Kong
Sponsorship: US Army Research Office (grant number W911NF2210023), US Army Research Office through the In-
stitute for Soldier Nanotechnologies at MIT (under cooperative agreement No. W911NF-18-2-0048).

Stacking two-dimensional (2D) materials into hetero-
structures facilitates the emergence of new proper-
ties, including superconductivity, interlayer excitons,
and ferroelectricity, thereby enabling revolutionary
new devices. Specialized transfer setups are required
to fabricate 2D heterostructures with clean interfaces.
Despite successes of the current technology, they re-
quire near-constant user engagement and a large time
investment, thereby limiting throughput. To mitigate
these challenges, we built a robotic transfer setup that
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operates in vacuum to reduce gas bubbles and improve
interface cleanliness. We plan to identify ideal trans-
fer parameters and fabricate 2D heterostructures with
minimal user engagement using automation and ma-
chine learning. We plan to synergize the setup with ma-
terials grown in our group (e.g., graphene, hBN, TMDs,
SnSe) and across MIT to fabricate increasingly complex
heterostructures to advance technology in numerous
areas (e.g., optics, electronics, qubits).
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A Figure 1: Image of robotic vacuum transfer setup. (Right) Inside vacuum cube. Piezos enable x, y, z, and twist-angle control.
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Non-epitaxial Growth of Single-crystalline Transition Metal Dichalcogenides at Low
Temperature for Silicon Back-end-of-line Integration

D. Lee, K. Kim, S. Seo, J. Kim
Sponsorship: Samsung

Two-dimensional (2D) Transition Metal Dichalco-
genides (TMDs) have been highlighted as a channel ma-
terial for next generation electronics beyond Moore's
law. However, their integration with conventional sili-
con technology has been a critical hurdle to commer-
cialization because of their high growth temperature.
In addition, even though wafer scale growth of
MoS, below the back-end-of-line (BEOL) temperature
limit has been reported recently, its performance is not
comparable to conventional silicon devices because the
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material is polycrystalline. Furthermore, WSe, growth
below the BEOL limit has never been demonstrated,
which is essential for the p-type devices needed to
realize 2D CMOS circuits.

In this work, we overcome those challenges and
demonstrate non-epitaxial single-crystalline growth
of both MoS, and WSe, on an amorphous HfO, coated
substrate below 400°c. We demonstrate that using
our technique, their electrical performances are
comparable to materials grown at high temperatures.

W

S

Single-domain confined 2D TMD

Growth temperature (T,,,) < 400°C (low-temperature)

grown atlow T, (<400°C)

A Figure 1: The dangling bonds at the edge of SiO, trenches facilitate the nuclei formation even at low

growth temperature. In addition, the trenches physically confine the extra lateral growth of single domain

TMD:s to prevent grain boundaries.
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Continuum-Scale Modeling Strategies for Microstructure Formation and Evolution

P.K.Inguva, R.D. Braatz
Sponsorship: A*STAR

Understanding the formation and evolution of micro-
structures is of immense interest for engineering the
properties and performance of advanced materials in
a variety of applications. Phase-field models (PFMs)
provide a convenient and extensible framework for
studying multiphase and multi-component systems
at length and time-scales otherwise inaccessible to
meso- and molecular-scale methods such as molecular
dynamics. PFMs introduce and track the evolution of
one or more auxiliary variables (the phase field) whose
values specify which phase is in each spatial location in
the system at a given time. Depending on the applica-
tion, PFMs can be solved by themselves or coupled to
additional species, momentum, and energy conserva-
tion equations to suitably describe the physics of the
process/system. The descriptive capabilities of PFMs
have resulted in their widespread use in many areas

of science and engineering including fluid dynamics,
solidification, fracture mechanics, structure formation,
and tumor growth modeling. The use of PFMs across
multiple disciplines has resulted in relevant advanc-
es often being siloed, taking time to be disseminated
across the literature. In this work, a framework for
systematically conceptualizing PFMs (and their vari-
ous extensions) is first outlined to inform their use and
development. Subsequently, multiple case studies of
increasing physical and computational complexity are
presented to demonstrate the capabilities and limita-
tions of using PFMs. All code for numerical simulations
and additional details on the mathematics and physics
of PFMs will be made available on a public GitHub re-
pository. The developed resources will help accelerate
the use of computational methods for developing ad-
vanced nanomaterials.

A Figure 1: Exemplar phase-field simulations of a binary (left) and ternary (right) polymer blends.

MICROSYSTEMS ANNUAL RESEARCH REPORT 2024

Materials - Synthesis & Characterization 43



Mixed-dimensional Integration of 3D Complex-oxides on 2D Materials via Remote

Epitaxy

J-E.Ryu, S. Lee, K. S. Kim, X. Zhang, C. S. Chang, M.-K. Song, J. Kim

Sponsorship: IARPA (6948435)

A novel method for growing single crystalline three-di-
mensional (3D) complex-oxide layers on atomically thin
graphene interlayer, known as remote epitaxy, has been
proposed as the future of heterogeneous integration
strategies. The technique enabled growth of high-qual-
ity thin film and perfect transfer of the grown film.
However, However, the transfer of graphene, which
is a typical process for forming a graphene interlayer
on growth substrates, inevitably induces a significant
number of unwanted defects such as wrinkles, holes,
process residues, and interfacial contamination. Such
defects can disturb the remote interaction between
the substrate and epitaxial layer through graphene,
reducing the crystal quality and exfoliation yield of
membranes. Recently, we developed a direct synthesis
method for growing alternative two-dimensional (2D)
materials, such as transition metal dichalcogenides
(TMDs), on growth substrates, which enables the cre-
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ation of wafer-scale, defect-free 2D interlayers for re-
liable remote epitaxy of high-quality spinel CoFe,O,
(CEO) and garnet Y,Fe,O,, (YIG) thin films. The atomi-
cally clean van der Waals interfaces formed by direct
growth of TMDs onto growth substrates serve as an
ideal platform for high-throughput production of
single-crystalline, freestanding complex-oxide mem-
branes that can be released from substrates, but also
for facile fabrication of a new class of mixed-dimen-
sional heterogeneous systems that exhibit emergent
physical phenomena at well-defined 3D/2D heteroint-
erfaces. Based on this unique approach to integrating
mixed-dimensional heterostructures in a scalable and
controlled manner, we demonstrate new device con-
cepts that take advantage of unusual physical coupling
or decoupling at exotic 3D/2D interfaces, which are
both fundamentally intriguing and practically useful.
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Controllable Vapor-phase Growth of Multilayer h-BN on Insulator

K.Zhang, Z. Hennighausen, H. Liu, J. Park, J. Kong

Sponsorship: U. S. Army Research Laboratory, U. S. Army Research Office (under contract/grant number W911NF2320057)

Multilayer hexagonal boron nitride (h-BN) is highly
desirable as an ideal 2D insulator for the fabrication
of two-dimensional (2D) van der Waals (vdW) hetero-
structures and superior electronic/ optoelectronic
devices. However, achieving controllable synthesis of
high-quality, large-area multilayer h-BN films, ranging
from a few to dozens of layers, remains a challenge.
Here, we employ a vapor-phase growth method to syn-
thesize large-area multilayer h-BN films directly on in-
sulator substrates (such as quartz or sapphire), using a

MICROSYSTEMS ANNUAL RESEARCH REPORT 2024

Fe-Ni-B (Fe-B) alloy and nitrogen gas as precursors. The
Fe-Ni-B alloy serves a dual purpose: it provides the bo-
ron source and catalyzes the reaction with nitrogen to
form h-BN at a high temperature. Furthermore, we use
an ice-assisted method to transfer the grown multilay-
er h-BN films onto arbitrary target substrates, thereby
avoiding contamination from polymers or chemical
agents. The outcome of the research efforts here will
enable us to construct large-area, high-performance 2D
functional heterostructures and devices.
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Synthesis of Single-Crystal hRBN Multilayers on Ni (111)

K.Y.Ma, Z. Hennighausen, J. Kong

Sponsorship: U.S. Army Research Laboratory, U.S. Army Research Office (contract/grant number W911NF2320057)

Two-dimensional hexagonal boron nitride (hBN) has
been demonstrated to be the “ideal” dielectric substrate
for 2D materials-based field effect transistors (FETS) —
offering the potential for extending Moore’s law using
the superior electronic properties of these novel nano-
materials. Although hBN thicker than a monolayer is
more desirable as substrate for 2D semiconductors, the
growth of highly uniform and single-crystal few- or
multi-layer hBN has not yet been demonstrated. Previ-
ously, K. Y. Ma et. al [1] developed the epitaxial growth of
wafer-scale single-crystal tri-layer hBN by a chemical
vapor deposition method. Uniformly aligned tri-lay-
er hBN islands were found to grow on a 2 cm X 5 cm
single-crystal Ni (111) at an early stage of growth and
finally to coalesce into a single-crystal film. Cross-sec-

FURTHER READING

tional transmission electron microscopy (TEM) results
showed that a Ni,,B interlayer is formed (during cool-
ing) between the single-crystal tri-layer hBN film and
Ni (111) substrate by boron dissolved in Ni (111) and that
there is an epitaxial relationship between tri-layer hBN
and Ni,,B, and between Ni,,B; and Ni (111). The tri-lay-
er hBN film was found to act as a protective layer that
remains intact during catalytic evolution of hydro-
gen — suggesting continuous and uniform single-crys-
tal tri-layer hBN in large area. This tri-layer hBN was
transferred onto the SiO, (300 nm)/Si wafer acting as a
dielectric layer to reduce electron doping from the SiO,
substrate in MoS, FETs. In this project, we will build
upon the previous findings to achieve high-quality
few-layer hBN for various applications.

« [K.Y.Ma,L.Zhang, S. Jin, Y. Wang, S. I. Yoon, H. Hwang, J. Oh, D. S. Jeong, M. Wang, S. Chatterjee, G. Kim, A-R. Jang, J. Yang, S. Ryu, H. Y. Jeong,
R. S. Ruoff, M. Chhowalla, F. Ding, and H. S. Shin, "Epitaxial Single-crystal Hexagonal Boron Nitride Multilayers on Ni (111)", Nature 606, 88-93

(2022)
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Amorphous 2D Materials — A Novel Platform for Remote Epitaxy and
Nanopatterned Epitaxy of lll-V Semiconductors with Low Decomposition

Tem peratures

K.Lu,N.M. Han, H.Kim, Y. Liu, S. H. Cho, J. Kim

Sponsorship: AFRL (FA9453-18-2-0017 and FA9453-21-C-0717), DARPA (029584-00001), DOE (DE-EE0008558), Umicore

Optoelectronic devices based on indium phosphide
(InP), such as telecomm lasers, offer outstanding prop-
erties that outperform Silicon-based counterparts.
However, the cost of InP wafers is considerably higher
compared to commonly used semiconductor wafers.
While reusing original wafers can effectively reduce
costs, traditional techniques for wafer recycling, such
as chemical lift-off, introduce significant expenses
during fabrication, negating the cost savings achieved
through wafer reuse. Consequently, the reuse of InP
wafers becomes challenging but with significant op-
portunity, and new techniques are needed to scalably
and cheaply produce InP membranes for optoelectron-
ics.

Remote epitaxy and nanopatterned epitaxy have
emerged as novel methods capable of facilitating the
growth of InP with high quality, aswell asenabling easy
exfoliation of the InP films. These breakthroughs offer
a promising avenue for cost-effective wafer reuse with

MICROSYSTEMS ANNUAL RESEARCH REPORT 2024

the introduction of an interlayer of Two-dimensional
(2D) materials between the epilayer and the substrate.
Here we report the growth of amorphous boron nitride
(a-BN) on InP wafers at low temperature that enabled
improved quality of InP epitaxial membranes and their
perfect exfoliation. We show fully covered a-BN on InP
despite the low decomposition temperatures of InP
substrates. The surface of a-BN coated InP substrate
remains smooth with a RMS roughness of around
3 A. We also demonstrate 100% coverage of single-
crystal InP membranes grown on a-BN, with the film's
quality remaining high. Through this low temperature
molecular beam epitaxy (MBE) growth approach
with remote epitaxy and nanopatterned epitaxy, we
successfully demonstrate large-scale flexible InP
membrane exfoliation and recycling of InP substrates,
which will lead to new opportunities in InP membrane-
based optoelectronics and novel heterostructures with
significantly reduced cost.
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Spike Timing Dependent Plasticity in Electrochemical lonic Synapses

M. Huang, J. A. del Alamo, J. Li, B. Yildiz
Sponsorship: MIT Quest for Intelligence Program

Spiking neural networks (SNNs) have emerged as a
promising architecture for machine intelligence due
to their potential for highly efficient computation.
However, realizing these networks in hardware pres-
ents unique challenges, particularly regarding the de-
velopment of programmable synaptic devices capable
of achieving time-dependent weight updates. Elec-
trochemical ionic synapses (EIS) provide a promising
solution, with their high energy efficiency, low variabil-
ity, and rich ionic dynamics. In this work, we leverage
the strong nonlinearity of EIS to implement various
forms of spike-timing-dependent plasticity (STDP), a
fundamental mechanism underlying learning in bio-
logical systems. Our results showcase STDP timescales
ranging from milliseconds to nanoseconds, enabling
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high computing throughput. By designing appropriate
pre- and post-synaptic neuron signals, we demonstrate
that different forms of the STDP function can be de-
terministically predicted and emulated. Additionally,
heterogeneous STDP within an array can be realized,
where synapses from a single pre-neuron connecting
to different post-synaptic neurons can exhibit distinct
learning rules. Furthermore, we observe lower variabil-
ity compared to existing hardware STDP implementa-
tions. Overall, our findings suggest that EIS could en-
able highly efficient SNN hardware implementations
with high throughput. We believe this would further
advance the development of bio-inspired computing
and intelligent systems.
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Dynamic Time Warping Constraints for Semiconductor Processing

R.Owens, F. Sun, C. Venditti, D. Blake, J. Dillon, D. S. Boning
Sponsorship: Analog Devices, Inc.

Semiconductor fabrication monitoring has become in-
creasingly complex, and nonlinear variations in signal
timing have made anomaly detection more difficult.
We present a new method for preprocessing semicon-
ductor sensor signals that improves anomaly detec-
tion model performance. The proposed method uses
dynamic time warping (DTW) and semiconductor pro-
cessing domain knowledge to address the problem of
nonlinear signal alignment. New constraints for the

DTW algorithm are developed based on semiconductor
processing recipe steps. In tests using the kernel densi-
ty estimation (KDE) fault detection method on labelled
plasma etch datasets, the new constraints consistently
outperform comparison methods. This demonstrates
the usefulness of DTW, and specifically the new DTW
constraints, as a preprocessing method for semicon-
ductor sensor signals used in anomaly detection.

Example New Constrained DTW Alignment

Normalized Signal Value

400 500 600

Index

A Figure 1: Alignment of two optical endpoint signals. The grey dotted lines indi-

cate mappings between the signals which were generated using the proposed

constraints on the DTW algorithm.
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Understanding the Role of Defects at Diamond/cBN Interface: A First-principles
Study

S.Saini, K. J. Tibbetts, M. J. Polking, B. Yildiz
Sponsorship: MIT Lincoln Laboratory for Cubic BN/Diamond Heterostructures for High-Power RF Electronics

Diamond and cubic boron nitride (c-BN) stand out in
high-power electronics due to their wide band-gap, and
high thermal conductivity. Despite advancements in
epitaxial ¢-BN growth on diamond, optimizing carri-
er mobility at the c-BN/diamond interface is impeded
by a limited knowledge of the impacts of defects. Our
first-principles study investigates the diamond/c-BN
interface, focusing on crystal orientation, defects, and
doping effects on electronic properties. We found that
intrinsic defects, BC and CN, induce p-type doping and
lead to 2D hole gas (2DHG) formation, BC case is shown
in Fig.1. The electron-deficient nature of these defects
and the type-II band alignment are crucial for 2DHG
formation. Our work highlights the importance of de-
fect engineering in enhancing the performance of dia-
mond-based electronic devices.
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A Figure 1: (8) Electronic band structure of BC defect at the diamond/c-BN(110) interface. (b)

Charge density distribution, and (c) excess holes from Fermi level to valence band maximum.
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Endurance Characterization of Ferroelectric Hafnium Zirconium Oxide for Memory

Applications

T.E. Espedal, Y. Shao, E. R. Borujeny, J. A. del Alamo

Sponsorship: MIT UROP, Intel Corporation, Semiconductor Research Corporation

To realize on-chip next-generation AI accelerators,
3D monolithic integration of non-volatile memory
(NVM) on CMOS is highly favored. Among different
NVW technologies, ferroelectric (FE) memory based on
CMOS-compatible hafnium zirconium oxide (HZO) has
emerged as one of the most promising, as it could po-
tentially provide low-voltage operation, fast switching,
long data retention, and high device endurance. Under-
standing the detailed ferroelectric polarization switch-
ing physics in HZO thin films is of great importance for
potential memory applications.

In working towards developing high-endurance

P (uCfcm?)

back-end-of-line (BEOL) ferroelectric NVM technology,
weinvestigatethe endurance property of HZO in metal/
FE/metal (MFM) structures that have been prepared
with a variety of material stacks and fabrication
parameters. We have studied unique physics in FE-
HZO, including wake-up, fatigue, and breakdown,
by carrying out repeated polarization-voltage
measurements with carefully designed voltage pulse
patterns. Through correlation with HZO fabrication
parameters and materials characterization, we expect
to better predict prospects and limitations of HZO in
applications to future FE memory devices.

Wake-up effect in 40pm x 40um
W/HZO/W capacitors

2 10° cycles
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A Figure 1: a) Schematic diagram of W/HZO/W structure: 50 nm W /10 nm HZO /10 nm W b) Evolution of

polarization-voltage (P-V) loop with increasing numbers of switching pulses applied.
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Formation of Monolayer Metal Oxides via Room Temperature Conversion of Two-
Dimensional Transitional Metal Dichalcogenides

X.Zheng, P. Wu, A. Penn, Z. Wang, T. Zhang, X. Zhong, J. Wang, J. Park, S. Xie, A. Kahn, D. Schlom, J. Kong

Sponsorship: SRC

Two-dimensional (2D) materials have attracted
significant interest due to their ultra-thin thickness
and quantum confinement effect. Despite the rich
and diverse library of discovered 2D materials, the
investigation on 2D oxides has been limited. There
is a demand for atomically thin oxides because
their band gaps are usually in the range of 3-6 eV,
a range less accessible using the most studied 2D
materials, such as graphene, transitional metal
dichalcogenides (TMDCs) or h-BN. Here, by using 2D
TMDCs as templates and converting them to oxide,
we show that wafer-scale amorphous oxides can be
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directly formed at room temperature. The oxidation
is enabled by UV light-generated ozone, which is a
mild, controllable and homogeneous process. The
properties of the as-converted transitional metal oxide
monolayers are explored using optical, electrical and
electron microscopic approaches. We further explored
the potential applications of molybdenum oxide
monolayers in two-dimensional field effect transistors.
This strategy can be easily extended to a variety of
metal oxides, enabling future development of metal
oxides in the quantum regime.
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Low Temperature Wafer-scale Synthesis of 2D TMD Material for Back-end-of-line

Heterogeneous |ntegration

Y. Jiao, J. Zhu, T. Palacios

Sponsorship: Center for Heterogeneous Integration of Micro Electronic Systems (JUMP 2.0)

Two-dimensional (2D) transition metal dichalcogenide
(TMD) materials have demonstrated promising future
in the next generation of highly scaled microelectron-
ic devices for their excellent electronic and photonic
properties such as high mobility, direct bandgap in
combination with their atomic scale dimensions. These
properties have also made 2D TMD materials ideal can-
didate for back-end-of-line (BEOL) integration process
with silicon front-end integrated circuits (IC). However,
the current method of transfer integration of 2D TMD
material and Si IC potentially introduces damages and
defects to the material, thus greatly impedes the per-
formance of fabricated devices. Direct growth of TMD
was proven difficult in BEOL process due to tempera-
ture limits (<400°C)

In this work, we explore the low temperature large
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wafer-scale direct synthesis of high quality 2D TMD
(MoS,, MoTe,, WSe,, etc.) which are BEOL compatible.
The Metal-Organic Chemical Vapor Deposition
(MOCVD) system we designed is capable of direct
growth on platforms up to 200 mm in diameter. The
BEOL compatibility is achieved through separation
of high temperature precursor decomposition region
and low temperature deposition region. This enables
monolayer TMD materials direct integration with Si
front end devices without introducing damage, thus
maintaining the optimal device performance. This
integration technique shall bring a promising future of
heterogeneous integration of TMD with various front-
end substrates and applications in flexible electronics,
optoelectronics and other monolithic 3D integration
electronics.
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High Indium Content InGaN Strain Relaxation

Y. Liu, B. Park, J. Kim, J. Kim
Sponsorship: Samsung

Light-emitting diodes (LEDs) are widely used in
illumination and displays because of their high
efficiency and brightness. Indium gallium nitride
(InGaN) has been used as the material to make blue and
green LEDs due to its tunable bandgap. However, in
order to decrease the band gap of InGaN, more indium
has to be incorporated into the material, leading to a
high lattice mismatch between the InGaN layer and the
GaN substrate. This mismatch decreases the quality
of high indium content InGaN, which is an obstacle
to the effective use of InGaN as the base material for
RGB (red, green and blue) pixels. Here, we propose
a method to fabricate high quality LEDs based on
InGaN with high indium content using remote epitaxy.
Conventionally, when an epilayer is grown on the
substrate using epitaxial methods, the lattice structure
of the epilayer always perfectly follows the lattice
structure of the substrate by forming a covalent bond.
Remote epitaxy, on the other hand, provides a way to
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copy the substrate lattice structure to a freestanding,
non-covalently bonded thin film epilayer. When a
layer of 2D material is deposited prior to the epilayer,
the epilayer grown on the top of the 2D material still
follows the crystalline structure of the substrate under
the influence of the penetrated potential field from the
substrate. However, unlike normal epitaxial methods,
the epilayer spontaneously relaxes due to the slippery
surface of the 2D material, attached by van der Waals
forces rather than covalent bonding. Therefore, high
quality InGaN can be obtained with this method. We
demonstrate remote epitaxy of high-quality InGaN
epilayers based on in-situ MBE-grown amorphous
boron nitride (a-BN) as the release layer. By depositing
InGaN on a-BN/GaN substrate, the misfit strain can be
relaxed from the beginning of the growth regardless
of the indium composition, enabling high-quality RGB
LED pixels that can be used in superior electronic
device displays.
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Electric Field-induced Rapid Growth of Single-Crystal Graphene

Z.Wang, J. Wang, Z. B. Hennighausen, S. Y. Jeong, J. Kong

Sponsorship: The Semiconductor Research Corporation Center 7in JUMP 2.0 (award no. 145105-21913)

Chemical vapor deposition (CVD) has emerged as an
effective method for the synthesis of high-quality
and large area graphene. However, achieving rapid
synthesis of high-quality, single-crystal graphene
remains a challenge. Recent studies have shown
that the synthesis of single-crystal, high-quality
graphene is achievable utilizing 500 nm - 700 nm
single-crystal Cu(111) film on sapphire as catalyst and
substrate. Nevertheless, the severe evaporation of
the thin copper film during high-temperature growth
has always been an issue. It has been reported that
applying electric field between the copper substrate
and a counter electrode could accelerate graphene
growth, which can significantly shorten the duration
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of exposure of thin Cu(111) film to high temperature. In
our study, we combined these two methods to use their
respective advantages for the rapid synthesis of single-
crystal, high-quality graphene. We applied electric field
to both low pressure and ambient pressure chemical
vapor deposition of graphene, while using single-
crystal Cu(iu) film on sapphire as the catalyst and
substrate. We aim to shorten the growth time for low
pressure CVD to within five minutes, and for ambient
pressure CVD to within thirty minutes, for growing
complete single-crystal graphene film on Cu(i11). We
believe that this integrated method holds promise
for enhancing the efficiency and accessibility of high-
quality graphene synthesis.
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Ingestible Electronics for High Quality Gastric Neural Recordings

A.Gierlach, S.S.You, P. Schmidt, G. Selsing, I. Moon, K. Ishida, J. Jenkins, W. Abdalla M. Madani, S-Y. Yang, H-W. Huang,

S.Owyang, A. Hayward, A. P. Chandrakasan, G. Traverso

Recent advances in understanding gastrointestinal
dysmotility, the gut-brain axis, and gastric stimula-
tion therapies have highlighted the importance of the
electrical signals that regulate the gastrointestinal (GI)
tract. However, current tools that can measure these
small, slowly oscillating potentials deep within the GI
tract either involve acute, invasive procedures for high
quality measurements or long-term cutaneous record-
ings that are highly attenuated and restrict patient
movement. Here we introduce a non-invasive system
for long term gastric recordings known as Multimod-
al Electrophysiology via Ingestible Gastric Untethered
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Tracking (MiGUT). Validated using the gold standard,
MiGUT is able to record the gastric slow wave in-vivo
in pigs, measure the expected response of prokinetic
agents, while also directly observing signals from near-
by organs such as the heart rate and respiratory rate.
During multi-day measurements of freely-moving
subjects, MiGUT measured changes in the slow wave
during different behaviors and was not impacted by
ingestion or high activity events. This work demon-
strates new capabilities of ingestible devices, enabling
long-term, at home, personalized diagnostics and de-
tailed study of gastric electrophysiology algorithms.
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Chamber Design and Airflow Optimization for E-nose Technology

M. Grande, C. Lopez Angeles, T. Palacios
Sponsorship: Universidad Politecnica de Madrid

Electronic nose (E-nose) technology has been explored
for years. However, it has not yet achieved the digiti-
zation of the sense of smell with high accuracy. Vari-
ous concepts of E-nose have been proposed, such as
individual semiconductor-based sensors that respond
to a certain chemical stimulus. However, their use has
been limited due to variability on device-to-device per-
formance resulting from nanofabrication processing.
Moreover, when it comes to complex environments,
such as the human breath, that involve many gases in
low concentrations, a more robust and accurate sensing
approach is needed. In this context, we are designing an
E-nose system based on multiple graphene field-effect
transistor (GFET) sensors arranged in an array. Each
sensor chip is equipped with a thousand sensing units,
aiming for enhanced precision in measurements.
These sensors, integrated with a printed circuit
board system and an external computer, will enable
the detection of biomarkers in exhaled breath. So far,

FURTHER READING

we have achieved a good chemiresistive response of a
metal nanoparticle functionalized graphene sensor to
10,000 ppm H,, 100 ppm NH,, 10 ppm H,S, and 100 ppm
NO, in dry air at room temperature. To optimize the
performance, these devices are housed in a chamber
design and engineered to ensure efficient airflow
for detection. Furthermore, finite element modeling
and simulations of airflow were utilized to enhance
sensing module performance. This optimization was
found through air recirculation and maximization of
air volume in contact with the device. We found that
chip performance is enhanced by creating localized
vortices in the sample chamber. The air samples can
be obtained either by exhaling into the chamber or
by activating a vacuum extraction pump to capture
ambient air. This research represents a significant step
toward achieving a practical E-nose system for diverse
applications, including disease diagnosis.

Device location

<Figure 1: SolidWorks simu-
lation showing breath velocity
trajectories. Breath vortices are
shown specifically localized to
enhance device performance
and air profiles contact. Main
vortex localizes where chip is
placed; device design recircu-
lates air.

e M. Xue, "Graphene-based Biochemical Sensing Array: Materials, System Design and Data Processing," Ph.D. Dissertation, Massachusetts

Institute of Technology, Cambridge, MA, 2023.

« K. Ulrich and S. Eppinger, "Product Design and Development", 7th ed., McGraw-Hill Education, 2019.
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Additively Manufactured Electrospray Sources for Point-of-Care Mass Spectrometry

A.Kachkine, L. F. Velasquez-Garcia
Sponsorship: Empiriko Corporation

Clinical mass spectrometry of biological liquids, e.g,
serum, allows fast and sensitive analysis of biological
analytes. Mass spectrometry (MS) has yet to reach its
full clinical potential. In particular, MS applications
have been hindered by difficulties in constructing ro-
bust sample processing and ionization workflows, with
existing methods requiring significant manual inter-
vention.

Ionization of liquids is commonly attained via
electrospray. The morphology of an electrospray
emitter influences its performance. Internally fed
emitters, i.e., capillaries, suffer from a variety of issues
ranging from clogging to difficulty of integration;
cleanroom microfabricated versions are expensive and
time-consuming to make. Unfortunately, low-cost elec-
trospray ionizers, e.g., paper spray, are often difficult to

A Figure 1: A 3D-printed ionizer for point-of-care MS.

FURTHER READING

integrate into MS protocols.

This study focuses on the ionization step in
standard MS  protocols, concentrating on
combining mainstream 3D printing technology and
nanostructured surface treatments to achieve scalable
manufacturing of high-precision hardware with
automatable assembly. Each device comprises a digital
microfluidic PCB, a soldered 3D-printed emitter made
of SS 316L via binder jetting, covered by a conformal
layer of hydrothermal ZnO nanowires, and an external
3D-printed casing (Figure 1). Using the 3D-printed
ionizer, it was possible to detect pharmaceutical
relevant compounds spiked in serum at a concentration
of 1 ug/ml using various sol-vents (Figure 2).
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A Figure 2: Time-series MS data from a 3D-printed ionizer using
A) isopropanol, B) methanol, and C) acetonitrile as solvent. The
sample included lisinopril, enalapril, clopidogrel, nicardipine,
apixaban, atorvastatin, rosuvastatin, pravastatin, aspirin, and
rivaroxaban.

« A Kachkine and L. F. Velasquez-Garcia, “High-Performance, Low-Cost, Additively Manufac-tured Electrospray Ion Sources for Mass
Spectrometry,” Journal of the American Society for Mass Spectrometry, vol. 35, no. 5, pp. 862—-870, May 2024. doi: 10.1021/jasms.3c00409

« D.Melo Maximo and L. F. Velasquez-Garcia, ‘Additively Manufactured Electrohydrodynamic Ionic Liquid Pure-Ion Sources for Nanosatellite
Propulsion,” Additive Manufacturing, vol. 36, p. 101719, Dec. 2020. doi: 10.1016/j.addma.2020.101719

e I A Perales and L. E. Velasquez-Garcia, “Fully 3D-Printed Carbon Nanotube Field Emission Electron Sources with In-Plane Gate Electrode,”
Nanotechnology, vol. 30, no. 49, p. 495302, Dec. 2019. doi: 10.1088/1361-6528/ab3d17
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An Implantable Device for In-situ Ultrasound-enhanced Drug Delivery

J.E.Hou, S. B. Ornellas, M. O. G. Nayeem, C. Dagdeviren
Sponsorship: Media Lab Consortium Funding

Current intratumoral drug delivery strategies enable
delivery of mRNA therapeutics but have poor tissue
specificity and a need for repeated doses. Microfluidic
devices enable targeted and controlled drug delivery,
and ultrasonic cavitation has been used to reversibly
modulate the permeability of tissue. A combined effect
allows delivery of a drug payload to our target and en-
hanced penetration with an array of ultrasound trans-
ducers.

In this work, we create a novel piezoelectric
Micromachined Ultrasonic Transducer (pMUT) with
a microfluidic channel for in-situ drug delivery. Our
device is based on an array of lead-free potassium
sodium niobate (KNN) thin films and is transfer-
printed on a flexible SU-8 substrate. The biostable
nature of our devices enables chronic and responsive
delivery for the treatment of intracranial tumors, and
our results highlight the microfabrication and early
characterization of the device performance in-vitro.
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A Figure 1: Laser doppler vibrometer measurement of average velocity of transducer at various frequencies (top), Relative magni-
tude of velocity over the array (bottom left), Full scale device with water injected through the microfluidic channel (bottom right)

60 Medical Devices & Biotechnology

MICROSYSTEMS ANNUAL RESEARCH REPORT 2024



Continuous Lentiviral Vector Harvesting from HEK 293 Perfusion Culture using

Spiral Inertial Microfluidic Technology

A.Bevacqua, F. Liu, D. H. Park, J. Chen, J. Han

Sponsorship: Food and Drug Administration ((Ro1FD007480-03) and NSF Graduate Research Fellowship

Lentiviral vectors are popular gene delivery tools used
to create gene and cell therapies. With these therapies
costing patients over $400,000 per dose, research to de-
velop high-concentration, high-yield viral vector man-
ufacturing strategies has a pivotal role in advancing
therapy commercialization efforts and lowering costs.
Viral vectors are manufactured in HEK 293 cell perfu-
sion culture and a cell retention device is used to sepa-
rate viral vectors from cells. Many membrane-based cell
retention devices used in industry struggle to maintain

(@)

(b)

high product recovery over long production runs. We
used a spiral inertial microfluidic cell retention device
to carry out high-recovery harvesting from perfusion
culture. We achieved 7 days of continuous lentiviral
vector production and harvesting with a peak, uncon-
centrated, functional titer of 108 transducing units/mL,
with a high recovery throughout production. Advanc-
ing viral vector harvesting strategies will expand treat-
ment accessibility.
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A Figure 1: (a) The spiral inertial microfluidic device inertially focuses cells to the spiral’s inward
outlet (red arrow). (b) Viral vectors are continuously harvested through the outward outlet (blue

arrow), since their motion is unbiased by inertial focusing.
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Tracking Neurocognitive Decline via Abnormalities in Eye Movements Recorded on

Mobile Devices

J. Koerner, V. Sze, C. G. Sodini, T. Heldt
Sponsorship: Aging Brain Initiative

The aging brain inevitably manifests in a decline of
mental abilities. However, it is often difficult to dis-
cern age-related decline in neurocognitive perfor-
mance from a decline due to neurodegenerative dis-
ease processes, especially early in the disease process
when disease-modifying interventions are thought to
be most effective. To this end, certain features of eye
movements have been shown to be sensitive and spe-
cific markers of neurodegenerative disease progres-
sion. However, their quantitative measurements and
assessments have hereto required dedicated staff time
and high-end equipment and hence are only conducted
during specialized neurological examinations. To close
this diagnostic and clinical monitoring gap, this work
proposes a novel approach for tracking neurocognitive
decline in the elderly by transitioning eye movement
measurements from high-end, specialized medical
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equipment to low-cost ubiquitous consumer electron-
ics, such as smartphones or tablets. Specifically, our ap-
proach displays eye movement tasks on iPads and uses
the integrated selfie-camera to record videos of sub-
jects completing these tasks on a daily basis. From the
recordings, we extract eye movement features, identify
and track eye movement abnormalities, and correlate
them with neurocognitive decline. Our approach prom-
ises to enable continual and personalized tracking of
neurocognitive decline from home. This will dramat-
ically increase the granularity of assessment, thereby
assisting doctors to discern normal, age-related neuro-
cognitive decline from that seen in neurodegenerative
diseases and providing an avenue for the development
of more effective treatment plans and helping advance
research into new treatment strategies.
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Stochastic Regulator with Estimation Filter Implementable Using Bio/Nano
Chemistry and Useful for “Intelligent Design”

J. M. Protz, A. Jain, A.Y.-H. Lee

Sponsorship: Protz Lab Group and the former BioMolecular Nanodevices, LLC

Signal processing using polymers has been a focus of
the authors for two decades and has recently become
of greater interest at MIT. Their present effort explores
chemical and biological implementation of a stochas-
tic linear regulator. It builds on a conceptual reaction
mixture considered by the performer two years ago:
“PROM" -type “junk DNA’ in a plasmid transcribes into
mRNA strands that are attacked by exonucleases coded
for in a “BIOS" region of said plasmid; the activity of the
nucleases depends jointly on the species of nucleotide
being removed and on peptides pulled from polypep-
tides present alongside the plasmid; this causes the mix
of surviving mRNA to depend on the polypeptide com-
position; the surviving mRNA reverse-transcribes into
DNA that overwrites partly a “RAM" region of coding
DNA in the plasmid, evolving it from a “prior estimate”
of the environmental state to an “updated estimate” of
the environmental state; said DNA expresses pheno-
typically as “actuator” proteins that are assembled by

MICROSYSTEMS ANNUAL RESEARCH REPORT 2024

ribosomes from the free peptides and that “actuate” the
surrounding environment; separately, a “sensor” reac-
tion uses proteases and environmentally-sensitive pep-
tide ligation reactions to recycle used “actuator” pro-
teins back into free peptides that are then assembled
into the aforementioned “sensor measurement” -stor-
ing polypeptides. One period of this cycle represents
one update interval for an estimation filter. If imple-
mented in a cell or organism, with the “sensor measure-
ment” -storing polypeptides doubling as, e.g., a yolk, the
lifetime of one cell or organism could constitute one
update cycle of a stochastic regulator implemented
by way of a cell line, organism family line, or society.
Progress of the effort may allow the engineering of cell
lines that evolve themselves and their environment
deterministically and robustly according to “intelligent
design” and may also explain the existence of aging,
death, reproduction, and variable life expectancy.
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Engineering High-throughput Electrokinetic Filtration for Nucleic Acid Enrichment

M.Cui, E.M. Wynne, J. Han

Sponsorship: U.S. Food and Drug Administration (FDA, 1R01FD007226-01)

Rapid and reliable ultralow-abundance molecular de-
tection is of great interest in biomedical research and
clinical trial. Quantitative polymerase chain reaction,
a widely used nucleic acid quantification method,
has multiple inherent issues, including tedious sam-
ple preparation, non-specific amplification, limited
detection range, etc. Besides, there is no existing am-
plification method for protein, which restricts the de-
velopment of protein-based diagnosis. Thus, there is
a critical unmet need for a universal amplification or
preconcentration of molecules.

Previously, our group developed a high-
throughput electrokinetic filtration for biomolecule
concentration. Although the flow rate is extremely
high, the sample recovery rate is only 40% - 60%.
Furthermore, the optimization of this concentrator
is complicated because the device is not designed for
microscopy. Herein, we propose a microscopic version
of high throughput concentrator. This device allows
imaging of concentration region, which provides a
quantitative assessment of device performance. With

FURTHER READING

the assistance of microscopy, we optimized the device,
including minimizing downstream pore size on cation
exchange membranes (CEMs) to ~150 um in diameter
to effectively generate ion depletion zones (IDZs),
inserting ~35 pm porous polyethylene (PE) in front of
IDZs to increase the electric intensity, adding ~25 pm
porous filter paper near IDZs to compress instability
of vortex. The operating flow rate can also be easily
determined by downstream imaging. In summary, the
microscopic device provides not only straightforward
assessments of concentration but also operation at a
high flow rate.

We used fluorescent-tagged DNA (ssDNA-647) in
0.1X phosphate buffer saline to test the performance of
the device. With the assist of microscopic device, a flow
rate up to 50 pL/min is achieved without significant
leakage at 50 V. A1 mL sample can be concentrated to
a final volume of 50 uL, with a concentration factor of
20. We will further test the concentration performance
of protein and bacteria.

e W.Ouyang, J. Han, "Universal Amplification-free Molecular Diagnostics by Billion-fold Hierarchical Nanofluidic Concentration," Proceedings

of the National Academy of Sciences. 2019;116(33):16240-9.

e H.Kwon, B. Lenneman, T. Lu., K. Choj, J. Han, "An Electrokinetic-based Large Volume Concentrator for Ultra-low Abundant Target Detection,"
24th International Conference Miniaturized Systems for Chemistry and Life Science, 2020.
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High Throughput Electrokinetic Concentrator with Polydopamine DNA Capture

Substrate

E. M. Wynne, M. Cui, J. Han
Sponsorship: SMART CAMP

Technologies such as next-generation sequencing are
able to detect small amounts of genetic material, mak-
ing low abundance detection of pathogens a possibility.
These technologies can only process volumes on the
scale of tens of microliters at time, limiting the utility
of these methods when trying to process large volumes
such as liters of bioreactor supernatant. Electrokinetic
concentration devices could elevate these sensing tech-
nologies by reducing large sample volumes to a scale
more compatible with these technologies.

We demonstrate an EK concentration device
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operating at flowrates up to 50 microliters per minute,
and characterize the performance when adjusting
voltage, flowrate, and buffer composition. Our device
uses an electric field to focus DNA into a region with
a polydopamine (PDA) coated substrate that binds
DNA. We demonstrate that applying a chelating agent
to PDA releases the DNA such that it can quantified
by methods other than fluorescence microscopy. This
work expands the utility of EK concentration devices
and presents a semi-continuous method for DNA
enrichment in contrast to existing batch methods.
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A Figure 1: A) A blown up schematic of the electrokinetic concentration device. B) A photograph of the

device fully assembled.
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Electrophoretic Quality Assessment of Adeno-associated Virus (AAV) by

Microfluidic lon Concentration Polarization

Y. Park, M. Cui, J. Han

Sponsorship: U.S. Food and Drug Administration (FDA, 1R01FD007226-01) and Singapore MIT Alliance for Research and

Technology, CAMP IRG.

Adeno-associated virus (AAV) is widely used as a vi-
ral vector in gene therapies as well as genetic manip-
ulation of various cells. The demand for high-quality
AAVs is increasing alongside the growth of gene ther-
apy. Still, there is a critical lack of reliable tools to as-
sess the general quality of AAV capsids produced in
biomanufacturing. However, AAV manufacturing in
HEK293 always produces a very impure population,
where only <30% of produced AAV particles typically
have all the genes that make the particle functional in
vivo [1]. Moreover, a large number of them are partially
filled with genes that are not functional but have the
potential to be immunogenic in vivo [2]. Therefore, de-
tecting and potentially removing empty and partially
filled AAV capsids is an important quality-control step

FURTHER READING

in AAV biomanufacturing. This study tried to address
this critical challenge by introducing a microfluidic
device with the ion concentration polarization (ICP)
effect. The ICP effect-based microfluidic device is fabri-
cated based on previous research utilizing Nafion resin
solution to make cation exchange membranes [3]. The
device was tested using a reference AAV capsid to dif-
ferentiate fully packed AAVs from empty AAV samples.
The result was analyzed and quantified based on fluo-
rescence intensity values of labeled AAV. The technique
used in this study was able to distinguish a 5% content
difference in each empty AAV composition ratio, sug-
gesting a potential to be used as a tool for quantitative
analysis in various studies like purification of particles
with a similar size but different electric charge.

« P S.Chahal et al, “Production of Adeno- associated Virus (AAV) Serotypes by Transient Transfection of HEK293 Cell Suspension Cultures for

Gene Delivery,” J. of Virological Methods, 196, 163-173.

e M. Schnédt, et al, “Improving the Quality of Adeno-associated Viral Vector Preparations: The Challenge of Product-related Impuritie,”

Human Gene Therapy Methods, 2017. 28(3): p. 101- 108.

« R.Kwak, et al. "Spatiotemporally Defining Biomolecule Preconcentration by Merging Ion Concentration Polarization." Anal Chem, vol. 88, no.

1,2016, pp. 988-96.
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A Conformable Ultrasound Patch for Cavitation Enhanced Transdermal

Cosmeceutical Delivery

A.Shah, C. Yu, N. Md Osman Goni, C. Marcus, C. Dagdeviren, A. Kumar-Bhayadiya
Sponsorship: MIT Media Lab Consortium, K.Lisa Yang Bionics Fellowship (AS, 2021-22), MIT Presidential Fellowship (AS,
2023-24), NSF CAREER: (Grant No. 2044688), 3M Non-Tenured Faculty Award, NSF (Grant No. s1905252).

Growing interest in skin health necessitates an effec-
tive method for enhancing the transdermal absorption
of therapeutic cosmeceuticals such as niacinamide
(122 gmol?). The challenge arises due to the limited
permeation of such small-molecule drugs (<500 gmol-
1) through the stratum corneum barrier. We report a
conformable ultrasound patch (cUSP) that employs
intermediate-frequency sonophoresis to improve the
transdermal transport of niacinamide. The cUSP, fea-
turing bulk piezoelectric transducers within a soft
elastomer, creates localized cavitation pockets (0.8 cm?,
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1 mm deep). Multiphysics simulations, acoustic spec-
trum analysis, and high-speed videography character-
ize transducer deflection, acoustic pressure fields, and
cavitation bubble dynamics. In vitro testing on porcine
skin demonstrates a 26.2-fold increase in niacinamide
transport with a 10-minute ultrasound application. To
further enhance portability, we propose miniaturizing
the transducer footprint using piezoelectric unimorph
cantilever structures to create a seamless conformable
interface for patients suffering from skin conditions
and premature skin aging.
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A Figure 1: Simplified schematic, (not to scale) of the (a) bulk and (b) unimorph embodiments of the cUSP interface.
() In vitro skin permeation results obtained with the bulk interface demonstrating a 19.2-fold enhancement in the

total of niacinamide delivered in 60 minutes after 10 minutes of ultrasound application.
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Ultrasound-based Detection and Sizing of Emboli: Toward Safer ECMO

I. Romero, S. M. Imaduddin, T. Heldt, L. Bourouiba

Sponsorship: Boston Children’s Hospital Anaesthesia Foundation

Extracorporeal membrane oxygenation (ECMO) is an
extreme life-support mechanism designed to aid indi-
viduals whose lungs or heart is not functioning proper-
ly in oxygenating their blood. This process continuous-
ly pumps blood through an external device that adds
oxygen and removes carbon dioxide.

However, ECMO comes with certain risks,
including the potential formation of emboli, which
can be either solid, such as blood clots, or gaseous,
like air bubbles. Such emboli can lead to tissue
damage through ischemia and may result in stroke or
pulmonary obstruction, posing a substantial challenge
in critical care. The detection and prevention of such
emboli remain major technological challenges.

We aim to tackle this problem by leveraging
ultrasonography. For that, we are collaborating
closely with colleagues at Boston Children's Hospital
and established a laboratory-based simulation

system to replicate the clinical ECMO environment.
We developed a data acquisition system for time-
synchronized recording of ultrasound imaging and
high-speed videography. This dual imaging approach
allows for ground-truth recording of the emboli
injected into this system. Finally, we have developed
algorithms to analyze the recordings. By using signal
processing techniques, we can detect, count, and size
the emboli, thus paving the way for safer ECMO.

Future work will focusonimprovingthelaboratory
setting by using real blood clots and refining the
algorithm to differentiate between solid and gaseous
emboli. Additionally, expanding the application of
these technologies to other forms of extracorporeal
support systems will also be a priority, potentially
broadening the impact of our work across different
domains of critical care.
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A Figure 1: A, Laboratory-based ultrasound data collection: Ultrasound transducer positioned perpendicular to the ECMO
tube, with liquid flowing from left to right. B. High-speed videography for ground truth: Camera aligned with the ultrasound's
focus area, capturing a 460 -micrometer air bubble. C. Ultrasound imaging of the same air bubble: Air bubble represented in

a color-scaled plot of segment number versus depth versus voltage.

FURTHER READING

« B.D.Kussman, S. M. Imaduddin, M. H. Gharedaghi, T. Heldt, and K. L. LaRovere, “Cerebral Emboli Monitoring Using Transcranial Doppler
Ultrasonography in Adults and Children: A Review of the Current Technology and Clinical Applications in the Perioperative and Intensive
Care Setting,” International Anesthesia Research Society, vol. 13, no. 2, Aug. 2021.

e S.M.Imaduddin, K. L. LaRovere, B. D. Kussman, and T. Heldt, ‘A Time-Frequency Approach for Cerebral Embolic Load Monitoring,” IEEE

Transactions on Biomedical Engineering, Jul. 2019.
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Multifunctional Microelectronic Fibers Enable Wireless Modulation of

Gut-brain Axis

A.Sahasrabudhe, P. Anikeeva

The body’s peripheral organs are in a constant bidirec-
tional cross talk with the brain, generating a cognitive
map of the body's physiological state, which is vital for
survival. This is exemplified by the gut-brain communi-
cation, wherein hormonally and neurally mediated sig-
nals emerging from the abdominal viscera transduce
metabolic information to the brain to maintain energy
homeostasis. Although these internally arising gut-to-
brain sensory cues are consciously imperceptible, they
have been shown to influence neurocognitive process-
es such as motivation and affect. However, probing and
understanding critical brain-body circuits in behaving
animal models presents a neurotechnological chal-
lenge due to contrasting design criteria imposed on
implantable devices by drastic anatomical differences
between the skull-encased brain tissue and mobile, del-
icate peripheral organs.

Inspired by nerve fibers, we design a soft, flexible
polymer fiber-based organ-brain neurotechnology.
To match the inherent signaling complexity of the
nervous system, we envisaged probes that integrate
multiple functionalities yet retain a miniature
device footprint to facilitate chronic bio-integration.
To «create a multifunctional and multi-organ
neurotechnology, we combine the scalability and rapid
customization of fiber drawing with the functional
sophistication of solid-state microdevices (Figure 1a).
We produce hundreds of meters of flexible polymer
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A Figure 1: Schematic illustration of microelectronics-integrated
multifunctional fibers that enable wireless modulation of brain
and gut neural circuits.

FURTHER READING

filamentary probes integrating microscale light-
emitting devices, thermal sensors, microelectrodes,
and microfluidic channels (Figure 1b). The ability to
process thermoplastic elastomers with the same route
enables deterministic tunability of device mechanics
and allows probes of target deep-brain structures
and/or regions of the murine intestine (Figure 1d, e).
We design a lightweight and modular wireless control
circuit, NeuroStack, that offers bidirectional wireless
control and real-time programmability of in-fiber
microdevices and an intuitive user interface (Figure
1c). The brain fibers offer gene delivery for cell-type
specific optogenetic neuromodulation, single-neuron
recordings, thermometry, and tetherless control of the
mesolimbic reward pathway (Figure 2a). The soft gut
fibersgrant accesstoanatomically challenging, delicate
intestinal lumen, allowing intraluminal optofluidic
control of sensory epithelial cells that guide feeding
behaviors (Figure 2b). We discover that optogenetic
stimulation of vagal afferents from the intestinal
lumen drives reward behavior in untethered mice.
These illustrative applications foreshadow widespread
use of wireless multifunctional microelectronic fibers
to study the roles of specific cells in bidirectional
communication between peripheral organs and the
brain. This will empower the field of interoception,
paving the way for mechanistically guided improved
autonomic neuromodulation therapies.
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A Figure 2: (a) Wireless brain devices allow modulation of neural
circuits in deep brain reward structures as tested in real-time place
preference assay in transgenic mice; (b) Wireless gut devices allow
modulation of eneteroendocrine cells that signal satiety through
hormone release in small intestine of mice as tested in acute feed-
ing assay. devices allow modulation of eneteroendocrine cells that
signal satiety through hormone release in small intestine of mice as
tested in acute feeding assay.

« A Sahasrabudhe, L. Rupprecht, P. Anikeeva, et. al., Nature Biotechnology, vol. 13, no. 5, pp. 1-13, 2023.
« K. Buchanan, L, Rupprecht M. Kaelberer, A. Sahasrabudhe, P. Anikeeva, D. Bohérquez, Nature Neuroscience, vol. 25, no. 2, pp. 191-200, 2022.
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Miniaturization and Integration of Medical Microwave Imaging Systems

M. St. Cyr, A. Zarrasvand, N. Reiskarimian
Sponsorship: Draper Scholars

Microwave imaging (MWI) is an imaging modality of
importance to numerous medical applications. Chang-
es within the body are directly correlated to changing
dielectric properties that correspond to different re-
sponses to an applied electric field. Thus, by sending
a microwave signal into the body and detecting the
transmitted and reflected signals from multiple loca-
tions surrounding the area of interest, an image can be
reconstructed that demonstrates physiological chang-
es. MWI is identified as a potential new harmless and
noninvasive imaging modality for medical spaces such
as tumor detection.

MWTI requires sensitive and reliable electronics.
Signal generators, transmitters, and receivers are some
of the components needed to realize an MWI system.
Early research on microwave imaging has used highly
dependable off-the-shelf electronics; however, these

electronics are often very bulky and unspecified to the
application of MWI. By developing integrated circuits
for MWI, we can make systems cheaper, smaller, and
easier to operate. Such characteristics are necessary
for continuous monitoring of conditions inside the
body and overall higher accessibility to healthcare.

This work will design integrated circuits
specifically for MWI. The goal is for these circuits
to occupy a much smaller footprint than current
electronic solutions, without compromising image
quality. This work begins with understanding the
challenges and tradeoffs that exist within off-the-
shelf electronic systems through system level design
exploration. After understanding the metrics in the
electronic system that correlate with image quality,
we will design circuit topologies to fit the exact
specifications required.
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A Figure 1: Overview of an MW/ system.
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Progress on an Implantable Microphone for Cochlear Implants

E.F. Wawrzynek, J. Z. Zhang, E. S. Olson, I. Kymissis, H. H. Nakajima, J. H. Lang
Sponsorship: NIDCD/NIH R01DC016874, NSF GREP Grant No. 1745302, NSF GRFP Grant No. 2141064

Cochlear implants are devices that can restore hearing
loss to people with sensorineural hearing loss. Despite
their name, cochlear implants rely on an external elec-
tret microphone which poses many lifestyle restric-
tions on the users. We present the fabrication and test-
ing of an implantable microphone as an important step
towards a totally implanted cochlear implant.

The piezoelectric microphone is made from
titanium and thin film polyvinylidene fluoride
(PVDF), is shaped like a triangular cantilever, and
has a differential output. Figure 1 shows an image of
the microphone sensor during and after fabrication.
The microphone sensor is inserted through the facial
recess and contacts the manubrium's umbo. We target
the umbo because its uni-directional motion produces
a well-represented sound signal. As the umbo moves,
it displaces our piezoelectric sensor, resulting in a
charge accumulation that we amplify with a custom
differential charge amplifier.
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A Figure 1: A picture of two UmboMic sensors. The top sensor
is partially fabricated; the triangular electrodes have been pat-
terned, the flex PCB trimmed, and the PVDF layer adhered. It is
missing the ground shield and U.FL connector which can be seen
in the finished bottom sensor.
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We use photolithography and thin film deposition
to fabricate our sensors in a nano-microfabrication
facility at the Massachusetts Institute of Technology.
We have tested seven sensors at Mass Eye and Ear via
bench testing and human cadaveric experimentation.

The eight sensors behave comparably during
bench testing and in five distinct human cadaveric
ears. Our microphones show a flat frequency response,
high sensitivity, good linearity, and an equivalent
input noise comparable to commercial hearing aid
microphones. Figure 2 shows the frequency response
of all seven sensors in a single ear, while Figure 3 shows
the frequency response of a single sensor across five
ears.

Our prototype demonstrates the feasibility of
a PVDF-based microphone and is an important step
towards developing a totally implantable cochlear
implant.
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A Figure 2: The frequency response of eight different micro-
phones in a single ear. The y-axis shows the charge output of the
microphone normalized by the pressure in the ear canal. Despite
fabrication and implantation differences, the sensors have a very
similar frequency response.

A Figure 3: The frequency response of a single sensor in five dif-
ferent ears. Despite anatomical differences between ears, the
sensor has a similar frequency response across experiments.
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Piezoelectric Single Crystal-Based Ultrasound Patch for Breast Imaging

W. Du, L. Zhang, E. Suh, D. Lin, C. Dagdeviren
Sponsorship: NSF CAREER: Conformable Piezoelectrics for Soft Tissue Imaging (grant no. 2044688), NSF Graduate Research
Fellowship Program under grant no. 2141064

Ultrasound is pivotal for breast cancer diagnosis, but
challenges limit its integration with wearables, espe-
cially for large curvilinear organs. We've introduced a
breakthrough: the cUSBr-Patch, a conformable ultra-
sound breast patch. This wearable offers standardized,
reproducible image acquisition across the entire breast,
reducing operator reliance and transducer compres-
sion. The honeycomb-shaped patch, guided by an easy-
to-use tracker, enables large-area, deep scanning, and
multiangle breast imaging. Using a piezoelectric crys-
tal [Yb/Bi-PIN-PMN-PT], our in vitro and clinical trials
achieved a contrast resolution of ~3 dB and axial/lateral
resolutions of 0.25/1.0 mm at 30 mm depth. This allows
the observation of small cysts (~0.3 cm) in the breast.
Our technology provides a noninvasive method for re-
al-time tracking of dynamic soft tissue changes, mark-
ing a significant advancement in ultrasound for breast
tissue scanning within a compact wearable form.
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Fully 3D-printed, Monolithic, Self-heating Microfluidic Devices

J. Cafiada, L. F. Velasquez-Garcia
Sponsorship: Empiriko Corporation, “la Caixa” Foundation

Microfluidic devices allow manipulation and process-
ing of small quantities of fluids by using sub-millime-
ter scale channels. Microfluidics are used extensively in
industry and academia, with applications ranging from
drug development to space propulsion. These applica-
tions often involve temperature-sensitive processes,
e.g, manipulation of living cells, triggering of specific
chemical reactions, which make temperature regula-
tion critical. Temperature regulation techniques in mi-
crofluidics typically involve the use of bulky equipment
external to the microfluidic device, and reports of mi-
crofluidics with integrated cooling-heating systems
rely on costly fabrication processes and assembly steps.

This work proposes the use of multi-material
extrusion three-dimensional (3D) printing to create
monolithic, self-heating microfluidic devices in a
single, inexpensive manufacturing operation. Material
extrusion, also known as fused filament fabrication
(FFF), creates parts by heating up feedstock and
pushing it through a nozzle, constructing parts layer
by layer. Material extrusion, a most accessible additive

(b)

20 mm

manufacturing technology, allows monolithic multi-
material fabrication.

The proof-of-concept, self-heating microfluidic
devices developed here consist of a 3D-printed resistor
that acts as a heat source and a 3D-printed microfluidic
channel that directs a fluid from an inlet to an outlet.
This simple device demonstrates the ability of multi-
material extrusion to produce microfluidic structures
with monolithically integrated heating capability.
The devices are fabricated using two polylactic acid-
based materials: one is dielectric, used to produce the
microfluidic channels and structural features; the
other is electrically conductive, used to fabricate the
resistors that serve as a heat source. The ability of
material extrusion to create custom, intricate patterns
enables fabrication of complex, application-specific
designs of both the microfluidic structure and heating
system. Future work includes studying the use of 3D
printable materials as temperature sensors to enable
closed loop temperature regulation.
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A Figure 1: (a) Optical and thermal images of a 3D-printed, self-heating microfluidic device, and (b) Optical and thermal images, mea-

sured temperature profiles of custom 3D-printed heater.

FURTHER READING

e J. Cafada and L. F. Velasquez-Garcia, "Monolithically 3D-Printed, Self-Heating Microfluidics," 2023 IEEE 22nd International Conference
on Micro and Nanotechnology for Power Generation and Energy Conversion Applications (PowerMEMS), 2023, pp. 210-213. doi: 10.1109/

PowerMEMS59329.2023.10417177.

« A P Taylor, J. Izquierdo-Reyes, and L. F. Velasquez-Garcia, “Compact, Magnetically Actuated, Additively Manufactured Pumps for Liquids and
Gases," J. of Physics D-Applied Physics, vol. 53, no. 35, p. 355002, Aug. 2020. doi: 10.1088/1361-6463/ab8de8

« A L. Beckwith, L. E. Velasquez-Garcia, and J. T. Borenstein, “Microfluidic Model for Evaluation of Immune Checkpoint Inhibitors in Human
Tumors,” Advanced Healthcare Materials, vol. 8, no. 11, p. 1900289, Jun. 2019. doi: 10.1002/adhm.201900289
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Miniaturized Quadrupole Mass Filters via Extrusion for lonospheric Studies

A.Diaz, L. F. Velasquez-Garcia
Sponsorship: MIT Portugal

Mass spectrometry is the gold standard for quantita-
tive chemical analysis. Mass spectrometers employ
mass filters that sort out in vacuum the ionized con-
stituents of a sample by mass-to-charge ratio. However,
mainstream mass spectrometers are large, heavy, and
power-hungry, restricting their ability to be deployed
into CubeSats. Mass spectrometer miniaturization has
been achieved at the expense of great loss in perfor-
mance.

Quadrupoles are a popular choice for a mass filter
due to their mass range, resolution, sensitivity, and
sturdiness. Quadrupole mass filters use a combination
of alternating and direct current voltages to contain
species of a given specific charge, transmitting
them from one end to the other of the quadrupole.
Additive manufacturing makes it possible to create

A Figure 1: Monolithically 3D-printed quadru-

pole mass filters next to U.S. dime for size com-

parison.

FURTHER READING

monolithically and precisely complex objects. Also,
additive manufacturing is compatible with in-space
manufacturing. Reports of 3D-printed quadrupole
mass filters exist, but these are not monolithically
made.

In this study, we developed novel, monolithically
3-D-printed quadrupole mass filters with hyperbolic
rods (Figure1). The devices are made via extrusion using
polylactic acid (PLA) for the dielectric parts and PLA
doped with copper nanoparticles for the conductive
structures. The work included the development of
compact, low-power, precision electronics to drive
devices that are compatible with the size, weight,
and power constraints of CubeSats. The devices sat-
isfactorily detect argon—the heaviest gas found in the
ionosphere (Figure 2).
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A Figure 2: Mass spectra of argon usinga 3D -printed quadrupole

mass filter.

e A Diazand L. F. Velasquez-Garcia, “Compact, Monolithically 3-D Printed Quadrupole Mass Filters for CubeSat Mass Spectrometry,” IEEE
Transactions in Instrumentation and Measurement, vol. 73, pp. 1-10, Mar. 2024. doi: 10.1109/TIM.2024.3372214

« C.C.Eckhoff, N. K. Lubinsky, L. J. Metzler, R. E. Pedder, and L. E. Veldsquez-Garcia, “Low-Cost, Compact Quadrupole Mass Filters with Unity
Mass Resolution via Ceramic Resin Vat Photopolymerization,” Advanced Science, vol. 11, no. 9, 2307665, Mar. 2024. doi: 10.1002/advs.202307665

e A A Fomani, A. I Akinwande, and L. F. Velasquez- Garcia, “Resilient, Nanostructured, High-Current, and Low-Voltage Neutralizers for
Electric Propulsion of Small Spacecraft in Low Earth Orbit,” IOP J. of Physics: Conference Series, vol. 476, p. 012014, 2013. doi: 10.1088/1742-

6596/476/1/012014
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Curved Electron Sources for Next-Generation Electron Projection Lithography via

Vat Photopolymerization and CNT Drop Casting

A.Kachkine, L. F. Velasquez-Garcia
Sponsorship: MIT Portugal

Electron projection lithography (EPL) has the potential
to surpass the resolution of mainstream extreme ultra-
violet (EUV) lithography for chip manufacturing. Cur-
rently, the primary utility of EPL in industry is mask
writing for EUV, where EPL beats classic electron beam
lithography in terms of throughput. However, develop-
ment of EPL for chip manufacturing has stalled due to
throughput and process uniformity concerns.

We propose a new paradigm for EPL: a confocal
electron source (Figure 1). In our de-sign, a monolithic
array of micro/nanostructured cones is aligned with
an extractor grid; emitted electrons converge onto a
collector after a mask, resulting in pattern reduction.

A Figure 1: Renderings of proposed EPL electron source. A)
Emitter substrate showing cone decorated, revolved arc surface.
B) Extractor with array of apertures. C) Assembled device show-
ing confocal alignment via kinematic couplings.

FURTHER READING

The absence of downstream lenses decreases substrate
distance, enabling operation at lower electron energies
and potentially increasing resolution. Emission of
prototypes made via vat photo-polymerization and
carbon nanotube drop casting attain a peak emission
current of 300 pA/cm? (Figure 5). Time-series data
shows emission stability. Phosphor screen imaging
without a mask shows emission across the entirety
of the device (Figure 2). Current research efforts seek
to integrate masks into a prototype exposure column,
while improving the emission uniformity and optical
precision of the electron source.

A Figure 2: Phosphor screen image of electron emission.

« A Kachkine, C. E. Owens, A. J. Hart, and Luis F. Velasquez-Garcia, “3D-Printed, Non-Planar Electron Sources for Next-Generation Electron
Projection Lithography,” Technical Digest 36th International Vacuum Nanoelectronics Conference (IVNC 2023), pp. 128-130, 2023. doi: 10.1109/

IVNC57695.2023.10188962

e I A Perales-Martinez and L. F. Velasquez-Garcia, “Fully 3D-printed Carbon Nanotube Field Emission Electron Sources with In-plane Gate
Electrode,” Nanotechnology, vol. 30, no. 49, p. 495303, 2019. doi: 10.1088/1361-6528/ab3d17

« C.Yangand L. F. Velasquez-Garcia, “Low-cost, Additively Manufactured Electron Impact Gas Ionizer with CNT Field Emission Cathode for
Compact Mass Spectrometry,” Journal of Physics D-Applied Physics, vol. 52, no. 7, p. 075301, 2019. doi: 10.1088/1361-6463/aaf198
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Silicon Field Emitter Arrays for Vacuum Integrated Circuits

N. Karaulac, A.I. Akinwande
Sponsorship: U.S. Air Force Office of Scientific Research

Nanoscale vacuum-channel transistors are expected to
show better performance in a wide variety of high-fre-
quency, high-power, and/or harsh environment ap-
plications due to their ballistic transport and higher
breakdown field. Silicon field emitter arrays (Si FEAS)
are a proven and mature technology that can be im-
plemented as vacuum transistors, and they could also
be used in vacuum integrated circuits (ICs). Many of
the challenges regarding uniformity, reliability, and
lifetime have been addressed in this technology. Most
recently, we addressed the scalability of the emission
current by designing a layout-independent fabrication
process for Si FEAs. However, several questions regard-
ing the feasibility of vacuum ICs remain.
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A Figure 1: Box plots showing measured distribution of bgy and
In[agy] from 40 Si FEAs ranging in size from single emitter to
1000x1000. Gaussian curves are fitted to the box plots.

FURTHER READING

Fordigitaland analogcircuits,thetransistor parameters
must be closely matched, and the impact of variations
in apy and bgy on future vacuum ICs is unknown. In
this work, we characterize and model the statistical
variation resulting from our fabrication process. In
Figure 1, we measure the transfer characteristics of
40 Si FEAs and extract a distribution of apy and bpy
values. We also measure the output characteristics of
our devices in Figure 2 and fit the data using a compact
model based on a sigmoid (s-shaped) function. Using
this model, we perform a Monte Carlo simulation in
LTspice of fundamental circuit building blocks, such as
an inverter and current mirror, to analyze the impact
of the variation of apy and bgy on future vacuum IC
performance.
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A Figure 2: Measured output characteristics of 100x100 Si FEA
for different values of gate-to-emitter-voltage, V. More pre-
cisely, Vep = 20,22, ..,48,50 V.

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, Jun. 2016.

« N.Karaulac, G. Rughoobur, and A. I. Akinwande, “Highly Uniform Silicon Field Emitter Arrays Fabricated using a Trilevel Resist Process,”
Journal of Vacuum Science & Technology B, vol. 38, no. 2, pp. 023201:1-7, Jan. 2020.

« N.Karaulac, W. Chern, G. Rughoobur, and A. I. Akinwande, “Silicon Field Emitter Arrays Fabricated using a Layout-independent Process,” 2021
34th International Vacuum Nanoelectronics Conference (IVNC), pp. 1-2, 2021.
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3D-printed Microfluidic Flow Distributor for Multiplexed Electrospray Droplet Thrusters

H.Kim, L. F. Velasquez-Garcia
Sponsorship: MIT Portugal

Electrospray propulsion, accomplished by electrohy-
drodynamically ejecting charged corpuscles of pro-
pellant, offers several advantages for propelling small
spacecraft like CubeSats. Its capacity to achieve high
specific impulse using electrical power rather than be-
ing constrained by the chemical energy of the fuel is
particularly noteworthy. Also, electrospray thrusters’
bipolar emission obviates the need of a neutralizer.
However, a single electrospray emitter provides limited
thrust because electrospray emission is possible only
within a limited range of fuel flow rates. In the higher
flow rate regime within this range, the emitted parti-
cles are mostly droplets, resulting in higher thrust than
the lower flow rate regime emitting ions. Nonetheless,
thrust remains constrained, scaling with the flow rate
to the power of 3. This thrust constraint necessitates
multiple emitters, with uniform operation being cru-
cial to avoid efficiency degradation or emitter flooding.
Miniaturization of the electrospray hardware intro-
duces benefits, e.g., lower start-up voltage.
Traditionally, miniaturized electrospray
thrusters have been fabricated in a semiconductor
cleanroom. However, this method is very expensive,

Ap: pressure disturbance
Aw: fabrication error in width
Ah: fabrication error in height

Channel Optimization

outlet disturbance
dominates

nonuniformity

channel area

A Figure 1: 3D schematic of the flow distributor with sources of
non-uniformity explained.

FURTHER READING

time-consuming, and incompatible with in-space
manufacturing. While 3D-printed, uniformly operating
ion-emitting electrospray thruster arrays have been
successfully demonstrated, implementing a 3D-printed
droplet-emitting thruster has proven challenging.
The main challenge lies in fabricating a uniform flow
distributor that can tolerate fabrication errors and
withstand dynamic outlet conditions caused by non-
uniform electric field and interfacial effects, aspects
often overlooked by typical bifurcation distributors or
other geometries.

To address this challenge, we optimized the design
of a uniform flow distributor to cope with fabrication
errors and outlet pressure perturbations (Figure 1).
Using this framework, we 3D-printed a four-emitter
prototypewith modified liquid resin capable of printing
narrow channels (Figure 2). The prototype exhibited
uniform flow distribution while delivering a flow rate
up to ~0.1 mms3/s to each emitter of the ionic liquid
1-ethyl-3-methylimidazolium tetrafluoroborate (EMI-
BF,)—a propellant commonly used in electrospray
propulsion.

A Figure 2: Reconstructed 3D image of the flow distributor from

an X-ray microscope.

« H.Kim and L. F. Velasquez-Garcia, “Monolithically 3D-Printed Microfluidic Flow Distributor for Uniform Operation of Multiplexed
Electrospray Droplet Cubesat Thrusters,” 2023 International Conference on Micro and Nanotechnology for Power Generation and Energy
Conversion Applications (Power MEMS), pp. 224-227, 2023. doi: 10.1109/PowerMEM S56853.2022.10007598

e A A Fomani, A. I Akinwande, and L. F. Velasquez- Garcia, “Resilient, Nanostructured, High-Current, and Low-Voltage Neutralizers for Electric
Propulsion of Small Spacecraft in Low Earth Orbit,” IOP Journal of Physics: Conference Series, vol. 476, p. 012014, 2013. doi: 10.1088/1742-

6596/476/1/012014

« D.Melo Maximo and L. F. Velasquez-Garcia, ‘Additively Manufactured Electrohydrodynamic Ionic Liquid Pure-Ion Sources for Nanosatellite
Propulsion,” Additive Manufacturing, vol 36, p. 101719, Dec. 2020. doi: 10.1016/j.addma.2020.101719
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Qualitative Modeling of an Electron Transiting a Vacuum with Drag and Lo-Fi TOE

J. Protz, J. Gerson, P. Kelly, A. Jain, A. Lee

Sponsorship: Protz Lab Group; the former microEngine, LLC and Asteria Propulsion LLC

Study at MIT of the link between the Kalman filter and
quantum physics goes back to 1980 and the publication
of S. Mitter's LIDS-P-1006; comparable work was pub-
lished in Japan in 2014 by Ishikawa and Kikuchi and in
China in 2022 by Ma, Kong, Wang, and Luand. In 2023,
at IVNC at MIT, the present investigator proposed that
devices maneuvering in air according to Boyd's ener-
gy-maneuverability theory for aircraft (with steady
throttle to overcome steady drag, unsteady throttle for
maneuver, and throttle lag) could provide an analogy
for electrons in the vacuum and that the modeling of
groups of such particles might allow the construction
of a sort of “lo-fi" fully classical “theory of everything”
that reproduces qualitatively many artifacts found in
relativity and quantum mechanics and observed ex-
perimentally. In the works mentioned above, the irre-
ducible quantum uncertainty of quantum mechanics
shows as the driving noise of a system tracked by a Kal-
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man filter; here, said driving noise is caused by throttle
lag making it not possible to cancel with made thrust
the bombardment of the electrons by the smaller par-
ticles that compose the vacuum. The project is at an
early stage, and the modeling continues; presently, it is
focused on making a “video game physics engine”. Sep-
arately, silicon MEMS propulsion was studied at MIT
for two decades; recently, the present investigator has
been considering a MEMS chip that would combine a
computer, sensors, and a micro rocket motor into a de-
vice that could replace a .22 LR bullet's primer cap in
NCAA and Olympic competitive sport shooting. A con-
ceptual design has been completed and is illustrated in
the figure below. If successful, the project could lead
to a class of sport shooting that features teams having
both athletes and device engineers in the same way
that does auto racing.
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chip set used for optical image stabilization (OIS) in digital cameras placed here in casing and used to correct

for hand jitter; similar chip set inside projectile enables limited in-flight steering.

FURTHER READING

e J. Protz, “Silicon MEMS DACS and Finite Chord Slender Body Translating in a Vac.,” MIT MTL Annual Research Report 2023. Abstract. See

also poster 3.02 from MIT MTL MARC 2024.

« J. Protz, “Qualitative Modeling of an Electron or Finite-Chord Slender Body Transiting a Vacuum with Drag” P.19 (0087) 36th IEEE IVNC, MIT,

10-13 July 2023 (doi 10.1109/IVNC57695.2023.10188959). Poster.

« J. Protz, Emails to R. Leopold, W. Goldberger, A. Lee, S. M. Spearing, P. Daly, K. Hicks, and others on c. 9 March, 16-17 March, and 9-11 June of

2023 and related files in ~jmprotz/Public. Personal correspondence.
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Second Exponential Region in Silicon Nanowire Field Emitter Arrays: Impact
lonization, Direct Band-to-Band Tunneling, or Valence Band Emission?

A.Sahagun, A.I. Akinwande
Sponsorship: U.S. Air Force Office of Scientific Research

At high gate-to-emitter voltages for silicon nanowire
field emitter arrays (FEAs), the Fowler-Nordheim (FN)
plot shows an unexpected increase in emission current
despite the emission current being supply-limited. The
second exponential region beyond the supply-limited
region in the FN plot might be explained by impact
ionization in the semiconductor due to the strong elec-
tric field. Other proposals hypothesize that the second
exponential region is due to direct band-to-band tun-
neling resupplying the conduction band for electron
emission. However, in the aforementioned cases, the
EN slope (-bgy) in the second exponential region should
remain the same as in the first exponential region; this
is not observed experimentally, as shown in Figure 1 a).
The difference in the slope of the second exponential
region may be due to an increase in the barrier height
seen by electrons tunneling from the valence band into
vacuum. However, no simulations of this valence band
emission have been performed to sup-port this result.
In this work, we aim to simulate the second
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exponential region in the field emission current
observed experimentally and explore if the second
exponential region results from im-pact ionization,
direct band-to-band tunneling, or valence band
emission. We use a physics- based approach (SILVACO)
to simulate the tunneling probability at both the
conduction band and valence band energy levels and
the FN slopes. Using SILVACO, we recreated the device
structure reported in the literature and simulated it.
Preliminary results, shown in Figure 1 b), demonstrate
that a sharp increase in emission current exists at
high gate-to-emitter voltage after the supply-limited
region. Extracting and comparing the slopes of both
exponential re-gions, we find that the ratio is 1.4 in the
simulation and 1.49 in the experimental data, which
are both close to the suggested slope ratio of 1.45,
indicating a two-band field emission model. Additional
work explored impact ionization, direct band-to-band
tunneling, and valence band emission.

-22

Conduction Band
Ln(agy) = -11.6
bey=575.4

-23

Valence Band
Ln(agy) =-11.7
by =803.9

-26

27

-28
0.006 0.008 0.01 0012 0.014 0.016 0.018

W, (V)

b)

A Figure 1: @) Experimental results from a Si NW field emitter with conduction and valence band emis-
sion. b) Simulation results from a Si NW field emitter with impact ionization occurring.

FURTHER READING

« M. Ding, H.Kim, and A. I. Akinwande, “Observation of Valence Band Electron Emission from N-type Silicon Field Emitter Arrays,” Applied

Physics Letters, vol. 75, pp. 823-825, Aug. 1999.

« P.G.Borzyak, A. F. Yatsenko, and L. S. Miroshnichenko, “Photo Field Emission from High-resistance Silicon and Germanium,” Physica Status

Solidi, vol. 14, pp. 403-411, Jan. 1966.

« R.N.Thomas and H. C. Nathanson, “Photosensitive Field Emission from Silicon Point Arrays,” Applied Physics Letters, vol. 21, pp. 384-386, Oct.

1972.
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Programmable Current Control of Silicon Field Emitter Arrays Using Gate-all-

around MOSFETs

A.Sahagun, A.I. Akinwande
Sponsorship: U.S. Air Force Office of Scientific Research

Silicon field emitter array (FEA) technology has great
potential for applications such as electron microscopy,
vacuum electronics, and X-ray sources. However, some
challenges such as emitter tip burnout and spatial and
temporal non-uniformity of emission current impede
the adoption of FEAs in these applications. The state-
of-the-art approach to addressing these challenges in-
volves integrating a nanowire (NW) current limiter in
series with the emitter tips to regulate current flow.
The NW current limiter is preferred for its compact in-
tegration, which enables high emitter density in FEAs.
However, the limiter restricts FEA versatility by con-
straining the emission current to a fixed maximum val-
ue. In contrast, metal-oxide-semiconductor field-effect
transistors (MOSFETSs) can provide programmable con-
trol over emission current. However, integrating planar
MOSFETs into FEAs demands significant space, leading
to a notable reduction in emitter tip density, FEA com-
pactness, and performance.

In this work, we investigate the integration
of vertical gate-all-around (GAA) MOSFETs with
individual emitter tips shown in Figure 1 a) and b) to
enable programmable emission current control while
preserving the compactness, high emitter density, and
versatility of FEAs. We use a physics-based approach
(SILVACO) to model and simulate the integrated
GAA MOSFET-FE device. The simulation results
provide insight into the device's I-V characteristics,
identifying performance-limiting challenges such as
impact ionization occurring in the field emitter and
GAA MOSFET. To address the breakdown inherent in
GAA MOSFETs, alightly doped drain, acting essentially
as an NW, is included. Preliminary results in Figure 1
c) show the ability of the gate-to-source voltage (V)
of the GAA MOSFET to transition the field emission
process from a transmission-limited region to a supply-
limited region.
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A Figure 1: ) Two individual components: a vertical GAA MOSFET structure obtained in SILVACO and a cutline of a
single field emitter from an array with an integrated gate (anode not imaged). b) A series combination of the vertical GAA
MOSFET in series with the field emitter. ¢) Simulation results for GAA MOSFET-FEA |-V characteristics, where VGS is

varied from 0.7V to 2 V.

FURTHER READING

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, pp. 295-302, Jun. 2016.

« C.Y.Hongand A.I. Akinwande, “Temporal and Spatial Current Stability of Smart Field Emission Arrays,” [EEE Transactions on Electron

Devices, vol. 52, pp. 23232328, Oct. 2005.
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Field Emitter Arrays Device Characteristics—A Closer Look at Space-charge

Y. Shin, W. Chern, N. Karaulac, A. I. Akinwande
Sponsorship: AFOSR

Field emitter array- (FEA) based cold cathodes have
shown promise as electron sources in devices capable
of high power and high frequency operation for a va-
riety of applications such as microwave power ampli-
fiers, pressure sensors, x-ray sources, and high-power
excimer lasers. Limited work has explored the device
characteristics using well defined cathode-to-anode
separation. Consequently, FEAs lack a physics-based
compact model.

In this work, a flat stand-off anode was placed
on the FEAs, which guarantees the anode distance
and the parallel condition. The anode geometry and
experimental configuration are shown in Figure 1a.
The I-V characteristics in the space charge limit show
an unexplained, yet reproducible negative differential
resistance (NDR) region (Figure 1b). These results imply
that the development of a model for FEAs will need to
account for additional phenomena affecting electron
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transport in the space between the anode and the gate
electrode.

Upon further analysis of the experimental
configuration, the electrostatic simulations reveal that
adecelerating potential exists in the space between the
parallel gate and anode electrodes. The deceleration
of the emitted electrons occurs when the anode-to-
emitter voltage, V,, is lower than the gate-to-emitter
voltage, V.. The resulting output characteristics with
afitted model appearin Figure 2. The I-V characteristics
were modeled using a semi-empirical approach due
to the still ambiguous physical effects caused by
the decelerating potential. The model demonstrates
good accuracy under typical operating conditions of
the experimental configuration. The resulting FEA
model opens new avenues of applications including
oscillators and amplifiers.
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| Figure 1: (a) Final anode geometry with proposed integration in
relation to device chip and (b) schematic of experimental config-
uration including details of device structure.

'V Figure 2: (a) Output characteristic sweep from Ve = 30V to
50V and (b) normalized output characteristic of 1000 x 1000
FEA overlayed by model fitted at Ve = 34V. Main operating
regimes are labeled; NDR region highlighted.
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« Y. Shin, “Physics-Based Compact Model Development of Field Emitter Arrays,” Master’s thesis, Massachusetts Institute of Technology,

Cambridge, MA, 2024.
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Characterization of Ferroelectric Endurance in Hl:o.SZro.sO2 Deposited by

Plasma-enhanced ALD

T.E. Espedal, Y. Shao, E. R. Borujeny, J. A. del Alamo

Sponsorship: MIT Undergraduate Research Opportunity Program, Intel Corporation, Semiconductor Research Corporation

Among different non-volatile memory (NVM) tech-
nologies, ferroelectric (FE) memory based on comple-
mentary metal-oxide semiconductor- (CMOS) compat-
ible Hf ;Zr, O, (HZO) has emerged as one of the most
promising, as it could potentially provide low-voltage
operation, fast switching, long data retention, and
high device endurance. Plasma-enhanced atomic layer
deposition (PEALD) has shown film quality that might
lead to improved memory behavior in HZO. However, a
detailed study of endurance in PEALD HZO, and more
importantly the role of various process conditions, is
needed. In this work, we study the endurance charac-
teristics of PEALD HZO in a capacitor configuration,
processed with different metal electrode W or TiN, Fig-
ure 1.

We study the endurance characteristics by
applying 3.0 V bipolar pulses followed by a triangular
diagnostic waveform, from which we extract remnant
polarization (Figure 2) and coercive field. Using a pulse
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A Figure 1: a) Endurance of W/HZO and TiIN/HZO at
3.0V and 3.5V, respectively; the last point measured
is just before device breakdown. Note the presence of
fatigue in TIN/HZO devices. On the right, schematic of
device structure. b) Measurement scheme for cycled
endurance V-t.
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amplitude of 3.0V, TiN devices yield a lower remnant
polarization than W devices, since the 3.0 V voltage
applied is a suitable value for W devices but relatively
low for TiN. We also observe symmetric wakeup in
TiN devices, compared to asymmetric wakeup in W
devices under the same conditions (Figure 2). This
indicates different changes in the respective metal/
HZO interfaces that appear with repeated cycling.
Furthermore, we observe early breakdown in W
devices without apparent fatigue (Figure 2), while
we see clear wake-up and fatigue stages with much
longer endurance cycles (>107 for 3.5 V; Figure 1) in TiN
counterparts.

Our work shows that the choice of metal in a FE
HZO structure has significant effects on device wake
up and endurance. Analyzing these effects is important
for identifying the optimal HZO device structure and
process conditions for eventual NVM applications.
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A Figure 2: Evolution of remnant polarization, 2Pr,
dependent on direction of £3.0 V bipolar pulse cycling

and £3.0 V triangular |-V measurement sweep.
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Robust DNA-patterned Glass Surfaces with Micrometer Features by

Photolithography and Click Chemistry.

E. Perry, J. Tiepelt, J. Jacobson
Sponsorship: Media Lab Consortia

The ability to precisely pattern DNA onto glass is para-
mount for various bio-analytical applications,including
DNA microarrays, biosensors, microfluidics, next-gen-
eration sequencing, and lab-on-a-chip. Contemporary
fabrication techniques often employ printing technol-
ogies such as inkjet, piezoelectric, and contact printing
for precise droplet placement followed by chemical
immobilization. Alternatively, photolithographic expo-
sure can activate or deactivate custom-designed regions
of the surface to be patterned with biomolecules. DNA
immobilization unto the glass is commonly achieved by
Streptavidin-Biotin interactions or the use of silanized
surfaces. Both methods are well established yet carry
certain disadvantages and complexities, specifically
when combined with advanced microfabrication pro-
cesses to generate micron and submicron patterns.

In this work, we propose a novel method to
fabricate robust DNA-patterned glass surfaces with

FURTHER READING:

micron-scale features. The innovation in this approach
is the combination of copper-free click chemistry with
a biocompatible photolithographic process. Copper-
free click chemistry is based on the reaction of diaryl
cyclooctene (DBCO) with an azide-labeled reaction
partner. In our process, azide-coated glass is first
masked by direct-write photolithography followed
by plasma ashing, to generate reactive azide regions
underneath the photomask. Room-temperature
suspension of DNA molecules modified with DBCO
leads to covalent attachment of DNA strictly to the
active regions. Our preliminary results show this
process generates patterned surfaces with a very high
signal-to-noise ratio compared to standard techniques,
as well as stability and resistance to denaturing
conditions. Our method could appeal to researchers
interested in custom in-house fabrication of pristine
DNA-coated surfaces.

e *H.Lee, J. Cafiada, and L. F. Velasquez-Garcia, “Compact Peristaltic Vacuum Pumps via Multi-material Extrusion,” Additive Manufacturing,
vol. 68, p. 103511, 2023, ISSN 2214-8604, https://doi.org/10.1016/j.addma.2023.103511.

e H.Leeand L. E. Velasquez-Garcia, "3D-Printed, Peristaltic Vacuum Pumps for Compact Applications," 2022 21st International Conference
on Micro and Nanotechnology for Power Generation and Energy Conversion Applications (Power MEMS), pp. 162-165, 2022, doi: 10.1109/

PowerMEMS56853.2022.10007548.

« D.Melo Maximo and L. E. Velasquez-Garcia, "Additively Manufactured Electrohydrodynamic Ionic Liquid Pure-ion Sources for Nanosatellite
Propulsion," Additive Manufacturing, vol. 36, p. 101719, 2020, doi: 10.1016/j.addma.2020.101719.
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Engineering Defects in Remote Epitaxial l1I-V Materials Grown on Thin Amorphous

Carbon

N. M. Han, K. Lu, H. Kim, S. Cho, J. Kim

Sponsorship: Defense Advanced Research Projects Agency, United States Air Force Research Laboratory, Department of
Energy, Rohm Semiconductor, LG, Umicore, Universiti Tenaga Nasional

Remote epitaxy has emerged as a facile technique for
producing freestanding, wafer-scale membranes of
single-crystalline semiconductors. However, it still en-
counters challenges but also presents other benefits
when compared to direct epitaxy. In the case of grow-
ing epitaxial layers on the same or lattice-matched sub-
strates, remote epitaxy results in lower material quality
and higher defect density due to the attenuated atomic
registry from the substrate. To address this issue, we
propose the incorporation of thermal cycle annealing
(TCA) and strained layer superlattice (SLS) into the
growth process, as illustrated in Figure 1a, which effec-
tively reduces the threading dislocation density by a
few orders of magnitude, as shown in Figure 1b.
Conversely, when the substrate and epitaxial layer
have a high lattice mismatch, remote epitaxy offers an
advantage through the van der Waals interface, which
provides an additional pathway to relax the strain

developed in heteroepitaxial layers. This spontaneous
relaxation mechanism significantly reduces the
occurrence of misfit dislocations that are commonly
observed in direct heteroepitaxy. By directly growing
thin amorphous carbon (TAC) on GaAs, by-passing the
need for a 2D layer transfer process, we can create an
ultra-thin van der Waals interface that enhances the
atomic registry of the epitaxial layer to the substrate
while facilitating strain relaxation. In this study, we
investigate the impact of TAC growth time on the
material quality of remote heteroepitaxial InGaAs
layers grown on GaAs substrates, as shown in Figure
2. The inherent strain relaxation capabilities offered
by remote epitaxy enable the heteroepitaxy of high-
quality membranes on lattice-mismatched substrates,
paving the way for the fabrication of diverse electronic
and optoelectronic devices.

1010 ' ' '
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2 4004 ] thermal cycle annealing (TCA)
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'g - (SLS) and (b) their influence
S 10°4 i on the dislocation density of
S = remote -epitaxial GaAs.
o no
:
107

thin buffer thick buffer SLS x6

P Figure 2: Effect of in-situ grown graphene thickness, repre-
sented by volume of toluene precursor flown, on quality of InGaAs
grown on GaAs substrate (low rocking curve full width at half max-
imum indicates better quality).
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D. Jung et al. “Low Threading Dislocation Density GaAs Growth on On-axis GaP/Si (001),” J. Appl. Phys., vol. 122, p. 225703, 2017.
S. H. Bae et al. “Graphene-assisted Spontaneous Relaxation Towards Dislocation-free Heteroepitaxy,” Nature Nanotechnology, vol. 15, p. 272,

2020.
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Correlated Insulator and Chern Insulators in Rhombohedral Pentalayer Graphene

T.Han, Z. Ly, G. Scuri, J. Sung, J. Wang, T. Han, K. Watanabe, T. Taniguchi, L. Fu, H. Park, L. Ju

Sponsorship: Sloan Fellowship, NSF

Rhombohedral-stacked multilayer graphene hosts a
pair of flat bands touching at zero energy, which should
give rise to correlated electron phenomena that can
be tuned further by an electric field. Moreover, when
electron correlation breaks the isospin symmetry,
the valley-dependent Berry phase at zero energy may
give rise to topologically non-trivial states. Here we
measure electron transport through hexagonal boron
nitride-encapsulated pentalayer graphene down to
100 mK. We observed a correlated insulating state with
resistance at the megaohm level or greater at charge
density n=0 and displacement field D =o0. Tight-bind-
ing calculations predict a metallic ground state under

these conditions. By increasing D, we observed a Chern
insulator state with C=-5 and two other states with
C=-3 at a magnetic field of around 1T. At high D and
n, we observed isospin-polarized quarter- and half-met-
als. Hence, rhombohedral pentalayer graphene exhib-
its two different types of Fermi-surface instability, one
driven by a pair of flat bands touching at zero energy,
and one induced by the Stoner mechanism in a single
flat band. Our results establish rhombohedral multi-
layer graphene as a suitable system for exploring inter-
twined electron correlation and topology phenomena
in natural graphitic materials without the need for
moiré superlattice engineering.

A Figure 1. Resistance of rhombohedral pentalayer graphene as function of charge density and

gate-displacement field. Blue dot corresponds to correlated insulator state; purple and yellow dots cor-

respond to quarter and half-metals, respectively. Red star corresponds to valley-polarized metal state.

FURTHER READING

e T Han,Z. Luy,G. Scuri, J. Sung, J. Wang, T. Han, K. Watanabe, T. Taniguchi, et al. “Correlated Insulator and Chern Insulators in Pentalayer
Rhombohedral-stacked Graphene,” Nat. Nanotechnol. vol. 19, pp. 181-187, 2024. https://doi.org/10.1038/s41565-023-01520-1
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The Oxidation Sequence of Ultrathin Hafnium Metal on Graphene

Z.Liu, R. Jaramillo, F. M. Ross
Sponsorship: SRC (Contract No. 2021-NM-3027)

Hafnium oxides with their rich crystal phases are an
important family of electronic materials based on their
high dielectric constants, ferroelectric properties, and
application in resistive switching random access mem-
ory. Understanding the oxidation of ultrathin hafnium
(Hf) film at the atomic level will offer opportunities for
the phase engineering of hafnium oxides towards dif-
ferent applications.

Here, starting with the epitaxial deposition of
Hf on graphene carried out in ultra-high vacuum, we
demonstrate that exposure to air at room temperature
for only a few minutes results in the formation of
several oxide phases (Figure 1, top row). These are an
amorphous oxide, a hexagonal structure (h-HfO,),
and a monoclinic HfO, (m-HfO,). We find the h-HfO,
phase to be intermediate in composition and structure
between hcp Hf and m-HfO,. The m-HfO, exhibits three
equivalent orientations on the Hf crystal, which can
be understood through its lower structural symmetry
compared to the parent Hf hexagonal close packed
(hcp) structure.

Further thermal oxidation of samples displaying
these three structures results in the crystallization of
some amorphous regions into h-HfO, and conversion

Amorphous oxide b

/

Thermal oxidation (400°C, 10 min)

of the amorphous and hexagonal structures to m-HfO,,
(Figure 1, bottom row). Based on the crystallographic
orientation relations observed, for the conversion of
Hf to m-HfO, it is necessary for the stacking sequence
of Hf layers in the out-of-plane direction to change
from the AB stacking of hcp Hf to the ABC stacking of
m-HfO,. We expect this change in stacking sequence to
lead to the appearance of a hexagonal pattern when
imaged. We therefore propose that h-HfO,, which
displays a hexagonal pattern, contains sequences of
AB and ABC stacked Hf layers in the out-of-plane
direction.

By examining the structural changes and hence
the atomic oxidation mechanism of ultrathin Hf
using electron microscopy, we aim to clarify the
opportunities for achieving phase control of hafnium
oxides. These results are also relevant to solving the
keyissue of scalable formation of a conformal dielectric
on two-dimensional (2D) materials such as graphene or
transition metal dichalcogenides, by separating the
growth process into first obtaining epitaxy between
the metal and 2D material, followed by epitaxy of the
oxide layer.

m-HfO, domain size increased

m-HfO, domains

A Figure 1: Oxide transitions during thermal oxidation, observed before and after thermal oxidation by scanning transmission electron

microscopy (STEM). (a) Crystallization of amorphous oxides into h-HfO, . (b) Conversion from h-HfO, to m-HfO,. (c) STEM images

showing the transformation of larger m-HfO, grains.

FURTHER READING

e Z.Liu, R. Jaramillo, and F. M. Ross, “The Oxidation Sequence of Ultrathin Hafnium Metal on Graphene,” Microscopy and Microanalysis, 2024,

in press.

« K.Reidy, J. D. Thomsen, H. Y. Lee, V. Zarubin, Y. Yu, B. Wang, T. Pham, P. Periwal, et al., “Mechanisms of Quasi van der Waals Epitaxy of Three-
Dimensional Metallic Nanoislands on Suspended Two-Dimensional Materials,” Nano Letters, vol. 22, pp. 5849-5858, Jul. 2022.
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Orbital Multiferroicity in Rhombohedral Pentalayer Graphene

T.Han, Z. Lu, G. Scuri, J. Sung, J. Wang, T. Han, K. Watanabe, T. Taniguchi, L. Fu, H. Park, L. Ju

Sponsorship: Sloan Fellowship, NSF

Ferroic orders describe spontaneous polarization of
spin, charge, and lattice degrees of freedom in materi-
als. Materials exhibiting multiple ferroic orders, known
as multiferroics, play important roles in multifunction-
al electrical and magnetic device applications. Two-di-
mensional materials with honeycomb lattices offer
opportunities to engineer unconventional multiferro-
icity, in which the ferroic orders are driven purely by
the orbital degrees of freedom and not by electron spin.
These include ferro-valleytricity corresponding to the
electron valley and ferro-orbital-magnetism supported
by quantum geometric effects. These orbital multifer-
roics could offer strong valley-magnetic couplings and
large responses to external fields, enabling device ap-
plications such as multiple-state memory elements and
electric control of the valley and magnetic states.

We observed orbital multiferroicity in pentalayer

FURTHER READING

rhombohedral graphene using low-temperature
magneto-transport measurements. We observed
anomalous Hall signals R, with an exceptionally large
Hall angle (tane > 0.6) and orbital magnetic hysteresis
at hole doping. Four such states exist with different
valley polarizations and orbital magnetizations,
forming a valley-magnetic quartet. By sweeping the
gate electric field E, we observed a butterfly-shaped
hysteresisof R, connecting the quartet. Thishysteresis
indicates a ferro-valleytronic order that couples to
the composite field E - B (where B is the magnetic
field), but not to individual fields. Tuning E would
switch each ferroic order independently and achieve
non-volatile switching of them together. Our
observations demonstrate a previously unknown
type of multiferroics and point to electrically tunable
ultralow-power valleytronic and magnetic devices.

« T.Han,Z. Ly, G. Scuri, et al. “Orbital Multiferroicity in Pentalayer Rhombohedral Graphene,” Nature, vol. 623, pp. 41-47, 2023. "https://doi.
0rg/10.1038/s41586-023-06572-w"https://doi.org/10.1038/s41586-023-06572-w
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Tailoring Light Emission and Scattering from Atomically Thin Materials with
Transferable Nanostructures

A.K.Demir, J. Li, T. Zhang, C. Occhialini, L. Nessi, J. Kong, R. Comin

Sponsorship: U.S. Department of Energy, Office of Science National Quantum Information Science Research Center's Co-
design Center for Quantum Advantage (C2QA) under contract number DE-SC0012704, Raith VELION FIB-SEM in the MIT.
nano Characterization Facilities (Award: DMR-2117609), MathWorks Science Fellowship (Award: 4000182189)

Optical spectroscopy is indispensable for unveiling the
unique properties and symmetries of materials in the
atomically thin limit. However, the vanishing thickness
often leads to a cross section too low for conventional
optical methods to work. In this work, we developed a
technique, completely dry and simple to implement, to
fabricate and transfer high-resolution optical enhance-
ment nanostructures for Raman and PL spectroscopy.
We demonstrate orders-of-magnitude increase in the
intensities of single-layer WSe, phonon modes; en-
abling the detection of phonon modes of three-layer
Nil, using non-resonant excitation; and selective Pur-
cell enhancement of the quenched excitons in WSe,/
MoS, heterostructures. We also highlight that the
method is particularly suitable for optical studies of
air-sensitive materials, as the fabrication and transfer
can be performed in situ.
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A Figure 1: Top Panel: Our method provides significant increase in the quality of the nanostructures fabricated without adhe-
sion layers. Bottom Panel: Lack of the adhesion layer enables us to transfer the nanostructures on van der Waals materials,
resulting in a large enhancement of the optical signal.
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Cascaded Compression of Size Distribution of Nanopores in Monolayer Graphene

J.Wang, C. Cheng, X. Zheng, T. Zhang, J. Kong

Sponsorship: U.S. Army Research Office, U.S. Department of Energy

Monolayer graphene, featuring nanometre-scale pores
and exceptional mechanical properties, is ideal for ion/
molecular separations, energy storage, and electronics.
Precise engineering of nanopore size and distribution is
crucial for these applications. Top-down methods typ-
ically result in log-normal size distributions with long
tails, especially at subnanometre scales, and a trade-off
between nanopore size distribution and density limits
their practical use. Here, we report a cascaded com-
pression method for producing graphene nanopores
with a narrowed, left-skewed size distribution and ul-
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trashort tail deviation (Fig. 1). This process involves se-
quential steps where existing nanopores undergo both
shrinkage and expansion, simultaneously creating new
nanopores and enhancing overall density. The result is
graphene nanopores with high density, left-skewed dis-
tribution, enabling ultrafast, size-tunable transport of
ions and molecules. This technique offers independent
control over nanopore density, diameter, deviation,
and distribution skewness, potentially revolutionizing
nanotechnology.
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A Figure 1: Cascaded compression cycles. a, Creation & expansion of nanopores by Cu sputter. b, Shrinkage of nanopores by
regrowth. ¢, STEM image of nanopores. Scale bar, 2 nm. The schematic evolution of d, the probability density of diameter, and

e, nanopore density, mean diameter, and RSD vs. time.
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Fractional Quantum Anomalous Hall Effect in Graphene

Z.Lu,T.Han,Y. Yao, A. P. Reddy, J. Yang, J. Seo, K. Watanabe, T. Taniguchi, L. Fu, L. Ju

Sponsorship: Sloan Fellowship, NSF

The fractional quantum anomalous Hall effect (FQA-
HE), the analogue of the fractional quantum Hall effect
at zero magnetic field, is predicted to exist in topolog-
ical flat bands under spontaneous time-reversal-sym-
metry breaking. The demonstration of the FQAHE
could lead to non-Abelian anyons that form the basis
of topological quantum computation. So far, the FQA-
HE has been observed only in twisted MoTe, at a moiré
filling factor v>1/2. Graphene-based moiré superlat-
tices are believed to host the FQAHE with the poten-
tial advantage of superior material quality and higher
electron mobility. Here we report the observation of
integer and fractional QAH effects in a rhombohedral
pentalayer graphene-hBN moiré superlattice. At zero

magnetic field, we observed plateaus of quantized Hall
resistance R =h/(ve?) at v=1,2/3,3/5, 4/7,4/9,3/7,and 2/5
of the moiré superlattice, respectively, accompanied by
clear dips in the longitudinal resistance R,,. R, equals
2h/e? at v=1/2 and varies linearly with v, similar to the
composite Fermi liquid in the half-filled lowest Landau
level at high magnetic fields. By tuning the gate-dis-
placement field D and v, we observed phase transitions
from composite Fermi liquid and FQAH states to other
correlated electron states. Our system provides an ide-
al platform for exploring charge fractionalization and
(non-Abelian) anyonic braiding at zero magnetic field,
especially considering a lateral junction between FQA-
HE and superconducting regions in the same device.
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AFigure 1R and ny in the rhombohedral pentalayer graphene/hBN moire superlattice. Clear plateaus of RXV at 5h/(2e?),
7h/(3e?), 9h/(4e?), 7Th/(4e?), Sh/(3e?) and 3h/(2e?) emerge at filling factor v=2/5, 3/7, 4/9, 4/7, 3/5 and 2/3, as indicated

by the dashed lines and arrows. R shows clear dips at the corresponding filling factors. These fractional states host fraction-

ally charged quasiparticles with fractional statistics.

FURTHER READING

e Z.Ly, T Han,Y. Yao, et al. “Fractional Quantum Anomalous Hall Effect in Multilayer Graphene,” Nature, vol. 626, pp. 759-764, 2024. https://doi.

0rg/10.1038/s41586-023-07010-7
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Towards Uniform Probabilistic Distribution

D. Koh, B. C. McGoldrick, L. Liu, M. A. Baldo

in Superparamagnetic Tunnel Junctions

Sponsorship: Semiconductor Research Corporation Supreme #3137.009

Stochastic algorithms, which employ statistical meth-
ods with random numbers, are prevalent in fields such
as cryptography and machine learning. Conventional
computers, however, produce random bitstreams via
pseudo-random number generators. These bitstreams,
while appearing random, actually possess long-range
orders, reducing their effectiveness for many stochas-
tic algorithms. Superparamagnetic tunnel junctions
have emerged as candidates for scalable and energy-ef-
ficient true random number generators. Yet, achieving

a uniform probabilistic distribution, a critical require-
ment for most stochastic algorithms, is challenging
with a single nanomagnet. In this work, we explore an
approach to enforce a uniform distribution in the de-
vice's probabilistic output and assess its impact on the
true randomness. This method not only promises fast-
er and more energy-efficient random number genera-
tion but also opens possibilities for integrating massive
stochastic nanomagnets into large-scale systems.

+ 0
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A Figure 1: Conceptual diagram of controlling probability distribution by utilizing current-induced spin-orbit-torques in

three-terminal superparamagnetic tunnel junctions.
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Tunable Mechanical Response of Self-Assembled Nanoparticle Superlattices

S.Dhulipala, D. Yee, Z. Zhou, R. Sun, J. E. Andrade, R. J. Macfarlane, C. M. Portela
Sponsorship: National Science Foundation (NSF) CAREER Award CMMI-2142460, U.S. Army Research Office under Grant
Wo911NF-18-1-0197, NSF CAREER Award CHE-1653289, and the Department of the Navy, Office of Naval Research, under ONR

award number N00014-22-1-2148

Self-assembled nanoparticle superlattices (NPSLs) are
an emergent class of self-architected nanocomposite
materials that possess promising properties arising
from precise nanoparticle ordering. Their multiple
coupled properties make them desirable as functional
components in devices where mechanical robustness
is critical. However, questions remain about NPSL
mechanical properties and how shaping them affects
their mechanical response. Here, we perform in-situ
nanomechanical experiments that evidence up to an 11-
fold increase in stiffness (~1.49 to 16.9 GPa) and a 5-fold
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increase in strength (~88 to 426 MPa) because of surface
stiffening/strengthening from shaping these nanoma-
terials via focused-ion-beam (FIB) milling. To predict
the mechanical properties of shaped NPSLs, we pres-
ent discrete element method (DEM) simulations and an
analytical core-shell model that captures the FIB-in-
duced stiffening response. This work presents a route
for tunable mechanical responses of self-architected
NPSLs and provides two frameworks to predict their
mechanical response and guide the design of future
NPSL-containing devices.
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Novel Tellurium Contacts for P-type WSe, Devices

H.W. Lee, J. Zhu, K. Reidy, F. Ross, J. Kong, T. Palacios
Sponsorship: Intel (ISRA)

Since the first discovery of graphene, extensive re-
search on two-dimensional (2D) materials has opened
promising possibilities for elevating 2D semiconductor
applications from the academic to the industrial level
for the next generation of electronics. Now, 2D semi-
conductors can be grown at a large scale, processed
using CMOS-compatible fabrication techniques, and
demonstrate high-performance transistors with low
contact resistance. However, these remarkable im-
provements have mainly been achieved with n-type 2D
semiconductors, primarily focusing on molybdenum
disulfide (MoS,). In the case of p-type 2D semiconduc-
tors, such as tungsten diselenide (WSe,), there are still
significant challenges in material growth and reducing
contact resistance to make them comparable to n-type
2D transistors. These challenges hinder the demonstra-
tion of 2D complementary metal-oxide-semiconductor
(CMOS) circuits at an industrial level. In particular,
reducing the contact resistance between a p-type 2D
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channel and a metal contact is essential to achieving
high-performance p-type transistors.

In this work, we explore the use of semimetal
tellurium (Te) as contacts for p-type WSe, transistors.
Semimetals such as bismuth (Bi) and antimony (Sb)
are known to mitigate the Fermi level pinning effect
at the interface between the metal and MoS,, thereby
drastically reducing the contact resistance of MoS,
transistors [1]. We compare the performance of WSe,
transistors with various contact materials, including
Te, palladium (Pd), and platinum (Pt), and observe that
Te contacts indeed reduce the Fermi level pinning
effect at the interface of WSe, and Te. In addition,
we enhance the performance of WSe, transistors
by adjusting the deposition temperature of Te. This
research on semimetal Te contacts will serve as an
important baseline study for novel contacts for p-type
2D transistors, thereby enabling the next generation of
commercialized 2D electronic devices.
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Optimizing the Radiative Lifetimes of Perovskite Nanocrystals for Quantum

Emission Applications

K. McFarlane-Connelly, N. Brown, M. G. Bawendi

Sponsorship: US Department of Energy, Office of Basic Energy Sciences, Division of Materials Sciences and Engineering

under award no. DE-SC00216

Realizing practical quantum computing schemes would
fundamentally shift our technological capabilities. Im-
perative to this innovation is the scalable fabrication of
quantum emitters (QEs). Ideal QEs approach the trans-
form-limit ratio where the optical coherence lifetime
(T,) of the emission is twice the radiative lifetime (T)).
Large colloidal semiconductor nanocrystals (NCs) are
promising QE candidates, however concrete methods
of further minimizing their T, lifetimes are necessary.
While theories have suggested T, values might scale
inversely proportional to volume, this hypothesis re-
mains unexplored. This research aims to elucidate the
impact of size on the quantum emission properties of
weakly confined perovskite nanocrystals. By tuning
precursor chain lengths, a size series of highly lumi-
nescent CsPbBr, nanoparticles were prepared with
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extremely narrow size distributions. Five distinct sizes
of nanocrystals were prepared in the weakly confined
regime ranging from 16 to 23 nm, with standard distri-
bution of sizes less than 7%. Post synthetic treatments
were employed to boost photoluminescence quantum
yields to higher than 80% at room temperature for all
samples. The radiative lifetimes of these particles were
observed under cryogenic temperatures revealing T,
values that scaled inversely with particle size, providing
experimental confirmation of theoretical predictions.
These results demonstrate that increasing particle size
is a promising route to approaching the ideal transform
limit ratio with NCs. This fundamental work aims to
enables future optimization of the quantum emission
properties of weakly confined nanocrystals in hopes of
realizing a path to scalable quantum emitter materials.
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3D-Printed, Non-Planar Electron Sources for Projection Lithography

A.Kachkine, C. E. Owens, A. J. Hart, L. F. Veldsquez-Garcia

Sponsorship: NewSat Project, COMPETE 2020, ERDF, MIT Portugal Program, Mathworks

Photolithography resolution is diffraction-limited,
while electron projection lithography (EPL), though
higher resolution, is throughput-limited by electron
divergence from planar sources. We report the first
non-planar electron sources for EPL, a design paradigm
with potential to overcome both limitations.
Fabricated by 3D printing, devices deliver confocal
emission, achieving focusing and demagnification.
Emission is produced by a concave dish base with an
array of carbon nanotube-coated emitters aligned
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to the apertures of a concave extractor electrode;
both are fabricated by vat photopolymerization 3D
printing and modified by subsequent coatings. Our
prototype device exhibits a startup voltage of 500
V, a peak emission current of 300 pA/cm? and a field
enhancement factor of 7.8x10% cm™. Phosphor screen
imaging of the devices in operation demonstrates
that the emission is spatially uniform. Our approach
enables compact design at industrial specifications of
next-generation EPL systems.
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A Figure 1: (a) Proposed convex electron source schematic. (b) Device rendering, showing electron paths in pink. (c) Voltage
sweep data from device in triode configuration. (d) Phosphor screen image of electron emission.
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Designer Ultrathin Resonators using Delamination Lithography

S. O. Spector, P. F. Satterthwaite, F. Niroui
Sponsorship: NSF Graduate Research Fellowship

Thin-film, suspended mechanical resonators are a cru-
cial component of nanoelectromechanical systems,
from frequency conversion for radio signals to mass
spectroscopy for biological sensing. Yet, the inherent
instability of conventional, top-down fabrication tech-
niques limits how thin these devices can be made, ham-
pering their sensitivity and potential frequency range.

Here, we show that a nonplanar nanofabrication
technique can be used to produce stable, ultrathin
mechanical resonators (Figure 1a). By engineering

surface forces using a molecular monolayer and
simultaneously controlling the stress in a thin film,
three-dimensional “delamination lithography” is
achieved. We demonstrate that these devices, which we
can design across a broad range of sizes using simple,
wafer-scale techniques, conform to their theoretical
and simulated behavior (Figure 1b), suggesting
applications in designer resonators across frequency
orders of magnitude.
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A Figure 1:(a) First three vibrational modes of a < 30 nm-thin suspended resonator shown in the inset SEM. (b) The funda-
mental frequency of the resonator as a function of its length, showing a close match between experimentally -measured and

simulated results.
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Rewiring Photosynthesis

T. Baikie
Sponsorship: The Lindemann Fellowship

Photosystems II and I (PSII, PSI) are the reaction cen-
tre-containing complexes driving the light reactions
of photosynthesis. The impressive efficiencies of the
photosystems have motivated extensive biological, ar-
tificial and biohybrid approaches to re-wire' photosyn-
thesis for higher biomass-conversion efficiencies and
new reaction pathways. Electron extraction at earlier
steps, perhaps immediately from photoexcited reaction
centres, would enable greater thermodynamic gains;
however, this was believed impossible with buried re-
action centres. We demonstrate extraction of electrons

directly from photoexcited PSI and PSII. Our results
challenge previous models of photoexcited reaction
centres and opening new avenues to study and re-wire
photosynthesis for biotechnologies and semi-artificial
photosynthesis. Here, we demonstrate, using in vivo
ultrafast transient absorption (TA) spectroscopy, ex-
traction of electrons directly from photoexcited PSI
and PSII at early points (several picoseconds post-pho-
to-excitation) with live cyanobacterial cells or isolated
photosystems

A Figure 1: Artists impression of cell environment
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Parameters Extraction for a Superconducting Thermal Switch (hTron) SPICE Model

V. Karam, O. Medeiros, M. Castellani, R. Foster, T. Dandachi, K. Berggren
Sponsorship: Breakthrough Starshot Initiative, DOE microelectronics

Superconducting nanowire circuits have shown great
potential in photon sensing, demonstrating remark-
able efficiency in extreme conditions while having
large gains and high fanout. Yet, their integration into
complex circuits is not as developed as other supercon-
ducting technologies. Their scaling is partly limited by
a lack of effective simulation tools for superconducting
nanowires, preventing designers from getting behav-
ioral insights prior to fabrication.

As circuits increase in size and complexity, the
modeling needs to shift from modeling detailed
physical interactions to overall behavior of devices.
For example, the multilayered heater-nanocryotron
(hTron) device — a superconducting nanowire-based
switch [1] — which has demonstrated applications in
cryogenic memories, neuromorphic computing, and
SNSPD array readout [2], was previously simulated

FURTHER READING

using traditional finite-element modeling (FEM)
methods, solving heat diffusion differential equations.
However, while FEM techniques simulate individual
superconductors accurately, they fall short in
simulating larger circuits. Behavioral models are better
adapted to that purpose, but require a large number of
measurements to accurately reproduce the device's
behavior.

In this work, we collect measurement data on
the performance of 17 hTron devices and develop a
method to extract physical fitting parameters from the
measurement curves. Finally, we validate our model by
performing the SPICE simulation of a 1:4 hTron-based
multiplexer. Our model provides circuit designers with
a tool to help understand the hTron's behavior during
all design stages, thus promoting broader use of the
hTron across various unexplored domains.

« R.Baghdadi, et al, "Multilayered Heater Nanocryotron: A Superconducting-nanowire-based Thermal Switch," Physical Review Applied 14.5

(2020): 054011.

e B.Oripov, et al, "Thermally Coupled Imager with 400,000 pixels," (2023).
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Unconventional Ferroelectricity in Moire Heterostructure

Z.Zheng, X. Wang, Z. Zhu, S. Carr, T. Devakul, S. C. de la Barrera, N. Paul, Z. Huang, A. Gao, Y. Zhang, D. Bérubé, K. N.
Evancho, K. Watanabe, T. Taniguchi, L. Fu, Y. Wang, S.Y. Xu, E. Kaxiras, P. Jarillo-Herrero, Q. Ma

Sponsorship: CATS Program [6950173]

Electronic ferroelectricity represents a new paradigm
in which spontaneous symmetry breaking is driven
by electronic correlations, in contrast to traditional
lattice-driven ferroelectricity, which results in the for-
mation of electric dipoles. Due to its electronic nature,
electronic ferroelectricity is expected to exhibit novel
characteristics, such as ultrafast switching, large polar-
ization, exceptional durability, and multiple polariza-
tion states. However, despite its fundamental interest
and technological advantages, switchable electronic
ferroelectricity remains exceedingly rare. This ab-
stract will discuss our discovery of a novel electronic
ratchet effect in a layer-contrasting graphene-boron
nitride moiré heterostructure, which could serve as
new evidence of switchable electronic ferroelectrici-
ty. Our engineered layer-asymmetric moiré potential
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landscapes result in a bipartite electronic system, in
which we demonstrate a non-volatile ratcheting behav-
ior tunable by gate voltages. Importantly, the memory
states can be stabilized in a quasi-continuous fashion,
exhibiting behavior markedly distinct from known
ferroelectrics. Our experimental observations, simu-
lations, and theoretical analysis suggest that dipolar
excitons could be the driving force and elementary
ferroelectric units in our system. This indicates a new
type of electronic ferroelectricity where the formation
of dipolar excitons with aligned moments generates a
macroscopic polarization and leads to an electronical-
ly-driven ferroelectric response. Our result could pave
the way for innovative quantum analog memory and
synaptic devices.
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Elucidating the Dominant Exciton Dynamics in MOCs through Physical, Chemical,

and Electrical Manipulation of the Lattice

N. J. Samulewicz, W. S. Lee, W. A. Tisdale

Sponsorship: NSF Graduate Research Fellowship award no. 1745302, U.S Army Research Office award no. W911NF-23-1-0229

Rapidly expanding integration of semiconductors in
consumer electronics up through large-scale super-
computers necessitates substantial quantum efficiency
improvements to reduce global electricity consump-
tion. 2D semiconductors, like transition metal dichal-
cogenides (TMDs) and 2D layered perovskites, have
emerged in recent years as strong contenders over sili-
con and other bulk semiconductors due to their strong
exciton binding energy and highly tunable properties.

Ourlabinvestigates metal organic chalcogenolates
(MOCs) as 2D semiconductors that can improve
upon these existing structures—for example, the
layer dependence of TMDs and instability of lead
halide perovskites. MOCs are novel van der Waals
stacked hybrid organic-inorganic semiconductors
with extreme 1D quantum confinement, in-plane
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anisotropy, and layer independent emission. These
properties are promising for applications as light
emitting diodes (LEDs), excitonic switches, and
a variety of other optoelectronic devices. Silver
phenylselenolate, [AgSePh]o, is a MOC of particular
interest due to its narrow, naturally blue emission
(~467 nm), along with its high environmental stability
from covalently bonded organic and inorganic atoms.
However, its excited state dynamics are still dominated
by nonradiative recombination mechanisms, limiting
its potential to revolutionize future semiconductor
frameworks. This work details plans to perform
physical, chemical, and electrical manipulation of
MOCs to identify the influence of extrinsic defects and
intrinsic material properties on exciton mobility and
recombination in 2D hybrid semiconductors.
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Universal Transferred Process for 2D Materials

S.He, Z. Hennighausen, J. Kong

Sponsorship: U. S. Army Research Laboratory and the U. S. Army Research Office under contract/grant number

Wo911NF2320057

Two-dimensional (2D) materials have garnered signifi-
cant attention due to their exceptional properties, but
preparing with controllable thickness and usable sur-
face areaisstill challenging. Numerous techniques have
emerged for synthesizing high-quality and large-area
2D materials. Among these methods, chemical vapor
deposition (CVD) has shown promise, offering superior
control over film thickness and uniformity, making it a
reliable technology for wafer-scale manufacturing. On
the other hand, the typical wet transfer method using
PMMA presents a potential solution for transferring
2D materials in large-scale. However, it faces limita-
tions when transferring CVD-synthesized 2D materials
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from the growth substrate to the target substrate over
large areas while maintaining clean surface. To over-
come these challenges, we introduce a universal trans-
fer process to keep clean surface using other polymers
within a vacuum environment. Comparing wet-trans-
fer and roll-to-roll transfer with vacuum dry transfer.
Furthermore, we investigate the different surface sit-
uation of 2D materials using different polymers under
atmospheric and vacuum environment. Our proposed
method opens new possibilities for residue-free 2D ma-
terials on a large scale, with potential applications un-
der diverse environments.
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Defects Break the Self-Limiting Nature of the Room-Temperature Atomic-Layer
Substitution for Growing Janus Monolayer Transition Metal Dichalcogenides

T.Zhang, X. Zheng, Y. R. Peng, K. Zhang, Y. Zhu, T. H. Yang, H. Liu, S. Y. Tang, Y. Guo, Y. L. Chueh, T. Cao, J. Kong
Sponsorship: US Department of Energy (DOE), Office of Science, Basic Energy Sciences under Award DE-SC0020042.

Janus monolayer transition metal dichalcogenides
(J-TMDs) are gaining an increasing attention because
of various intriguing properties that arise from their
unique asymmetrical structure. A low-energy-barri-
er room-temperature atomic-layer substitution (RT-
ALS) approach has recently been developed to obtain
J-TMDs. This method reliably converts either MS,
or MSe, (M represents a metal atom) into MSSe-type
J-TMDs with controlled out-of-plane dipole orien-
tations. Theoretical calculations based on a perfect
monolayer TMD lattice model have illustrated that the
RT-ALS reaction is self-limiting, in which only the top-
most layer of chalcogen atoms is substituted. However,
it remains unexplored how the atomic defects in mono-
layer TMDs affect the RT-ALS reaction pathway and
the resulting J-TMDs’ crystal quality.

Herein, we studied the role of defects on the

104

Nanoscience & Nanotechnology

RT-ALS process using high-quality and defect-rich
MoSe,, synthesized by a recently devised defect-
engineered growth approach, as starting materials.
Very interestingly, we found that an increased defect
density in the starting material breaks the self-limiting
nature of RT-ALS, leading to the incorporation of S in
the bottom atomic layer of the as-synthesized Janus
MoSeS. Our results indicate a positive correlation
between the qualities of starting material and resulting
J-TMDs, and suggest a defect-mediated atomic
substitution pathway that has not been considered
before. Our study contributes to the understanding
and optimization of J-TMD preparation strategies to
make these materials ready for constructing novel
electronics, photonics, and Moiré heterostructures in
the future.
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Elucidating the Role of MOF Pore Size on OSN Performance of Microporous

Polymer-based Mixed-matrix Membranes

W. Wu, T. H. Lee, G. Dovranova, A. Hernandez, Z. P. Smith
Sponsorship: ExxonMobil

Organic solvent-based separations are ubiquitous in
the chemical industry, but they often rely on energy-in-
tensive processes. Membrane technology provides an
energy-efficient alternative to offset the energy cost.
However, developing highly selective membranes for
organic solvent nanofiltration (OSN) has been a signif-
icant challenge due to the poor stability of polymers
under aggressive solvent conditions. Mixed-matrix
membranes (MMMs) based on fillers such as metal-
organic frameworks (MOFs) with well-defined porous
structures have shown promise in overcoming these
limitations. While material design efforts have im-
proved OSN performance with MMMs, the fundamen-
tal mechanisms behind the effects of filler incorpora-
tion on solvent transport are not yet fully understood.
In this study, we aim to elucidate the effects of MOF
pore size on OSN performance for microporous poly-
mer-based MMMs.

A series of MOF nanoparticles with similar
chemistry but systematically increasing pore sizes
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(UiO-6x-NH2 (x=6,7,8)) were chosen for this work. A
carboxylic acid functionalized PIM-1 polymer (PIM-
COOH) and the MOF nanoparticles were fabricated
into thin-film MMMs using a newly developed spin-
casting process followed by a crosslinking reaction.
Dead-end permeation tests showed lower methanol
permeability in all the MMMs compared to their
polymer counterparts due to the restricted membrane
swelling in the presence of MOF. The molecular weight
cutoff (MWCO) of MMMs was probed through the
permeation of dyes in methanol, revealing that the
highest MWCO values were found for MMM samples
with poor interfacial compatibility, indicating that
unrestricted polymer swelling and defects need to be
carefully controlled to enable MOF-based MMMs for
OSN applications. For the MMMs with compatible
interfaces, this study provides structure-property
guidelines on the role of systematically increased MOF
pore apertures and OSN separation performance.
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|mp|ementation of Multi-functional Diffractive Optical Elements by |mp|osion

Fabrication

G.Yang, Q. Yang, Y. Salamin, Y. Kunai, T. Nambara, P. T. C. So, E, S. Boyden

Sponsorship: Fujikura

The development and integration of miniaturized ho-
lography and diffractive lenses represent an emerging
field in optical technology. Nanofabrication technol-
ogy plays a crucial role in enabling the design of opti-
cal systems at the nanoscale, facilitating the creation
of structures and devices with unmatched precision
and functionality. Despite this, current nanofabrica-
tion methods encounter challenges in crafting com-
plex free-form three-dimensional (3D) structures and
in constructing multi-layer, multi-level features at the
nanoscale. We propose the use of implosion fabrication
(ImpFab) to over-come these limitations, allowing the
production of nano-optics that surpass the diffraction
limits of direct laser writing (DLW) and enable the as-
sembly of nano-precise, highly flexible 3D architec-
tures.

In the ImpFab process (Figure 1), a hydrogel
matrix undergoes selective photo-ablation in targeted
areas using a two-photon laser, forming non-self-
supporting 3D topological features. This matrix is then
isotropically shrunk to achieve nano-precise features,
essential for manipulating the critical refractive index
(RI) differences required for advanced nanophotonics
applications.

We initially constructed a Fresnel lens with three
layers and four grayscale levels, achieving feature
sizes as small as 200 nm laterally and 1 um axially. The
pre-shrinkage structures, visualized in the fluorescent

0); 3D in hydrog

(ii) Controlled scaffold shrinkage
with preserved metamaterials

o
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A Figure 1: Fabrication process of nanoscale topological 3D
structure in hydrogel scaffolds.
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images of Figure 2, closely correspond to the intended
morphology and design patterns. Post-shrinkage, the
lens retains detailed structural integrity. Performance
evaluations through point spread function (PSF)
testing confirmed that the focusing capabilities of the
lens align with our design expectations.

Building on this, we developed a grayscale
holographic device atop the lens layer. Illustrated in
Figure 3, this device features a metasurface with a
resolution of 100 nm, eight grayscale levels, and a step
size of 200 nm, prominently displaying a simulated
reconstruction of the MIT logo. Microscopic imaging
of these metasurface nanostructures showed precise
alignment with our design specifications. Far-field
diffraction imaging tests of the holographic device
revealed that it successfully diffracts light to re-
construct and project the encoded MIT logo pattern.

These demonstrations validate that ImpFab
technology can achieve nanoscale optical integration.
Ongoing advancements in ImpFab are paving the
way for the integration of sophisticated, miniaturized
optical elements such as holography and diffractive
lenses, offering significant improvements in
performance, efficiency, and application diversity.
This technology effectively addresses the limitations
of 3D nano-optics fabrication, heralding a new era in
nanophotonics.

Phase design of lens Fluorescent PSF

v

FWHM ~4 ym

A Figure 2: Diffractive lens design (left), fluorescent image of
patterned structure (middle) and performance of PSF (right).

| Figure 3: a) Designed mask of holo-
graphic metasurface; b) Simulated image
of reconstructed MIT logo; c) Fluores-
cent image of plane of patterned layer;
d) Far-field diffraction effect, displayed
as MIT logo.

« D.Oran,S. G. Rodriqus, R. Gao, S. Asano, M. A. Skylar-Scott, F. Chen, P. W. Tillberg, A. H. Marblestone, and E. S. Boyden, “3D Nanofabrication by
Volumetric Deposition and Controlled Shrinkage of Patterned Scaffolds,” Science, vol. 362, pp. 1281-1285, Dec. 2018.
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Large Quantum Anomalous Hall Effect in Spin-orbit Proximitized Rhombohedral

Graphene

T.Han, Z. Ly, Y. Yao, J. Yang, J. Seo, C. Yoon, K. Watanabe, T. Taniguchi, L. Fu, F. Zhang, L. Ju

Sponsorship: Sloan Fellowship, NSF

In 1988, Haldane proposed a prototype model to realize
quantized Hall conductance in the ab-sence of a mag-
netic field. The model has informed the theoretical
and experimental explora-tion of topological phases
of matter for more than three decades. Although the
Berry curvatures of the Haldane model have been
demonstrated in a cold-atom experiment, the quantum
anomalous Hall effect (QAHE), as the most prominent
macroscopic signature of the Haldane model, could not
be measured there. In solid-state systems, the QAHE
has been observed in two categories of materials. The
first is magnetic topological insulators such as Cr-/V
doped (Bi,Sh),Te, and intrinsic MnBi,Te,, where the
time-reversal-symmetry is broken by the ordering of
magnetic elements and the Berry curvatures of the two
valleys of opposite surfaces add up to a Chern num-
ber of 1. The second is two-dimensional materials with
moiré superlattices at non-zero charge densities that
correspond to odd filling factors, where the exchange
interactions spontaneously break the time-rever-
sal-symmetry and the Chern number arises from a sin-
gle principal valley. Without the stacking of multiple
(effectively decoupled) periods of molecular-beam-epi-
taxy-grown quantum wells in the vertical direction, the

FURTHER READING

largest Chern number that has been realized so far is
2 in ferromagnetic systems that were not fully quan-
tized at zero magnetic field. Is it possible to realize the
QAHE without magnetic elements or moiré engineer-
ing? Can we get a larger Chern number in other QAHE
systems? Such possibilities have remained elusive ex-
perimentally, although an integer QAHE in rhombohe-
dral graphene was predicted to be possible by theory.

Wereport the QAHE in arhombohedral pentalayer
graphene/monolayer WS, hetero-structure. Distinct
from other experimentally confirmed QAHE systems,
this system has neither magnetic element nor moiré
superlattice effect. The QAH states emerge at charge
neutrality and feature Chern numbers C = 5 at
temperatures up to about 1.5 K. This large QAHE
arises from the synergy of the electron correlation
in intrinsic flat bands of pentalayer graphene, the
gate-tuning effect, and the proximity-induced Ising
spinorbit-coupling. Our experiment demonstrates the
potential of crystalline two-dimensional materials for
intertwined electron correlation and band topology
physics and may enable a route for engineering chiral
Majorana edge states.

« T Han,etal, "Large Quantum Anomalous Hall Effect in Spin-orbit Proximitized Rhombohedral Graphene," Science, arXiv preprint

arXiv:2310.17483 (2023), in press.
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Secure Digital In-memory Computing for Privacy and Integrity

M. Ashok, S. Maji, X. Zhang, J. Cohn, A. P. Chandrakasan

Sponsorship: MIT-IBM Watson Al Lab, NSF Graduate Research Fellowship Program (Grant No. 1745302), MathWorks

Engineering Fellowship

Machine learning accelerators are used in a wide va-
riety of applications to achieve high energy efficiency
at the expense of generalization. One specific architec-
ture, digital in-memory compute (IMC), reduces data
transfer energy by interleaving compute and memory
while still targeting high accuracy, even with technol-
ogy scaling.

The security of these accelerators is essential to
protectboththeinputsandmodel. Theinputactivations
often reflect private data collected on a sensor, such
as face images. The weights reveal information about
private training datasets, which can be used to mount
adversarial attacks. Two types of passive attacks can
help an attacker gain this information: side channel
attacks (SCAs), which correlate the integrated circuit’s
(IC) power consumption or electromagnetic missions
to the data, and bus probing attacks (BPAs), which
directly tap the traces between the IC and off-chip
memory.

We propose addressing these security threats
through an IMC macro with three key protections.

Secure Boolean Shared IMC without Random Bits

SRAM(secure  gerre [ jnear-

@
8
8 || e PUP) Shared Mutiply ~
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A Figure 1: Proposed secure digital in-memory compute macro
architecture with 3 key contributions (Boolean shared compute
for SCA security, model decryption on-chip for BPA security, and
secret key generated on-chip) highlighted.

FURTHER READING:

The computation is split up into random shares, such
that the total power consumption is uncorrelated to
the data. By targeting practical attacker scenarios, this
architecture is designed to eliminate the need for fresh
random bits while minimizing area and energy over-
heads when possible. In addition, a National Institute
of Standards and Technology standard lightweight
cipher is included locally so that the model is present
only in an encrypted form off-chip. Finally, a feedback-
cut physical unclonable function that takes advantage
of manufacturing variations in existing IMC memory
is designed to generate secret keys on-chip.

With a combination of these contributions, we
achieve a secure IMC macro in 14-nm complementary
metal-oxide semiconductor (CMOS) technology. The
design does not require any random number generators
and has no limitations on neural network accuracy,
providing a generalized solution for privacy and
integrity in a variety of machine learning applications.
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A Figure 2: Die micrograph of proposed protected and baseline
unprotected macros in 14-nm CMOS technology. Key blocks and

dimensions are noted.

« M. Ashok, S. Maji, X. Zhang, J. Cohn, and A. P. Chandrakasan, “A Secure Digital In-Memory Compute Macro with Protections Against Side-
Channel and Bus Probing Attacks,” IEEE Custom Integrated Circuits Conference (CICC), pp. 1-2, 2024.
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Analog In-memory Computing with Protonic Synapses

J. Lee, J. A. del Alamo
Sponsorship: IBM Watson

Though demand for computation in neural networks
is skyrocketing, conventional computing resources
are still constrained by their limited energy efficien-
cy. One of the most promising solutions to this is an-
alog in-memory computing (AIMC). In AIMC, synaptic
weights of neural networks are encoded into the con-
ductance of devices which are then configured into
crossbar-arrays that perform the matrix-vector multi-
plication operation. Recently, protonic synapses were
demonstrated with suitable properties for AIMC such

as linear and symmetric conductance modulation. To
study this, we have built a simulation model for proton-
ic synapses and simulated a crossbar-array operation
using IBM's AIHWKIT. AIMC with protonic synapses
showed 97.1% accuracy in MNIST classification with a
linear-4-layer network. This is comparable to a digital
chip accuracy of 98%. We also tested the Tiki-taka al-
gorithm that compensates for device non-idealities and
identified the relation between the conductance modu-
lation shapes and the performance of algorithm.
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A Figure 1: Schematic of cross-bar array with protonic synapses.
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Condition-aware Neural Network for Controlled Image Generation

H. Cai, M. Lj, Z. Zhang, Q. Zhang, M.-Y. Liu, S. Han

Sponsorship: MIT-IBM Watson Al Lab, Amazon, MIT Science Hub, NSF

We present Condition-Aware Neural Network (CAN),
a new method for adding con-trol to image-genera-
tive models. In parallel to prior conditional control
methods, CAN controls the image-generation process
by dynamically manipulating the weight of the neu-
ral network. This is achieved by introducing a condi-
tion-aware weight generation module that generates
conditional weight for convolution/linear layers based

b nput Image
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W

Output Image
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Xit1 Xit1

X Input Image
l
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Output Image

on the input condition. We test CAN on class-condition-
al image gen-eration on ImageNet and text-to-image
generation on COCO. CAN consistently de-livers signif-
icant improvements for diffusion transformer models,
including DiT and UVIiT. In particular, CAN combined
with EfficientViT (CaT) achieves 2.78 FID on ImageNet
512x512, surpassing DiT-XL/2 while requiring 52x fewer
MACs per sampling step.
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A Figure 1: lllustration of CAN.

4Figure 2: Comparing CAN models and prior
image-generative models on ImageNet 512X512.
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« H.Cai, et al. “Condition-Aware Neural Network for Controlled Image Generation,” Proc. IEEE/CVF Conference on Computer Vision and

Pattern Recognition, p. 2024.

« H.Cai, et al. “EfficientViT: Multi-Scale Linear Attention for High-Resolution Dense Prediction,” Proc. IEEE/CVF International Conference on

Computer Vision, p. 2023.
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IBM AIHWKIT Simulations of Analog Training Accelerators Based on Protonic

Synapses

J.Lee, J. A. del Alamo
Sponsorship: IBM, Ericsson

Though demand for computation in neural networks
is skyrocketing, conventional computing resources are
constrained by their limited energy efficiency. One of
the most promising solutions to this is analog in-mem-
ory computing (AIMC). In AIMC, synaptic weights of
neural networks are encoded into the conductance of
devices that are then configured into crossbar-arrays
that perform the matrix-vector multiplication opera-
tion. Recently, our group demonstrated protonic syn-
apses with suitable properties for AIMC such as linear
and symmetric conductance modulation. To study the
potential of this new device technology for AIMC, we
are carrying out simulations of crossbar-array opera-
tion using IBM's ATHWKIT.

With AIHWKIT, users can simulate AIMC
accelerators and observe how modifying the device
properties directly affects the performance of neural
networks. Additionally, the tool enables the evaluation
of performance in various types of neural networks,
including convolutional neural networks, LSTM,
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A Figure 1: Schematic of cross-bar array for neural network with
protonic synapses; input features are loaded in analog voltages
from left side, and output emerges from bottom. Each crosspoint
has a protonic synapse.

FURTHER READING

Transformer, and others, which are currently under
extensive research. Further, this system can also
investigate the performance of different algorithms,
such as stochastic gradient descent (SGD), Tikitaka, etc.
In our studies, we compare MIT's protonic synapses
against other analog synaptic devices such as IBM's
ReRAM and ECRAM technologies. We demonstrate an
accuracy of our protonic devices of 97.0% in Modified
National Institute of Standards and Technology
(MNIST) hand-written digit image classification using
SGD, which is much higher than with ReRAM of 79.4%.
Protonic device accuracy approaches that of digital
circuits, which typically reach 98%. This enhancement
in performance is due to the more symmetric and
linear modulation of weights in protonic synapses.
Our research is investigating the effect of device
non-idealities on accuracy and testing several an-
alog computing algorithms designed to mitigate their
degrading impact.

Accuracy at 50 epoch

100% 97.0% 98.0%
95% 92.9%
90%
85%
80% 79.4%
75%
70%
Protonic EcRAM ReRAM Digital

A Figure 2: Comparison of accuracy of 4-layer analog neural
networks based on different device technologies after training
with MNIST model. For reference, result of digital network is also
shown.

« M.Onen et al, “Nanosecond Protonic Programmable Resistors for Analog Deep Learning,” Science, vol. 377, no. 6605, pp. 539-543, Jul. 2022. doi:

10.1126/science.abp8064

« M.Onen et al, “Neural Network Training with Asymmetric Crosspoint Elements,” Front. Artif. Intell., vol. 5, May, 2022. doi: 10.3389/

frai.2022.891624
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DistriFusion: Distributed Parallel Inference for High-resolution Diffusion Models

M. Lj, T. Cai, J. Cao, Q. Zhang, H. Cai, J. Bai, Y. Jia, M.-Y. Liu, K. Li, S. Han
Sponsorship: MIT-IBM Watson Al Lab, Amazon, MIT Science Hub, NSF

Diffusion models have achieved great success in syn-
thesizing high-quality images. However, generating
high-resolution images with diffusion models is still
challenging due to the enormous computational costs,
resulting in a prohibitive latency for interactive appli-
cations. In this paper, we propose DistriFusion to tackle
this problem by leveraging parallelism across multiple
graphic processing units (GPUs). Our method splits the
model input into multiple patches and assigns each
patch to a GPU. However, naively implementing such
an algorithm breaks the interaction between patches
and loses fidelity while incorporating such an interac-
tion will incur tremendous communication overhead.

Original, 1 GPU
MACs: 907T
Latency: 12.3s

Naive Parallelization, 4 GPUs
MAC:s Per Device: 190T (4.8% Less)
Latency: 3.14s (3.9x Faster)
But w/ Artifact: Duplicated Subjects

1 1

To overcome this dilemma, we observe the high simi-
larity between the input from adjacent diffusion steps
and propose displaced patch parallelism, which takes
advantage of the sequential nature of the diffusion
process by reusing the pre-computed feature maps
from the previous timestep to provide context for the
current step. Therefore, our method supports asyn-
chronous communication, which can be pipelined by
computation. Extensive experiments show that our
method can be applied to recent Stable Diffusion XL
with no quality degradation and achieve up to a 6.1x
speedup on eight A100 GPUs compared to one.

DistriFusion (Ours), 4 GPUs
MACs Per Device: 227T (4.0% Less)
Latency: 4.16s (3.0x Faster)
w/o Artifacts

Prompt: Romantic painting of a ship sailing in a stormy sea, with dramatic lighting and powerful waves.

A Figure 1: We introduce DistriFusion, a training-free algorithm to harness multiple GPUs to accelerate diffusion

model inference without sacrificing image quality. Naive Patch suffers from the fragmentation issue due to the lack of

patch interaction. Our DistriFusion removes artifacts and avoids the communication overhead by reusing the features

from the previous steps. Setting: SDXL with 50-step Euler sampler, 1280x1920 resolution. Latency is measured on

A100s.

FURTHER READING

« M.Lj J Lin, C. Meng, S. Ermon, S. Han, and J.-Y. Zhu, “Efficient Spatially Sparse Inference for Conditional Gans and Diffusion Models,”

NeurIPS, 2022.

« M.Lj J. Lin, Y. Ding, Z. Liu, J-Y. Zhu, and S. Han, “Gan Compression: Efficient Architectures for Interactive Conditional Gans,” Proc. IEEE/CVF
Conference on Computer Vision and Pattern Recognition, pp. 5284-5294, 2020.
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A Massively Parallel In-memory-computing Architecture Using Stochastic

Computing

Q. Wang, B. C. McGoldrick, M. A. Baldo, L. Liu
Sponsorship: SRC, Mathworks

The potential of in-memory computing (IMC) to cir-
cumvent the inefficiencies of traditional computing
architectures has been widely recognized in the field of
machine learning. Despite this potential, current IMC
models are hampered by the difficulty of embedding
complex arithmetic operations on-site, and the lack of
capability for large-scale yet versatile parallel compu-
tation, which significantly diminish the applicability
of IMC in scenarios demanding high computational
throughput and intricate mathematical processing.
Confronting these limitations, the research introduces
a novel IMC architecture that utilizes stochastic MTJs
to streamline in-memory operations. Beyond mere en-
ergy and space efficiency, this architecture innovates
with a hierarchical approach that emulates the struc-

114 Neuromorphic Devices & Al Hardware Accelerators

ture of biological neural networks, offering a solution
to the scalability challenge. Within this hierarchy, lo-
cal computations are performed by densely connected
neuron-like nodes, enabling rapid data processing and
communication for simpler tasks. Meanwhile, more
complex and distant interactions are managed via a
Network on Chip (NoC), facilitating efficient communi-
cation across the larger neural network. This dual-level
organization allows for both intensive local computa-
tion and broader inter-neuron communication, effec-
tively mirroring the parallelism and connectivity of
the brain, and unlocking new potentials for IMC in sup-
porting sophisticated and large-scale parallel machine
learning workloads.
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Tailor Swiftiles: Accelerating Sparse Tensor Algebra by Overbooking Buffer Capacity

Z.Y.Xue, Y. N. Wu, J. S. Emer, V. Sze
Sponsorship: MIT AI Hardware Program

Tensor algebra describes a class of applications that
are increasingly being used in fields such as machine
learning, data science, graph analytics, scientific simu-
lations, and engineering modeling. Although many of
these applications operate on tensor data that has very
high sparsity (i.e., many zeros), exploiting this sparsity
to save both computation and memory is challenging.
Prior sparse tensor algebra accelerators have explored
splitting tensors into tiles to increase exploitable data
reuse and improve throughput, but typically allocates
tile size in a given buffer for the least sparse tile and
thus limits utilization of available memory resources
when sparsity varies between different regions of a
tensor.

This paper proposes a speculative tensor tiling
approach, called overbooking, to improve buffer

MICROSYSTEMS ANNUAL RESEARCH REPORT 2024

utilization by taking advantage of the distribution
of nonzero elements in sparse tensors to construct
larger tiles with greater data reuse. We propose a
low-overhead hardware mechanism, Tailors, that
can tolerate data overflow by design while ensuring
reasonable data reuse and introduce a statistical
tiling approach, Swiftiles, that ensures high buffer
utilization by picking a tile size so that tiles usually
fit within the buffer's capacity, but can potentially
overflow, i.e. it overbooks the buffers. Across a suite of
22 sparse tensor algebra workloads, we show that our
proposed overbooking strategy introduces an average
speedup of 52.7x and 2.3x and an average energy
reduction of 22.5x and 2.5x over an existing sparse
tensor algebra accelerator without and with optimized
tiling, respectively.
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Symmetric PSG/WO3 Protonic Synapses for Analog Deep Learning

D. Shen, J. A. del Alamo
Sponsorship: MIT-IBM Watson Al Lab

To solve the overcoming computational bottlenecks
for deep learning, analog deep learning accelerators
process information locally with specific devices for
matrix multiplication calculations and outer product
updates. Among them, electrochemical RAMs modu-
late channel resistance by ionic exchange between the
channel and a gate reservoir via an electrolyte.

This study focuses on proton-based ionic synapses
featuring in-situ protonated H,WO, , as both channel
and gate reservoir, and phosphorus-doped silicon

SiO,/Si

dioxide (PSG) as electrolyte. This design aims to
enable neural network training with enhanced energy
efficiency, non-volatility, and low latency. We have
experimentally implemented this design in a CMOS
and back-end-of-line compatible process. Our protonic
synapse with a vertically symmetric structure enables
non-volatile and repeatable channel conductance
modulation under voltage pulses across gate and
channel, thus showing promising applications in deep
learning accelerators.
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A Figure 1: (a) Schematic of symmetric WO,-based protonic synapse with tungsten contacts, PSG electrolyte and Al,O,
encapsulation, fabricated in a lift-off-free and in-situ protonation process. (b) Conductance modulation under voltage pulses

shows repeatable control.
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Analysis of Memristor Device Requirements and Update Thresholding Strategy for
Precision Programming of Neuromorphic Memristor Arrays

G.Lee, J.Kim

Neuromorphic computing, inspired by neural systems,
presents advantages such as minimized data transmis-
sion, reduced power consumption, and parallel compu-
tation, spanning applications in artificial intelligence
(AI), scientific computing, and security. Neuromorphic
computing, specifically with a memristor crossbar
array, shows promise as an Al inference accelerator,
demonstrated through on-chip deep neural network
inferences comparable to software-based methods. De-
spite the prevalent one-transistor one-resistor (1T1R)
system ensuring precise memristor programming and
overcoming sneak path issues, it compromises pow-
er, speed, and design simplicity. For these reasons, the
simplest one-resistor (1R) system that can accurately
program memristors and minimize the sneak path
problem would be the ultimate solution. However, pre-
cise conductance adjustments at cross-points remain

MICROSYSTEMS ANNUAL RESEARCH REPORT 2024

challenging due to asymmetry, poor selectivity, sneak
paths, and stochasticity.
This study introduces the simplest automatic

programming  algorithm, employing iterative
conductance reads and updates. It analyzes
memristor requirements for high programming

accuracy, establishing relationships with array size
and parameters like interconnect-to-memristor
conductance ratio. Selectivity is identified as
enhancing convergence speed. Notably, update
asymmetry hampers programming, which is
addressed by an update event thresholding algorithm,
significantly improving accuracy. This analysis and
programming strategy hold the potential to aid the 1R
memristor array system in overcoming programming
challenges, realizing an ideal Al inference accelerator.
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Large-signal TCAD Simulation of Polarization Switching in Ferroelectric Devices

J. Navarro, Y. Shao, J. A. del Alamo

Sponsorship: Technical University of Madrid (UPM), Semiconductor Research Corporation

Ferroelectric materials enjoy spontaneous and non-vol-
atile charge polarization with an orientation that can
be switched by the application of a voltage. Recently,
the discovery of ferroelectricity in HZO (Hf . Zr .0,)
thin films, compatible with current CMOS fabrication
processes, have made ferroelectric field-effect tran-
sistors (FE-FETs) attractive as low power, nonvolatile
memory devices for neuromorphic computing. How-
ever, the physics behind HZO polarization switching,
especially in FE-FETs, are not widely understood.

(a)

In this work, we carry out TCAD simulations on FE
capacitors and FE-FETs under large-signal operation.
We have employed the Preisach model to reproduce
the experimental polarization-voltage hysteresis loop,
including transient behavior for low-frequency signals.
Currently we are studying the nonvolatile memory
behavior in FE-FETs. These results allow us to study
how current physical models differ from experimental
data, providing insights on the essential FE physics.
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A Figure 1: (a) FE Capacitor structure (MFM) and (b) experimental and simulated polarization-voltage

(P-V) hysteresis loops

118

Neuromorphic Devices & Al Hardware Accelerators

MICROSYSTEMS ANNUAL RESEARCH REPORT 2024



Interface Circuits for Analog In-Memory Computing

M. A. G. Elsheikh, H.-S. Lee

Sponsorship: MIT/MTL Samsung Semiconductor Research Fund

Machine learning (ML) has found its way into our daily
lives in applications including image processing, voice
recognition and healthcare. The energy and speed bot-
tlenecks in ML stem from data movement back and
forth between the memory and the processing element.
Analog compute in-memory (CIM) presents an alterna-
tive where the processing is done locally within the
memory, and the analog nature of it allows the paral-
lelization of a significant number of multiply-and-accu-
mulate operations. However, current read-out circuits
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of CIM circuits are energy and area hungry leading a
slow-down and energy inefficiency in the overall accel-
erator performance. In this work, we proposed
a new design for interface circuits using single-slope
analog to digital converters that exploit the typical
statistics of neural network outputs to optimize speed
and efficiency. This paves the way for the incorporation
of CIM accelerator in low-power applications such as
health monitoring and mobile applications.

* ¥

A Figure 1: (a)Energy breakdown in analog CIM systems (b) proposed single-slope analog to digital converter readout circuits for analog

CIM
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Sub-Nanometer Interface Modifications for Conductance Modulation in Proton-

Based ECRAM Devices

J. Meyer, M. Huang, B. Yildiz

Sponsorship: DoD NDSEG Fellowship (2022 Fellow), DOE EFRC Hydrogen in Energy and Information Sciences (HEISs)

Three-terminal electrochemical random-access mem-
ory (ECRAM) devices have gained interest for use as
resistive elements in energy-efficient neuromorphic
computing architectures. ECRAM devices display
promising non-volatility, reversibility, and symmetric
switching operations through solid-state ion interca-
lation of a channel material, typically WO,. However,
these devices remain limited in energy-efficiency and
programming speed, displaying operating voltages
above 1V and programming on the order of microsec-
onds. Advances in thin high ionic conductivity electro-
lytes have decreased the operating voltage required for
switching, but as electrolyte thickness approaches a
few nanometers, other optimizations are required.

The structure of ECRAM devices is similar to
solid-state lithium-ion batteries, for which electrode-
electrolyte interfaces can be significant impedances
to ion transport. For proton-based ECRAM, much

120
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less is known about proton transport across solid-
state interfaces. This work chemically modifies
the electrolyte-channel interface in a proton-based
ECRAM device with sputtered metals and metal
oxides. Differences in conductance modulation
across interface-modified devices are presented.
Surface-modified WO, films are examined with X-ray
photoelectron spectroscopy. An electrochemical
impedance spectroscopy setup is also used to separate
the impedance contributions of electrolyte and
interface in the devices. In doing so, we demonstrate
some tunability of ECRAM device operation with
sub-nanometer interface modifications. These results
suggest modifying the electrolyte-channel interface
in ECRAM devices may be another route to achieve
faster neuromorphic computing with lower operating
voltages.
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Magnesium Fluoride as a Thin Film Electrolyte in Mg-based Electrochemical lonic

Synapse (EIS) Devices

M. L. Schwacke, J. A. del Alamo, J. Li, B. Yildiz

Sponsorship: Semiconductor Research Corporation (Task ID: 3010-001), MIT Quest

Dynamic doping by electrochemical ion intercalation is
a promising mechanism for modulating electronic con-
ductivity, allowing for energy-efficient, brain-inspired
computing hardware. Programmable resistors which
operate by this mechanism are called electrochemical
ionic synapses (EIS). Use of Mg?* as the working ion in
EIS allows for both low energy consumption (compared
to O-EIS) and good retention in ambient air (compared
to H-EIS). However, while Mg-EIS devices based on or-
ganic electrolytes have provided a promising proof-of-

concept; inorganic, thin film Mg electrolytes are need-
ed for compatibility with CMOS processing. Here we
report development of MgF, as a thin film electrolyte
for Mg-EIS. We investigate how deposition technique
(RF sputtering, electron beam evaporation) affects the
MgkF, film properties and by extension device charac-
teristics. We show that Mg-EIS with MgF, electrolyte
films are promising for CMOS-compatible EIS with
long-term retention and low energy consumption.
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A Figure 1: Channel conductance of Mg-EIS device with MgF, electrolyte (schematic shown in inset) in
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response to 10 positive followed by 10 negative voltage pulses.
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Polaronic Carrier Mobility in Channel Materials for CMOS-compatible ECRAM

P. Zguns, B.Yildiz
Sponsorship: SRC JUMP 2.0 SUPREME Center

Neuromorphic computing hardware based on elec-
trochemical random access memory (ECRAM) enables
low-energy computing and nanosecond timescale op-
eration [1-3]. In these devices, the electrochemical inter-
calation of hydrogen modulates the electronic conduc-
tivity of the channel material, where high sensitivity of
conductivity to hydrogen insertion is needed for high
energy efficiency. Therefore, to select promising chan-
nel materials, the impact of hydrogen on carrier mo-
bility needs to be understood. Here, we computation-
ally study hydrogenated, CMOS-compatible channel
materials H,WO,, H,V,0,, and H MoO,. We apply the
DFT+U method to describe the electronic structure
and polaron localization in the host oxide lattice. We

FURTHER READING

identify the ground state configurations of the pro-
ton—polaron pairs and probe microscopic factors that
control polaron mobility, viz. the polaron migration
barriers in pristine lattice and proton-polaron associa-
tion energy (i.e., the energy required to break the pair).
The polaron migration barriers are comparable to the
polaron—-proton association energies (which are on the
order of 0.1 eV-0.2 eV), highlighting that the attraction
between polarons and protons plays an important role
in polaron mobility. These computational findings will
help us to identify the most suitable CMOS-compatible
oxide channel material for low-power ECRAM devices
for neuromorphic computing applications.

« X Yao et al, "Protonic Solid-State Electrochemical Synapse for Physical Neural Networks," Nat. Commun. 11, 3134 (2020)
e M.Onen et al, "CMOS-Compatible Protonic Programmable Resistor Based on Phosphosilicate Glass Electrolyte for Analog Deep Learning,"

Nano Lett. 21, 14, 6111-6116 (2021)

e M.Onen et al, "Nanosecond Protonic Programmable Resistors for Analog Deep Learning," Science 377, 6605, 539-543 (2022)
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Analog Complex-valued Neural Networks for Quadratic Energy Savings

M. G. Bacvanski, S. K. Vadlamani, D. R. Englund

Sponsorship: NSF RAISE-TAQS (1936314), NSF C-Accel (2040695), NTT Research Inc.

Neural networks (NNs) that are composed of complex
weights and operate over complex inputs have demon-
strated excellent performance in domains like medical
data and signal processing because of their natural
ability to manipulate phase and amplitude. However,
implementing these complex-valued NNs on conven-
tional digital GPU hardware entails performing sever-
al times more multiplication and addition operations
than real-valued NNs of the same size. In this work, we
propose an Al accelerator that uses standard telecom-
munications hardware to efficiently implement com-
plex-valued NNs by combining standard modulation
schemes with homodyne detection. Through extensive
numerical experiments, we demonstrate that these
telecom-based analog NNs perform identically to tradi-
tional real-valued neural networks on several standard
real-valued datasets, while consuming quadratically
lower amounts of energy.
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CMOS-compatible Ferroelectric Memory for Analog Neural Network Accelerators

Y. Shao, E. R. Borujeny, T. Kim, T. E. Espedal, J. C.-C. Huang, J. Navarro, D. A. Antoniadis, J. A. del Alamo

Sponsorship: Intel Corporation, SRC

Artificial intelligence has irreversibly changed the way
information is stored and processed. However, the huge
energy consumption and enormous computation time
required for training modern deep learning models
highlights the urgent need for energy- and time-effi-
cient hard-ware uniquely designed to implement Al
algorithms. Recently, analog computing has been pro-
posed as an alternative to the digital counterpart. In an
analog neural network accelerator, core computations
are carried out in the analog domain, exploiting unique
device properties and fundamental physical laws.

In this work, we examine the potential of
complementary metal-oxide semiconductor- (CMOS)
compatible ferroelectric field-effect transistors
(FE-FETs) with a metal-oxide channel as the core
device for analog accelerators. Extensive electrical
characterizations, including large-signal polarization-
voltage (P-V), small-signal capacitance-voltage, and
direct-current current-voltage characteristics have
been carried out on multiple device structures. We
have found that the thickness scaling of the channel

material, i.e., indium-tin-oxide (ITO) in our study, plays
a key role in the enhancement of FE polarization
switching (Figure 1). To scale down ITO thickness
for better device performance, we studied thin-film
transistors with ITO channel thickness down to 2.5
nm and obtained a field-effect mobility of 34 cm?/V-s
in 2.5-nm-thick ITO films. In addition, we designed
and fabricated FE-FETs with highly scaled channel
length and source/drain contact length in a back-gate
configuration. Thanks to the scaled ITO thickness, we
observed a large memory window of ~2 V (Figure 2),
which is among the best reported in the literature. On
the other hand, the speed of FE polarization switching
in the transistors/synapses, which determines the
operation frequency of the analog crossbar array,
is of great importance. In our fabricated devices,
preliminary results show that sub-microsecond FE
polarization switching could be obtained. These results
pave the way to the realization of CMOS-compatible
ferroelectric programmable resistors for analog
accelerator arrays.

'MFIM + MFISM

| Figure 1: P-V loops of metal/FE-HZO/
metal/FE-HZO/

insulator/metal  and

struc-
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tures with different ITO thicknesses.

P Figure 2: FE-FET structure (left)
and subthreshold characteristics of
devices with different ITO thick-
nesses (right). Memory window is

defined at 100 nA/pm. S
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Device Stack Optimization for Protonic Programmable Resistors

D. Shen, J. A. del Alamo
Sponsorship: MIT-IBM Watson Al Lab

Analog computing offers a potential solution for over-
coming computational bot-tlenecks in traditional digi-
tal systems utilized for deep learning. The fundamental
con-cept of analog deep learning accelerators involves
processing information locally by leveraging the phys-
ical properties of devices, rather than conventional
Boolean arith-metic—specifically, using Ohm's and
Kirchhoff's laws for matrix inner product calcula-tions
and threshold-based updating for the outer product.
Among various physical principles, electrochemical
ion-intercalation makes possible a three-terminal de-
vice with a channel resistance that is modulated by
ionic exchange between the channel and a gate reser-
voir via an electrolyte. This study focuses on such ion-
ic programmable resistors featuring WO, as a channel
and protons as the working ions, aiming to pro-vide
information processing with increased energy savings,
non-volatility, and low la-tency. Our group's previous
work, with a device structure shown in Figure 1a, has
demonstrated Si-compatible nanoscale devices that are
1,000 times smaller than bio-logical neurons, enabling
channel conductance modulation over a 20x range

SiO,/Si

A Figure 1: WO, protonic device structures: (a) original
device structure with WO, as channel, PSG as electro-
lyte, and Pd as hydrogen reservoir and controlling gate.
(b) Optimized symmetric device structure with W as
contact metal, in-situ protonated WOj as both channel
and gate reservoir, and Si;N,, as encapsulation.

FURTHER READING

with na-nosecond operation at room temperature.

In this work, we have optimized the device stack in
four directions and used nano-porous phosphosilicate
glass (PSG) to demonstrate a symmetric WO,-PSG-
WO, structure in a complementary metal-oxide
semiconductor- (CMOS) compatible and lift-off-free
process, with the help of a circular transfer length
method, which efficiently ex-amines the resistance
properties of WO, We have explored: (a) device
protonation as part of the fabrication process, (b)
encapsulation preventing proton depletion during
device fabrication and operation, (c) contact metal
optimization to replace gold with a CMOS-compatible
material, and (d) a PSG evaluation vehicle to optimize
device per-formance. Putting it all together, we have
designed and fabricated a symmetric device, shown in
Figure 1b, which enables non-volatile and repeatable
channel conductance modulation under voltage pulses
across gate and channel with results shown in Fig-ure
2, thus showing promising application in deep learning
accelerators.

0.095

Pulse width: 1ms :gx
0.09 W: 100|Jm -7V
0.085 . L+ 104um -8V

Tested in air

1500

500 1000
Pulse number

2000

A Figure 2: Conductance modulation curve for different
voltage pulses of a symmetric device. The device shows
linear conductance increase with positive pulses on gate.
With encapsulation and in-situ protonation, the device
can repeatably modulate its conductance under air.

e O.Murat, N. Emond, B. Wang, D. Zhang, F. M. Ross, J. Li, B. Yildiz, and J. A. del Al-amo, "Nanosecond Protonic Programmable Resistors for

Analog Deep Learning," Science, vol. 377, no. 6605, pp. 539-543, Jul. 2022.
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The Use of Cross-validation in Semi-supervised Anomaly Detection

E-K, Sun, D.S. Boning
Sponsorship: Analog Devices

Unplanned industrial downtime can result in signifi-
cant financial losses and operational disruptions. To ad-
dress these issues, companies are investing in sensors
designed to detect anomalies and reduce downtime.
However, anomaly detection is challenging because
anomalies are rare. Anomaly detection algorithms are
typically developed assuming that only known good
data are used for training and anomalies will only oc-
cur during inference. These assumptions can lead to
overfitting, where an algorithm performs well on the
training set but poorly during actual use.

In this work, we propose using a validation set to
help regularize and reduce overfitting. With a random
training-validation split, ideally, the losses on both
sets should be similarly distributed. However, due to

A Figure 1: An example showing the decision boundary

without using a validation set.

126 Neuromorphic Devices & Al Hardware Accelerators

the expressiveness of neural networks, we often see
the training set loss continuously decrease while the
validation set loss decreases only moderately or even
increases, leading to overfitting. We suggest matching
the loss distributions from the training and validation
sets using the Kolmogorov-Smirnov (KS) statistic.
Since the KS statistic is originally non-differentiable,
we designed a sigmoid-smoothed version to enable
gradient descent. Additionally, we propose randomly
splitting the training and validation sets each epoch,
allowing the model to train on all data samples. Our
techniques result in smoother decision boundaries
and better generalization across various datasets, as
demonstrated in the following results.

A Figure 2: The same example with a validation set incor-

porated, resulting in a much smoother decision boundary
and reduced overfitting.
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Efficient Streaming Language Models with Attention Sinks

G. Xiao, Y. Tian, B. Chen, S. Han, M. Lewis

Sponsorship: MIT-IBM Watson Al Lab, Amazon, MIT Science Hub, NSF

Deploying large language models (LLMs) in streaming
applications such as multi-round dialogue, where long
interactions are expected, is urgently needed but pos-
es two major challenges. Firstly, during the decoding
stage, caching previous tokens' key and value states
(KV) consumes extensive memory. Secondly, popular
LLMs cannot generalize to longer texts than the train-
ing sequence length. Window attention, where only the
most recent KVs are cached, is a natural approach, but
we show that it fails when the text length surpasses
the cache size. We observe an interesting phenomenon,
namely an attention sink, that keeping the KV of initial
tokens will largely recover the performance of window
attention. In this paper, we first demonstrate that the
emergence of an attention sink is due to the strong at-

(a) Dense Attention (b) Window Attention

[

Current Token
‘B . WS T 10 Em

<4—— Tcached tokens —» T-L evicted L cached

tokens ¥ tokens

O(TL)v PPL: 5158x

Breaks when initial
tokens are evicted.

O(T?x PPL: 5641x

Has poor efficiency and
performance on long text.

tention scores towards initial tokens as a "sink" even
if they are not semantically important. Based on the
above analysis, we introduce StreamingLLM, an effi-
cient framework that enables LLMs trained with a fi-
nite length attention window to generalize to infinite
sequence lengths without any fine-tuning. We show
that StreamingLLM can enable Llama-2, MPT, Falcon,
and Pythia to perform stable and efficient language
modeling with up to 4 million tokens and more. In ad-
dition, we discover that adding a placeholder token as
a dedicated attention sink during pre-training can fur-
ther improve streaming deployment. In streaming set-
tings, StreamingL LM outperforms the sliding window
re-computation baseline by up to 22.2x speedup.

(c) Sliding Window

w/ Re-computation (d) StreamingLLM (ours)

[

l o |

Attention Sink

<_L re-computed L,
tokens

O(TL»Xx PPL: 5.43v

Has to re-compute cache
for each incoming token.

previous tokens
are truncated

L cached
tokens

O(TL)v PPL:5.40v

-« evicted

tokens -

Can perform efficient and stable
language modeling on long texts.

A Figure 1: StreamingLLM efficiently handles long texts by keeping initial tokens for stable attention computation, combined with recent

tokens, offering consistent performance without excessive computational overhead compared to existing methods with limitations on

text length or efficiency.

FURTHER READING

« G.Xiao, J. Lin, M. Seznec, H. Wu, J. Demouth, and S. Han, “SmoothQuant: Accurate and Efficient Post-Training Quantization for Large
Language Models,” Proc. 40th International Conference on Machine Learning Proc. Machine Learning Research 202:38087-38099, 2023.

Available from https://proceedings.mlr.press/v202/xiao23c.html.

« L Beltagy, M. E. Peters, and A. Cohan, “Longformer: The Long-Document Transformer,” 2020. ArXiv. /abs/2004.05150.
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Rare Event Probability Learning by Normalizing Flows

Z.Gao, L. Daniel, D. S. Boning

A rare event is defined by a low probability of occur-
rence. In semiconductor manufacturing, accurate esti-
mation of such small probabilities (e.g., the rare failure
rate of a process, a device, or a circuit system) is of ut-
most importance. Conventional Monte Carlo methods
are inefficient, demanding an exorbitant number of
samples to achieve reliable estimates. Inspired by the
exact sampling capabilities of normalizing flows, we
propose normalizing flow assisted importance sam-
pling, termed NOFIS. NOFIS first learns a sequence of

proposal distributions associated with predefined nest-
ed subset events by minimizing KL divergence losses.
Next, it estimates the rare event probability by utiliz-
ing importance sampling in conjunction with the last
proposal. The efficacy of our NOFIS method is substan-
tiated through qualitative visualizations, affirming the
optimality of the learned proposal distribution, as well
as a series of quantitative experiments, which highlight
NOFIS's superiority over baseline approaches.
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A Figure 1: (a) The heatmap represents the data generating distribution. (b)-
(e) The top row displays the theoretically optimal proposal distribution, while the
bottom row illustrates the learned proposal distribution learned by our Algorithm.
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On-the-Fly Learning for DNN Monocular Depth Estimation

S.Sudhakar, Z.-S. Fu, S. Karaman, V. Sze

Sponsorship: National Science Foundation, Real-Time Machine Learning program grant no. 1937501, the MIT-Accenture

Fellowship, the Huang Phillips Fellowship, gift from Intel

Monocular depth estimation with deep neural net-
works (DNNs) is critical for resource-constrained
robots to avoid using power-hungry depth sensors.
Since DNNs are known to perform poorly when the
deployment environment is different from its training
environment, we design a computation-efficient frame-
work where the robot can adapt a monocular depth
estimation DNN to a new environment on-the-fly. This
form of training is compute and storage-limited, online
(sequential video inputs), and self-supervised, making
it challenging to accomplish with conventional train-
ing practices. As training on every image is computa-
tion-intensive, we propose using a novel acquisition
function to select a subset of images for the DNN to
train on. This function for training data selection is
based on a unique combination of uncertainty, diversi-

MICROSYSTEMS ANNUAL RESEARCH REPORT 2024

ty, and self-supervised loss quality. With reducing the
frequency of training to only 2.5% of the time instead
of at every timestep as is conventionally done, leverag-
ing our acquisition function achieves 5.6% higher accu-
racy on the explored dataset and 3.6% higher accuracy
on the unexplored dataset compared to a fixed-period-
ic image selection strategy using the same number of
training images. In addition, we require a buffer capac-
ity of only 9 images, making it more suitable for stor-
age-limited platforms compared to existing works that
require two orders of magnitude more capacity. Finally,
we deploy MC-dropout on the final layer of the DNN to
efficiently estimate the uncertainty term in the acquisi-
tion function, which reduces the computational cost of
the acquisition function by up to 9.1x compared to the
traditional ensemble method.
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Tungsten Bronzes forNeuromorphoc Computing: Can Lattice Strain Enhance Proton

Migration in WO,?

M. Siebenhofer, P. Zguns, B. Yildiz
Sponsorship: Max Kade Fellowship 2022 for M. Siebenhofer

Tungsten bronzes are insertion compounds with the
general formula MxWO,, where M (e.g. H, Li or Mg) is
intercalated into WO,. These compounds have a vari-
ety of applications, ranging from superconducting or
electrochromic materials to catalysts and analog pro-
grammable resistors for artificial neural networks. For
its application in neuromorphic computing, where the
conductivity of WO, is modulated by ion intercalation,
fast ion diffusion is key to obtain homogeneous ion dis-
tribution and fast switching between distinct resistive
states. However, exact migration pathways in WO, are
not well understood and novel strategies to enhance

proton movement are desired.

In this contribution, we report the results of ab-
initio investigations on proton migration processes in
WO,. We identify favourable binding sites for protons
and migration pathways through the lattice. Using the
nudged-elastic-band method, we investigate energetic
barriers for proton hopping in WO, and evaluate their
modulationinstructuresundertensileand compressive
strain. If successful, targeted introduction of lattice
strain (e.g. by doping) may be essential to improve both
neuromorphic and electrochromic devices.

Lattice strain

Compressive

A Figure 1: Tensile and compressive lattice strain present a potential tool to modulate proton migration in WO,
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Silicon Solar Cell Quantum Yields Approaching 100% Due to Sensitization by

Singlet Exciton Fission

N. N. Wong, C. E. Perkinson, K. Lee, A. Li, M. A. Baldo, M. G. Bawendi, W. A. Tisdale, K. Seo
Sponsorship: U.S. Department of Energy, Office of Basic Energy Sciences, and Samsung

Crystalline Silicon based solar cells currently dominate
the global industry, but for single junction devices, the
efficiencies are approaching the Shockley-Queisser lim-
it. Sensitizing silicon to organic molecules that undergo
the carrier multiplication process singlet exciton fis-
sion (SF), could provide a facile method to generate two
electron-hole pairs per photon and improve efficiencies
beyond the industry standard. Surface and bulk charge
recombination and surface trap loss pathways have

inhibited the transfer of energy from a SF material to
silicon and decreased the overall performance. Herein,
we employ a dual interlayer system to facilitate inter-
facial charge transfer states and surface passivation of
trap states with a shallow junction device architecture
for efficient carrier separation and extraction. We have
demonstrated short circuit current from triplet exci-
tons of tetracene and an enhancement to the external
quantum efficiency of silicon solar cells.

Singlet Fission Material

Electrode

Electrode

%%

Dual Interlayer

Emitter (n- or p- Si)

Base (p- or n- Si)

A Figure 1: Simplified schematic of a SF sensitized silicon solar cell device: (1) photoexcitation, (2) generation of two triplet exci-
tons, (3) charge transfer into the surface of silicon, and (4) electron and hole separation to the electrodes.
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Integrated Beam-Steering Optical Phased Arrays for Solid-State LIDAR Sensors

B. M. Mazur, D. M. DeSantis, M. R. Torres, M. Notaros, J. Notaros
Sponsorship: SRC JUMP 2.0 CogniSense, MIT Rolf G. Locher Endowed Fellowship, NSF Graduate Research Fellowship

Light detection and ranging (LiDAR) has emerged as
a vital and widely-used sensing technology for auton-
omous systems, such as autonomous vehicles, since it
enables 3D mapping with higher resolution than tra-
ditional RADAR. However, current commercial LiDAR
systems utilize mechanical beam-steering mechanisms
that decrease reliability, increase production cost, and
limit detection range. To address these limitations,
solid-state optical-phased-array-based (OPA-based) Li-

DAR, which enables low-cost, high-speed, and compact
non-mechanical beam steering, has emerged as a prom-
ising solution for next-generation LiDAR sensors.

In this poster, we discuss integrated beam-
steering OPA architectures and devices for LiDAR
sensors, highlighting their design spaces and tradeoffs.
Additionally, we propose novel OPA subsystems for
spatially-adaptive solid-state LiDAR sensors.

Antennas

A Figure 1: (a) Simplified schematic of an integrated optical phased array. (b) Photograph of a silicon-photonics

chip with a large-scale integrated optical phased array.
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Integrated Photonics for Advanced Cooling of Trapped-lon Quantum Systems

S.Corsetti, A. Hattori, M. Notaros, T. Sneh, R. Swint, P. T. Callahan, F. Knollmann, E. R. Clements, D. Kharas, G. N. West, T. Mahony,

C. D. Bruzewicz, C. Sorace-Agaskar, R. McConnell, J. Chiaverini, J. Notaros

Sponsorship: NSF Quantum Leap Challenge Institute Hybrid Quantum Architectures and Networks, NSF Quantum Leap Challenge
Institute Quantum Systems through Entangled Science and Engineering, MIT Center for Quantum Engineering, NSF Graduate Research
Fellowships Program, Department of Defense National Defense Science and Engineering Graduate Fellowship, MIT Cronin Fellowship,

MIT Locher Fellowship

Trapped-ion systems are a promising modality for
guantum information processing due to their long co-
herence times and strong ion-ion interactions, which
enable high-fidelity two-qubit gates. However, most
current implementations are comprised of complex
free-space optical systems, whose large size and sus-
ceptibility to vibration and drift can limit fidelity and
addressability of ion arrays, hindering scaling. Integrat-
ed-photonics-based solutions offer a potential avenue
to address many of these challenges.

Motional state cooling is a key optical function

in trapped-ion systems. However, to date, integrated-
photonics-based demonstrations have been limited to
Doppler and resolved-sideband cooling. In this work,
we develop and demonstrate integrated-photonics-
based systems and associated devices (conceptually
depicted in Figure 1) for two advanced cooling schemes,
polarization gradient and electromagnetically-induced
transparency. This has the potential to improve cooling
performance for trapped ions, enabling scalable quan-
tum systems.

A Figure 1: Conceptual diagram of integrated-photonics-based polarization-gradient-cooling

system, demonstrating light of diverse polarizations simultaneously addressing ion positioned over

ion-trap chip.

FURTHER READING

« A Hattori, T. Sneh, M. Notaros, S. Corsetti, P. T. Callahan, D. Kharas, T. Mahony, R. McConnell, J. Chiaverini, and J. Notaros, "Integrated Visible-
Light Polarization Rotators and Splitters for Atomic Quantum Systems," Optics Letters, vol. 49, pp. 1794-1797, Mar. 2024.

«  S.Corsetti, A. Hattori, R. Swint, M. Notaros, G. N West, T. Sneh, E. Knollmann, P. T. Callahan, T. Mahony, E. R. Clements, D. Kharas, C. Sorace-
Agaskar, R. McConnell, J. Chiaverini, and J. Notaros, "Integrated Polarization-Diverse Grating Emitters for Trapped-Ion Quantum Systems,"

Proc. Frontiers in Optics and Laser Science, paper JTu7A.3,2023.

e A Hattori, S. Corsetti, T. Sneh, M. Notaros, R. Swint, P. T. Callahan, C. D. Bruzewicz, E. Knollmann, R. McConnell, J. Chiaverini, and J. Notaros,
"Integrated-Photonics-Based Architectures for Polarization-Gradient and EIT Cooling of Trapped Ions," Proc. Frontiers in Optics and Laser

Science, paper FM4B.3, 2022.
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Spatially-adaptive Solid-state Optical-phased-array-based LiDAR

D. M. DeSantis, B. Mazur, M. R. Torres, M. Notaros, J. Notaros

Sponsors: SRC JUMP 2.0 CogniSense, MIT Rolf G. Locher Endowed Fellowship, and NSF Graduate Research Fellowship

(Grant No. 1122374)

Light detection and ranging (LiDAR) has emerged as
a vital and widely-used sensing technology for auton-
omous systems, such as autonomous vehicles, since
it enables three-dimensional mapping with high-
er resolution than traditional radar. However, cur-
rent commercial LiDAR systems utilize mechanical
beam-steering mechanisms that decrease reliability,
increase production cost, and limit detection range. To
address these limitations, solid-state optical-phased-ar-
ray-based LiDAR (as shown in Figure 1), which enables
low-cost, high-speed, and compact non-mechanical
beam steering, has emerged as a promising solution for
next-generation LiDAR sensors.

-

Olo2Es

' iton-Photonics OPA Chip
4mm x 4mm Aperture
0.021° Beam

In this work, we propose and develop a novel
spatially adaptive solid-state LiDAR system enabled
by multiple-beam integrated-optical-phased-array
subsystems and integrated optical-processing devices.
This multi-beam adaptability enhances spatial
awareness and reduces the back-end data processing
traditionally associated with beam-rastering LiDAR by
enabling the sensing and ranging of multiple targets
simultaneously, without the need to scan the sensor’s
whole environment.

A Figure 1: Photograph depicting a large-scale optical-phased-array chip for

solid-state beam forming and beam steering.
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Integrated Visible-light Liquid-crystal-based Modulators for Augmented-reality

Displays

A. Garcia Coleto, M. Notaros, T. Dyer, M. Raval, C. Baiocco, J. Notaros
Sponsorship: NSF CAREER Program (2239525), Defense Advanced Research Projects Agency (DARPA) Visible Integrated
Photonics Enhanced Reality (VIPER) Program (FA8650-17-1-7713), MIT School of Engineering MathWorks Fellowship, NSE

Graduate Research Fellowship (1122374)

Augmented-reality head-mounted displays (HMDs)
that display information in the user’s field of view have
many wide-reaching applications in defense, medicine,
gaming, etc. However, current commercial HMDs are
bulky, heavy, and indiscreet. Moreover, current dis-
plays are incapable of producing holographic images
with full depth cues; this lack of depth information re-
sults in eyestrain and headaches that limit long-term
and wide-spread use of these displays.

To address these limitations, we are developing

an integrated-photonics-based display that consists
of a single transparent chip that sits directly in front
of the user's eye and projects holograms that only the
user can see. Specifically, we are developing integrated
liquid-crystal-based phase and amplitude modulators
that enable this integrated-photonics-based display
architecture. This work paves the way towards a
highly discreet and fully holographic solution for the
next generation of augmented-reality displays.

(C) Alignment Layer
Top Glass SU-8
pacer
Oxide Liquid
Crystal
Output . .
Nkiber
-—
Bus Waveguide ] Electrodes
Tap Waveguide

A Figure 1: (8) Photograph of a transparent integrated-photonics-based holographic display. (b)
Simplified cross-sectional schematic of an integrated liquid-crystal-based modulator. (¢) Photo-
graph of an integrated photonic chip packaged with liquid crystal on an experimental setup.
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A Processing Route to Chalcogenide Perovskites Alloys with Tunable Band Gap via

Anion Exchange

K. Ye, I. Sadeghi, M. Xu, J. Van Sambeek, T. Cai, J. Dong, R. Kothari, J. M. LeBeau, R. Jaramillo

Sponsorship: NSF (Grant Nos. 1751736, 1745302, 2224948)

Chalcogenide (sulfide and selenide) semiconductors in
the perovskite crystal structure are anticipated to have
favorable structural, optical, and electronic characteris-
tics for solar energy conversion. The most studied com-
pound is BaZrS,, with a band gap of 1.9 eV. Alloying on
the anion or cation sites has been explored to lower the
band gap into a range suitable for single-junction solar
cells. The pure selenide perovskite, BaZrSe,, has been
theoretically predicted to have band gap 0.5 eV lower
than the sulfide. Experimental efforts from our group
in 2023 demonstrated the alloying of BaZrS, with Se,
and we confirmed that this alloy system features a tun-
able, direct band gap in the range of 1.4 -1.9 eV.

Now we report an alternative processing route to

This Work Previous Work

5 nm e— 5 nm e——

A Figure 1: Atomic-resolution electron microscopy image of a
typical film cross section showing a noticeably reduced density
of extended defects (left) compared to previous work (right). The
images shown here correspond to films with the stoichiometry

BaZrS}ySey (y=2).

FURTHER READING

synthesize these alloyed films. Our measurements on
films suggest a reduced defect density and improved
optoelectronic material properties compared to those
of our previous efforts, as shown in Figure 1. We further
showcase the utility of our processing at scale in
Figure 2, via a demonstration on a polycrystalline film
on a 2" AL,O, wafer. More importantly, these results
have strong relevance to the future manufacturing
prospects of this material class. The gases and
processing methodologies are similar to those for
other well-known solar cell materials. The present
work creates opportunities for research communities
to inform the further development of chalcogenide
perovskite technology.

inches
[

A Figure 2: Photographs of polycrystalline BaZrS thin film sam-
ples grown on 2”7 AL, O wafers before (left) and after (right) sele-

nization.

« L Sadeghi, J. Van Sambeek, T. Simonian, M. Xu, K. Ye, T. Cai, V. Nicolosi, J. M. LeBeau, and R. Jaramillo, “Expanding the Perovskite Periodic Table
to Include Chalcogenide Alloys with Tunable Band Gap Spanning 1.5-1.9 eV,” Advanced Functional Materials, vol. 33, p. 2304575, 2023.

« K.Ye I Sadeghi, M. Xu, J. Van Sambeek, T. Cai, J. Dong, R. Kothari, J. M. LeBeau, and R. Jaramillo, “A Processing Route to Chalcogenide
Perovskite Alloys with Tunable Band Gap via Anion Exchange,” arXiv:2403.09016.
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Development of Ultra-Thin Perovskite Solar Module with Slot-die Printing

K.Yang, J. Mwaura, V. Bulovi¢

Sponsorship: Tata Power Company Ltd., U.S. Department of Energy, Office of Energy Efficiency & Renewable Energy

Owing to their solution-processibility, perovskite so-
lar cells (PSCs) promise to offer a flexible, lightweight,
and highly efficient alternative to crystalline silicon so-
lar cells (c-Si). PSCs are able to open markets for solar
deployment not accessible with c-Si while maintain-
ing price-competitiveness with existing technologies.
However, there are technological challenges to be ad-
dressed before PSCs are ready for large scale manufac-
turing.

In contrast to the majority of research in PSCs
which focuses onimproving the stability and efficiency
of small, spin-coated devices, this work aims to address
challenges on the scaling and manufacturing front.
Specifically, there exists a “scaling lag” which is seen
when technologies are directly transferred from
small devices to large area modules and manifests
as decreased module efficiency and increased
series resistance. In this work, slot-die coating is
used to create large, 45cm? modules on 125um thick
polyethylene terephthalate (PET) substrates with
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7.5 cm? mini-modules exhibiting efficiencies of up to
7.4%. This process is the first working demonstration
of a flexible, large-area PSC module fabricated with
non-toxic solvents and establishes the baseline for
the future transition to a so0um peelable module
which can be laminated onto transparent fabrics. To
demonstrate the economic feasibility of commercial
production, a techno-economic analysis is performed
using Monte-Carlo simulation techniques to ensure
price-competitiveness with current established solar
technologies. Levelized Cost of Electricity values for
flexible PSCs can be as low as 2.24¢/kWh compared
to 3.16¢/kWh currently seen with mono-PERC silicon
panels.

Successful demonstration of a flexible, large-
area perovskite solar cell without toxic solvents
will accelerate the industrialization of flexible
photovoltaics. This would ultimately shift the
solar landscape from mainly utility solar farms to a
distributed model, further accelerating solar adoption.
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Decoupling the Role of Exciton Lifetime, Charge Carrier Balance, and Dark Excitons

in the Degradation of Blue OLEDs

J. Tiepelt, J. Song, C. Picart, A. Seeglitz, T.-A. Lin, S. Zhu, P. Satterthwaite, J. Li, M. A. Baldo
Sponsorship: U.S. Department of Energy — Office of Energy Efficiency & Renewable Energy

Organic light-emitting diodes (OLEDs) are the pre-
dominant technology for mobile display applications.
The greatest remaining challenge is the stability of
blue OLEDs, caused by long-lived triplet excitons. The
effect of key parameters on OLED stability is not well
understood to date. Here, we report a characterization
technique that decouples an OLED's electronic prop-
erties from modulations of its emission layer's exciton
lifetime by means of external plasmonic coupling. We
show that the device's operational stability shows a

1) Isolated exciton lifetime modulation
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much smaller than expected, square-root, dependence
on exciton lifetime. As we only modulate emissive ex-
citons here, it is possible that trapped 'dark' excitons
dominate stability. In a second experiment, we vary
the position of the emissive layer within the OLED, re-
vealing a super-linear dependence of stability on the
variation in charge balance and exciton lifetime. Last,
we show strong indication of charge carrier imbalance
resulting in trapped dark excitons dominating OLED
stability.
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A Figure 1: Blue OLED stability in dependence of exciton lifetime variation vs. positional shift of the

emitting layer. Device stability shown to be dominated by shifts in the recombination zone and charge

carrier balance.
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Integrated Optical Grating-Based Antennas for Solid-State LIDAR Sensors

M. R. Torres, S. Corsetti, D. M. DeSantis, A. G. Coleto, B. Mazur, M. Notaros, J. Notaros
Sponsorship: SRC JUMP 2.0 CogniSense

Light detection and ranging (LiDAR) has emerged as
a vital and widely-used sensing technology for auton-
omous systems, such as autonomous vehicles, since it
enables 3D mapping with higher resolution than tra-
ditional RADAR. However, current commercial LiDAR
systems utilize mechanical beam-steering mechanisms
that decrease reliability, increase production cost, and
limit detection range. To address these limitations,
solid-state optical-phased-array-based (OPA-based) Li-
DAR, which enables low-cost, high-speed, and compact
non-mechanical beam steering, has emerged as a prom-
ising solution for next-generation LiDAR sensors. In
this poster, we develop integrated optical grating-based
antennas, a critical device responsible for light emis-
sion in these solid-state LiDAR systems. We develop a
device synthesis algorithm, design a suite of antennas
with varying operating modalities, and discuss their
design tradeoffs when applied to OPA subsystems.

Input
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A Figure 1: Simplified schematic of an integrated optical grating-based antenna with key design
parameters labeled.
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Determining Charge Carrier Transport Parameters from Microscopy Data

T. J. Sheehan, W. A. Tisdale

Sponsorship: Massachusetts Institute of Technology, Department of Chemical Engineering

Time-resolved microscopy techniques are increasingly
used to image the transport of excited charge carriers
and excitons in materials. Typically, transport param-
eters such as diffusivity are extracted by generating a
spatially localized population of excited charge carriers,
then measuring the growth of the spatial charge car-
rier profile over time. However, current analysis tech-
niques are highly sensitive to the shape of the initial
charge carrier profile, and can result in large errors for
even small deviations from an assumed profile shape.
Additionally, these measurements may be significant-
ly impacted by shot noise at common experimental
conditions. Here, we apply conventional analysis tech-
niques to simulated one-dimensional transport mea-
surements to quantify the effects of non-ideal carrier
spatial profiles and shot noise on the diffusivities ex-
tracted from microscopy data. We show that non-ideal

MICROSYSTEMS ANNUAL RESEARCH REPORT 2024

profile shapes can lead to errors almost as large as 50%.
Using these results as a baseline, we then propose an
alternate analysis technique that uses convolutions of
Gaussian functions with the measured charge carrier
spatial profiles to both smooth the effects of shot noise
and to measure the growth of the spatial profiles. We
demonstrate that this algorithm outperforms tradi-
tional analysis techniques at recovering diffusivities
from simulated data sets, displaying a slightly reduced
sensitivity to shot noise and a significantly lower sen-
sitivity to the shape of the initial charge carrier spatial
profile. Finally, we apply this technique to experimen-
tal data to illustrate different strategies for extending
this algorithm to accurately extract parameters for dif-
fusion that occurs in two or more dimensions.
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Understanding Ultrafast Energy Transfer in Mixed-Dimensional Perovskite

Heterostructures

M. Chattoraj, W. A. Tisdale

Sponsorship: U.S. Department of Energy, Office of Science, Basic Energy Sciences, award no. DE SC0019345.

Lead halide perovskite nanomaterials are an intriguing
class of semiconductors due to their many remarkable
optical properties, including long-lived charge carriers
and spectrally narrow emission that is synthetically
tunable across the visible light spectrum. Perovskites
are of interest for many optoelectronic applications
ranging from photovoltaics to displays. To increase
the efficiency of optoelectronic devices incorporating
nanomaterials, a detailed understanding of energy
transfer in nanoscale systems is necessary.

Although  exciton transfer in  colloidal
semiconductors has traditionally been described
by Forster resonance energy transfer (FRET), this
framework does not fully capture exciton behavior
in many novel materials. Lead halide perovskites
have been shown to exhibit energy transfer rates far
exceeding Forster theory predictions, thus posing
an intriguing material platform for establishing a
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more detailed understanding of exciton dynamics.
As devices increasingly incorporate nanomaterials
such as quantum dots, understanding energy transfer
between materials of varying dimensionality becomes
crucial. Rigorous characterization of energy transfer
mechanisms in perovskite-based heterostructures
requires synthesis of high-quality perovskites. Here,
perovskites of various dimensionalities are synthesized
and combined into heterostructures. In the future,
energy transfer in these heterostructures will be
studied using time-resolved photoluminescence (TRPL)
and ultrafast transient absorption (TA) spectroscopy.
Ultimately, we aim to build a thorough, quantitative
understanding of energy transfer mechanisms in
novel nanomaterials, which will contribute to the
development of highly efficient optoelectronic devices
including photodetectors, displays, and solar cells.
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High Level Intersystem Crossing in Triplet-triplet Annihilation Photon Upconversion
Materials Diphenylisobenzofuran and Diphenylisobenzothiophene

0. Nix, T.A. Lin, C.A. Kim, C. Perkinson, M. A. Baldo

Sponsorship: U.S. Department of Energy Office of Basic Energy Sciences (DE-FG02-07ER46474)

Triplet-triplet annihilation (TTA) presents a promising
photon upconverion (PUC) platform that can improve
the efficiency and stability of blue organic light emit-
ting devices. TTA is a spin-dependent process that con-
verts two low energy triplet states to a bright singlet
state. However, the TTA process can also form dark
high energy triplet states that lead to reductions in effi-
ciency and device stability. There is a fundamental lim-
it on the fraction of singlet states that can be produced
through TTA, limiting its PUC efficiency.

In this work, tuning reverse intersystem crossing
(r-ISC) from dark triplet states to bright singlet
states was probed as a strategy for surpassing this
limit. TTA materials diphenylisobenzofuran and
diphenylisobenzothiophene were modelled to predict
their relative r-ISC rates, and were characterized in
solutions and spun cast films. Fast r-ISC was inversely
correlated with TTA efficiency, suggesting low level
r-ISC is a significant loss pathway to TTA.

DPBF

A Figure 1: Schematic of the triplet-triplet annihilation (TTA) process, where two triplet excitons
annihilate to form either a bright singlet or dark triplet or quintet state. Increased formation of the

bright singlet through r-ISCis investigated in DPBF and DPBT as a strategy for increasing oy,
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High-performance Facet-attached 3D Micro-reflectors for Scalable Fiber-to-Chip

Coupling

L.Ranno, J. X. B. Sia, C. Popescu, D. Weninger, S. Serna, S. Yu, L. C. Kimerling, A. Agarwal, T. Gu, J. Hu
Sponsorship: NSF Convergence Accelerator (Award Number: DE-AR0000847)

Leveraging the mature fabrication processes developed
by the electronics industry;, silicon photonics is poised
torevolutionize a variety of application spheres, includ-
ing telecommunications, environmental sensing, and
quantum and classical computing. Still, the lack of a
scalable and cost-effective packaging solution to inter-
face optically to photonic integrated circuits is proving
to be a barrier preventing the wide adoption of photon-
ics. Convergence on a unified optical coupling scheme
that meets all the industry requirements is imperative
for the success of the field. Among the proposed ap-
proaches to address this optical “packaging bottleneck,”
micro-optics fabricated via two-photon polymerization
(TPP) have achieved promising performance metrics.
Nevertheless, the research community has primarily
focused on uncladded waveguides, which are not the
industry standard and require customized cladding re-
moval steps, limiting the scalability of these solutions.
We present results on a new scalable coupling scheme
that takes advantage of the design freedom enabled by
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TPP by fabricating 3D printed micro-reflectors directly
on wave-guide facets. The shape of the micro-reflector
is optimized to both redirect and reshape the beam ex-
iting the waveguide, hence maximizing coupling with
a standard flat-cleaved SMF-28 optical fiber positioned
vertically above the chip. The deep trenches where the
reflectors reside are fabricated during the edge cou-
pling formation step, which is already part of the fab-
rication flow in photonic foundries. The reflectors can
be seamlessly printed onto the waveguide facets at the
backend after receiving the fabricated photonic chips.
Simulations and experimental results demonstrate the
excellent performance of the reflectors, which boast
experimentally verified insertion losses of only -0.8 dB,
with bandwidths over 180 nm. Additionally, the 1-dB in-
plane and out-of-plane alignment tolerances of the de-
vices reach approximately 2 pm and 19 um, respectively,
making the reflectors compatible with high-through-
put passive alignment coupling approaches.
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A Figure 1: (a) Schematic and (b) False-colored scanning electron microscope image of the reflector.

(c) Electric field propagating through the system. (d) Waveguide-to-fiber coupling efficiency against

wavelength. () In-plane and (f) out-of-plane fiber alignment tolerances.
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SuMMIT: A New Platform for Photonic Heterogeneous Integration

L.Ranno, K. P. Dao, J. X. B. Sia, J. Hu
Sponsorship: NSF (Award Number: 2328839)

The exponential growth that silicon photonics has
experienced can be primarily attributed to the infra-
structure developed by the electronics industry. Lever-
aging the complementary metal-oxide-semiconductor
(CMOS) fabrication processes, photonics foundries
have quickly upscaled manufacturing and now com-
monly offer waveguides with propagation losses on
the order of 1~3 dB/cm, modulators with bandwidths
of ~40 GHz, and high-efficiency integrated germanium
photodetectors. Even though the current toolkit avail-
able from foundries is certainly impressive and enables
the entire photonics infrastructure of today, a signifi-
cant number of functionalities, including on-chip light
emission and gain, isolation, memory, and electro-optic
modulation, is missing as a result of material incompat-
ibilities with the CMOS process. To include these exotic
materials in photonic circuits while maintaining good
interaction with the waveguide layer, the research com-
munity has been forced to either dig trenches in the
back end of the line (BEOL) layers of foundry wafers or
fabricate custom chips, both of which have significant
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disadvantages limiting the scalability and technologi-
cal relevance of such implementations.

We propose a new heterogeneous integration
approach that is fully foundry compatible, namely
SuMMIT-Substrate Inverted Multi-Material
Integration Technology. In SUMMIT, the photonic wa-
fer is bonded to a through-glass or through-silicon via
wafer, which acts as a handle wafer and an electrical
interface to the photonic wafer. The through-glass via
wafer may be bonded to a PCB or CMOS wafer. After
bonding, the back of the photonic wafer is removed
through a combination of etching and chemical-
mechanical polishing, exposing the waveguide layer.
At this point, materials can be deposited or bonded
as needed. Additionally, the creation of a second
interface (back) decouples the electrical and optical
input/output and enables new designs that could
not be realized before. For instance, the BEOL metal
layers can be used to produce highly efficient grating
couplers or antennas.

FUNCTIONAL

/ MATERIAL

1,04 Capping layer

Coupling Loss (dB)

A Figure 1: lllustration of the SUMMIT technology stack (a) before bonding and (b) after bonding,
back-removal, and material deposition. (c) Electric field of a grating coupler with BEOL metal as a
reflector. (d) Performance of the grating implemented in (c).
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Crown Ether Decorated Lead Silicon Photonic Sensors for Pb2* Environmental

Detection

L.Ranno, Z. Xu, J. Hu, J. Xu, B. Sia

Lead (Pb?*) poisoning is a pressing global public health
crisis. Pb?* toxification leads to various adverse effects
on health, e.g neurological damage or increased infant
mortality. Unfortunately, public policies to address this
issue have been lackluster.

Here we present the crown ether decorated silicon
photonic platform for lead ion detections. Crown
ethers are cyclic polyethers with the remarkable
ability to selectively bind to specific ions based on their
physical and chemical properties. The proposed sensor
operates through the means of optical interference.
More specifically, ions binding to the crown ether
functionalization layer lead to a change in local
refractive index, or equivalently a wavelength shift of
the interferometer resonance.

Figure 1 illustrates the integrated Pb?* sensor
based on a Mach-Zehnder interferometer. The crown
ethers are functionalized on one of the waveguide arms
with the other used as reference. During operation, the
sensor is first exposed to deionized water to collect
a reference spectrum, followed by exposure to the
analyte solution and finally flushing with water and

Slot waveguide\ |

Strip-Slot
converter

e —
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A Figure 1: 3-Dillustration of photonic Pb"2* ion sensor based
on crown ether decorated silicon platform. Functionalization
performed in sensing region is indicated.

FURTHER READING

measurement of a second optical spectrum. Larger
wave-length shifts between the two spectra indicate
higher Pb?* concentrations, as shown in Figure 2.

We tested the validity of the calibration curve
across different environmentally related samples and
verified them with Inductive coupled plasma mass
spectrometry prior to the experiment. Performance in
environmental performance showed excellent sensi-
tivity and selectivity, indicating the resilience of the
proposed solution.

This work innovates on three aspects. First, we
demonstrate that applying the Fischer esterification
protocol successfully couples carboxylic acid groups
with hydroxyl groups on pretreated SiO, waveguide
surfaces. Second, the developed sensor enables
swift analyte testing with high detection accuracies,
matching the state-of-the-art at a significantly
lower price point and greater portability. Third, this
integrated platform can leverage high-precision and
cost-effective manufacturing techniques for scaling
up production.
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A Figure 2: Calibration curve of sensor when exposed to refer-
ence Pb™?* concentrations of 0, 5, 25,125, 625, 2625, 12625,
62625, and 262625 ppb via cumulative testing approach.
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Plasmonic Nanoparticle Lattices as Optical Cavities for Thin Film Colloidal QD

Lasers

S.Srinivasan, J. Guan, R. Zhang, K. McFarlane-Connelley, M. G. Bawendi, V. Bulovi¢
Sponsorship: Samsung Semiconductor Co., U.S. Department of Energy

Thin film nanoscale lasers have applications ranging
from on-chip optical interconnects, virtual and aug-
mented reality displays, and optical wireless commu-
nication. To realize these applications, both nanoscale
optical cavities and high quantum yield emitters are
required. Quantum dots (QDs) are semiconductor
nanoparticles with discrete energy levels generated
through quantum confinement with size and composi-
tion tunable emission. Current thin film lasers utilize
molecular beam epitaxy to grow optical cavities and
QDs, requiring fabrication with expensive high vac-
uum systems. To reduce manufacturing costs, both a
simple optical cavity and a solution processable gain
medium are required. Colloidal QDs are synthesized
in solution and are chemically stabilized with organic
capping ligands. They have demonstrated syntheti-
cally tunable emission and near unity quantum yield.
Plasmonic nanoparticle lattices are nanometer spaced
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arrays of metal nanoparticles that couple local surface
plasmon resonance modes of individual nanoparticles
with diffraction modes generated by the array. They are
fabricated in a single liftoff process, reducing manufac-
turing complexity. The lattice resonance mode is also
easily tunable through control of the lattice geometry,
spacing, and surrounding refractive index.

The combination of plasmonic nanoparticle
lattices and colloidal quantum dots creates a new
paradigm for the fabrication of nanoscale lasers with
tunable emission and low pumping thresholds. In this
work we demonstrate an optically pumped laser with
perovskite colloidal quantum dots integrated into Al-
nanoparticle lattices. The lattices were fabricated with
a single step electron beam lithography and liftoff
process. By varying lattice periodicity, lasing emission
directionality was controllable by up to 12 degrees off-
normal.
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Optimized design of Vapor Transport Co-Deposited Perovskite Photovoltaics

T. Kadosh Zhitomirsky, S. Srinivasan, W.-J. Hsu, E. Pettit, R. J. Holmes, H. L. Tuller, V. Bulovi¢

Sponsorship: U.S. Department of Energy

Metal-halide perovskites have demonstrated high pho-
to-electrical conversion efficiencies, superior to other
thin film semiconductors, hence viewed as promising
candidates to replace silicone as solar cell materials.
However, popular solution-based processing routes im-
pose a challenge when coming to up-scale. Vapor Trans-
port Deposition (VTD) is a readily scalable and low-cost
alternative method for perovskites production. Being
solvent-free, they bypass solvent related challeng-
es, namely uniform coverage of large areas, chemical
compatibility, and toxicity. As a low-cost alternative to
thermal evaporation, VTD has the potential to deposit
organic and inorganic perovskite precursor materials
either sequentially or via co-deposition. Furthermore,
VTD potentially offers higher tunability of deposition
parameters, to enable film growth with improved com-
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position and microstructure control. Yet, being a newly
developing technique, we still need to prove its viability
in producing high-quality perovskite films.

We are currently working with a custom-made
VTD system, focused on optimization of co-deposition
of lead iodide and methylammonium iodide with the
aid of carrier gases. Additionally, we address the design
of the device. We conclude that for pristine MAPI, small
lead iodide excess leads to higher power conversion
efficiencies. We found the n-i-p structure as preferable
over the p-i-n one. We also learned the importance of
choosing appropriate electrodes and transport layers,
as well as applying post-deposition treatments. These
findings can serve us in fabricating solar cells utilizing
this new technique.
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Inter-chip Optical Couplers for Automated Photonic Integrated Circuit Packaging

D. M. Weninger, S. Serna, L. Ranno, L. C. Kimerling, A. M. Agarwal

Sponsor: NSF

The use of silicon photonic integrated circuits (Si-PICs)
and optical fibers in telecommunications networks of-
fers significant system improvements in terms of laten-
cy, energy consumption, and data capacity compared
to electrical integrated circuits and copper wiring.
However, the manual alignment and bonding of bulky
optical fiber arrays to the edge or top of Si-PICs with
sub-micron precision create a significant challenge to
their widescale adoption. The development of inte-
grated couplers connecting Si-PICs to optical printed
circuit boards without using flyover fiber arrays offers
an opportunity to advance photonics packaging, as
ball grid arrays advanced microelectronics away from
wirebonding. Specifically, these couplers can enable
automated assembly of Si-PICs using pick-and-place
tools readily available through the microelectronics in-
frastructure.

To this end, studies are investigating several
methods for inter-chip coupling such as 3D printed
microlenses and mirrors, etched surface gratings,
and cantilevers. This work investigates evanescent
coupling, a method offering low coupling losses at the

Input fiber
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silicon waveguides
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-
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Output fiber

Top chip with silicon -
nitride waveguides

A Figure 1: Inter-chip evanescent coupling prototype. Light trav-
els through input fiber to bottom chip using edge coupler, cou-
ples to top chip using evanescent coupler, couples back down
using second evanescent coupler, and is collected at output fiber.

FURTHER READING

expense of alignment tolerances on the order of several
hundred nanometers. We fabricated, packaged, and
tested prototypes using a novel evanescent coupler
design to determine manufacturing feasibility. The
resultant prototype was the first demonstration of
an inter-chip evanescent coupler between silicon and
silicon nitride wave-guides. The measured coupling
efficiency for telecommunications wavelengths
was approximately 93%--the lowest reported for a
silicon-based inter-chip evanescent coupler. Likewise,
the measured alignment tolerance was roughly 2.48
micron-an order of magnitude larger than typical
evanescent coupling tolerances and large enough to
enable automated flip-chip assembly. In addition,
the coupler’s footprint was roughly a third of the
typical length and a tenth of the typical width, versus
comparable designs. Developing a high-performance
inter-chip coupler using standard complementary
metal-oxide semiconductor foundry materials can
eliminate the packaging inefficiencies of fiber-to-chip
connections to enable mass manufacturing of Si-PICs.

Silicon nitride
waveguide on top chip

sEvanescent coupling

3§77 . Edeef top, chip

Edge of bottom chip

A Figure 2: Image taken by infrared camera mounted directly
above prototype, looking through back of glass top chip. Injected
light at 1.55-micron wavelength can be seen coupling from fiber
and to top chip using evanescent coupler.

« D.M.Weninger, S. Serna, A. Jain, L. C. Kimerling, and A. M. Agarwal, "High Density Vertical Optical Interconnects for Passive Assembly," Opt.

Express, vol. 31, pp. 2816-2832, Jan. 2023.

« L.Ranno, P. Gupta, K. Gradkowski, R. Bernson, D. M. Weninger, S. Serna, A. M. Agarwal, L. C. Kimerling, J. Hu, and P. Obrien, “Integrated
Photonics Packaging: Challenges and Opportunities,” ACS Photonics 2022, vol. 9, no. 11, pp. 3467-3485. doi: 10.1021/acsphotonics.2c00891

e S.Yu, H.Zuo, X. Sun, J. Liu, T. Gu, and J. Hu, "Optical Free-Form Couplers for High-density Integrated Photonics (OFFCHIP): A Universal
Optical Interface," J. Lightwave Technol., vol. 38, pp. 3358-3365, Jul. 2020.
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Tunable Broadband Fiber Source for Multiplexed Nonlinear Microscopy

L.Yu, H. Cao, K. Liu, T. Qiu, S. You

Sponsorship: MIT Department of Electrical Engineering and Computer Science and Research Laboratory of Electronics
startup funds, Jameel Clinic, Chan Zuckerberg Initiative, Radon Institute, Koch Institute, Research Corporation for Science

Advancement

Nonlinear microscopy is a powerful imaging technolo-
gy for living, intact biological tissues with the capabil-
ity of revealing morphological and chemical contrasts
at a molecular level in a dynamic environment. Many
intrinsic molecules and structures interact with op-
tical fields via various nonlinear processes, including
second/third harmonic generation, two-/three-pho-
ton autofluorescence, and coherent Raman scattering,
offering specificity to endogenous contrasts by which
the unperturbed biological activities are discernible.
While nonlinear microscopy promises a multiplexed
detection scheme for rich biological information, an
unsolved challenge remains since the excitation source
must cover wavelengths from visible to short-wave
infrared with high power density to optimize the sen-
sitivity for each contrast, due to the small nonlinear
cross-sections.

To address the unmet need for multiplexed
nonlinear microscopy, we demonstrate multimode
fiber (MMF) as a compact and cost-effective solution
as opposed to the existing techniques such as multi-
head lasers and optical parametric oscillators/
amplifiers. MMF is an efficient wavelength conversion
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platform, populating a narrowband pump source
to a broadband, high-peak-power, supercontinuum
source. While the intermodal coupling and dispersion
have long been conceived as detrimental to the
pulse duration and beam quality, we demonstrate
the spectral, temporal, and spatial properties of
the pulses can be tailored toward a better imaging
quality by carefully seeding and engineering the pulse
propagation. In particular, we developed a device - a
fiber shaper-that deforms the MMF via a sequence of
motor steppers to introduce programmable disorder
to modify the pulse propagation (Figure 1). In addition,
we optimized the launching condition by shaping the
pump beam for dispersion engineering using a spatial
light modulator. By leveraging the programmable
disorder and wavefront shaping, we can enhance the
spectral density, reduce the pulse duration, or improve
the beam quality for diverse imaging modalities in
nonlinear microscopy (Figure 2). This study has led
to a broadband, high-peak-power, and tunable light
source that promises high-content, multiplexed, in
vivo imaging technology for a wide array of biological
applications.

A Figure 1: (a) Spectral-temporal-spatial cus-
tomization in MMFs by introducing program-
mable disorders via fiber shaper. (b) Label-free
imaging of mouse whisker pad tissue at 1225
nm excitation using fi-ber source with initial
and optimized set-tings. Scale bars: 200 pm.

« T.Qiuy, H. Cao, K. Liy, K. et al. “Spectral-temporal-spatial Customization via Modulating Multimodal Nonlinear Pulse Propagation,” Nat

Commun, vol. 15, no. 2031, 2024.

« S.You, H.T,E.J,Chaney, et al. “Intravital Imaging by Simultaneous Label-free Autofluorescence-multiharmonic Microscopy,” Nat Commun,

vol. 9, no. 2125, 2018.

« L.Yu, T. Qiu, H. Cao, et al. “Tunable Broadband Fiber Source Multiplexed Nonlinear Microscopy,” presented at SPIE Photonics West, San

Francisco, CA, 2024.
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Compound Metalens Enabling Distortion-free Imaging

H.Zheng, F. Yang, H. Lin, M. Y. Shalaginov, Z. Li, P. Burns, T. Gu, J. Hu

Sponsorship: Defense Advanced Research Projects Agency

Optical metasurfaces comprising sub-wavelength scale
meta-atoms provide a versatile platform for wavefront
control with a compact form factor. Major advances
over the past decade in their design, manufacturing,
and integration have catalyzed imminent commercial
deployment of functional metasurface components
in numerous beachhead markets such as structured
light, computer vision, near-eye displays, and beam
steering. Optical distortion, deviation from rectilinear
projection that deforms images, is an important design
specification for these applications involving imaging
or image/pattern projection. However, while other im-
age-forming attributes of meta-optics including vari-
ous other forms of aberrations (spherical, astigmatism,
coma, and chromatic aberrations) have been extensive-
ly studied, distortion and its compensation remain un-
derexplored.

We propose a generic recipe for designing
metalenses with on-demand distortion characteristics,

which can customize (or arbitrarily define) the
relation between the ray angle of incidence and the
corresponding image height for radially symmetric
optics. Unlike a single-layer metalens whose distortion
is fixed, constrained by its aberration minimization
condition, the extra degrees of freedom afforded by
a doublet metalens enable concurrent elimination
of monochromatic aberrations and specification
of custom-tailored distortion. We experimentally
validated our design approach through demonstrating
a doublet metalens at 940-nm wavelength that
simultaneously achieves 140° field-of-view, diffraction-
limited performance, and less than 2% distortion
(Figure 1). In comparison, a singlet metalens without
distortion engineering suffers from distortion as large
as 22%.

wwg'L

A Figure 1: Comparison of imaging distortion in singlet and compound metalenses. (a) A singlet

metalens suffers from large barrel distortion. (b) Compound metalens effectively eliminates the

barrel distortion. Ray-tracing modeling of the (c) singlet and (d) compound metalens, respec-
tively. The light incident angles (in air) vary between 0° and 70° with a step of 10°.

FURTHER READING

« M.Y.Shalaginov, S. An, and E. Yang, “Single-Element Diffraction-Limited Fisheye Metalens,” Nano Letters, vol. 20, pp. 7429-7437, Sep. 2020.
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Large-Signal Characterization of Piezoelectric Resonators for Power Conversion

A.K.Jackson, J. W. Perreault, J. H. Lang, D. J. Perreault

Sponsorship: Texas Instruments, NSF Graduate Research Fellowship

As the world moves towards increased electrification
and integration of renewable energy sources, there is a
need for smaller, lighter, and more efficient power con-
verters. Magnetics are key components of conventional
power converters, but they are often the bottleneck to
achieving high power density due to their size, weight,
and poor performance at small sizes. Piezoelectric de-
vices, when operated in their inductive regime, can
serve a purpose similar to that of magnetic components
and offer favorable scaling properties as components
are miniaturized. Several sources have demonstrated
the viability of piezoelectric-based power converters,
but selection of the optimal material and component
size is limited by a lack of data on the performance of
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these materials at high drive levels. This work aims to
fill that gap by collecting data to examine the variation
in resonator quality factor, a geometry-independent
metric for the power processing efficiency. The quali-
ty factor is measured across a range of drive levels for
multiple resonator sizes, frequencies, and materials.
By normalizing the collected data against resonator
geometry, material trends are derived that can predict
resonator losses under high drive levels, offering more
insight into realistic converter operation than the cur-
rently available small-signal data sheet values. Based
on these trends, implications for converter efficiency
and selection of material and dimensions are discussed.
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First Demonstration of Optically Controlled Vertical GaN Power FinFETs

J.-H. Hsia, J. Perozek, T. Palacios

Sponsorship: Office of Naval Research (Grant No. N00014-22-1-2468)

In recent years, the boost in consumer electronics and
data centers has increased the electricity demand. The
delivery and transformation of power though electric
grids require many efficient power converters and elec-
tronics that can withstand high current and voltages.
However, traditional power electronics are mostly elec-
trically triggered, which can complicate the circuitry
design and cause electromagnetic interference (EMI).
The use of optically triggered devices will simplify the
circuitry design, reduce EMI, and potentially increase
the operating frequency, which can lead to more reli-

Source Pad

Drain Pad

able systems with reduced costs. However, most op-
tically triggered devices require the use of complex
and expensive ultraviolet lasers due to low optical
responsivities. In this work, we have demonstrated
optically controlled vertical GaN transistors with Jg
> 90A/cm? at Vg = 3V under an illumination intensity
of 1uW, which translates into a high optical responsiv-
ity, > 105 A/W, allowing such devices to be triggered by
light-emitting diodes. The initial results have demon-
strated potential of these devices for future high-pow-
er electronics.

Spacer

GaN Fin Channels

Optical Window

A Figure 1: Three-dimensional schematic of an optically triggered, vertical GaN fin field-effect transistor (FinFET).

FURTHER READING

« J-H.Hsia, J. A. Perozek, and T. Palacios, "First Demonstration of Optically-Controlled Vertical GaN finFET for Power Applications," IEEE
Electron Device Letts., vol. 45, no. 5, pp. 774-777, May 2024. doi: 10.1109/LED.2024.3375856
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In-situ Monitoring of GaN Power Transistor Parameters Under Continuous Hard-

switching Operation

A.Massuda, J. A. del Alamo
Sponsorship: Analog Devices

Gallium Nitride (GaN) transistors have garnered at-
tention in the field of power electronics due to their
high-speed switching capabilities, low on-resistance,
and excellent thermal properties. GaN devices are com-
monly used in applications like power supplies, electric
vehicles, and Radio Frequency (RF) amplifiers. Howev-
er, their switching reliability is a crucial consideration.

There are many challenges to be addressed to
improve GaN switching reliability, including robust
gate drive circuitry, effective thermal management,
and protection against voltage and current spikes
during switching events. Additionally, GaN transistors
can be sensitive to voltage and temperature stresses,
requiring careful consideration in design and
application.

The aim of our work is to devise techniques
to continuously monitor GaN Power transistor
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parameters under hard-switching operation, and to
investigate the role of switching transitions on device
parameter drift. To this end, we have constructed
a unique experimental setup while taking thermal
management into account. The setup is capable
of repeating the Double-Pulse Testing Technique
multiple times and measuring device parameters in-
situ as well as maintaining device temperature to
avoid self-heating.

In summary, GaN transistors offer significant
advantages in terms of switching reliability, especially
in high-frequency and high-power applications.
However, their successful deployment demands proper
design, thermal management, and protection measures
to ensure long-term performance and reliability in
various electronic systems.
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Low-Power Robot Platforms for Development of Energy-Efficient Algorithms for
Pose Estimation, Mapping, and Activity Planning

J.Posada, S. Sudhakar, S. Karaman, V. Sze

Sponsorship: MIT Department of Aeronautics and Astronautics

Small-form autonomous robots are becoming quick-
er and more performant, giving them the potential to
change the way we approach missions like environ-
mental monitoring, search and rescue, and medicine.
However, in order to enable long-duration missions,
these robots must be extremely energy-efficient to
compensate for their small batteries. Unlike in larger
robotic systems, the energy spent sensing, mapping,
estimating pose, and motion planning on small-form
robots is comparable to energy spent on their actua-
tors. In this work, we have used a small robotic car to
begin collecting real-time computation and actuation
power data using onboard power sensors and real-time
pose data using a motion capture system. We have set
a power consumption baseline for this autonomous
robot of 0.41 W over a 0.60 W idle when moving at
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0.32 m/s that will be used to compare the power con-
sumption of different path-planning algorithms on a
common platform. We will also test early-termination
algorithms that stop computation on a path-planner
early based on estimated energy consumption over ex-
ecution of the path. Future work includes experiments
using different path-planning and early-termination al-
gorithms, and work on including computation energy
in mapping and pose estimation algorithms optimized
for total energy consumption. This research is novel
in considering the energy consumption of computing
hardware when optimizing path-planning algorithms
for total energy consumption, and aims to demonstrate
a new method for increasing the lifetime of severely
energy constrained autonomous robots.
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High-Speed Controllable Transformation Matching Network for Enhanced RF Power

Delivery in Semiconductor Plasma Processes

K. N. Rafa Islam, D. J. Perreault

Efficient and controlled delivery of radio-frequency (rf)
power for semiconductor plasma processing typically
relies upon tunable matching networks to transform
the variable plasma load impedance to a fixed imped-
ance suitable for most rf power amplifiers. Plasma ap-
plications require fast tuning speed from the matching
networks while operating at high frequency range.
However, it is difficult to meet the requirements for
many semiconductor plasma applications with conven-
tional impedance matching solutions due to their lim-
ited response speeds. This slow speed comes from the
presence of mechanical components in the matching
network, since they can be tuned only mechanically.
This work introduces a novel Controllable Transforma-
tion Matching Network (CTMN) intended to address
the need for high-speed, tunable impedance matching.
Here we show a controllable switching network at the
core of the CTMN, leveraging switched-mode energy
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processing to provide high efficiency and exceptional
control speed over a wide operational range.

The CTMN's design employs a two-port switching
network coupled with a high-Q passive network,
enabling rapid voltage adjustments and dynamic
reactancetuningtoswiftlyaccommodatebothresistive
and reactive load variations. Control strategies are
introduced to maintain zero-voltage switching within
the CTN as needed to minimize switching losses.
This approach is substantiated through simulations,
which indicates the CTMN's capability to achieve
precise impedance matching with the potential for
substantially faster response times (microseconds
range) than traditional systems. It is anticipated that
the proposed approach will enable ultra-fast, high-
efficiency tunable impedance matching to address the
needs of modern plasma systems.
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High-Performance High-Power Inductor Design for High-Frequency Applications

M. V. Joisher, R. S. Bayliss, M. K. Ranjram, R.S. Yang, A.S. Jurkov, D. J. Perreault

Sponsorship: MKS instruments, Inc.

Magnetic components significantly impact the per-
formance and size of power electronic circuits. This is
especially true at radio frequencies (rf) of many MHz
and above. As operating frequencies rise, the impact of
losses in both copper and core becomes a substantial
hurdle. Hence, in the high-frequency (HE, 3-30 MHz)
range, coreless (or “air-core”) inductors are convention-
ally preferred over cored magnetics. These inductors
have typical Q (Quality factor: a measure of an induc-
tor’s efficiency) of 200-500 and are often the major con-
tributor to a system’s overall loss and size. Even when
they can achieve high-Q, air-core inductors can induce
electromagnetic interference (EMI) and eddy current
loss in surrounding components, thus limiting system
miniaturization. With recent advances in high frequen-
cy magnetic materials, there is interest in the design
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of cored inductors to achieve improved combinations
of size and loss. This work investigates an approach
to achieving high power, high-frequency, high-Q cored
inductors. The proposed design approach leverages
high-frequency magnetic materials, core geometry,
quasi-distributed gaps, and a shield winding to realize
high-frequency inductors that emit little flux outside
their physical volume. Design guidelines for such in-
ductors are introduced and experimentally verified
with a 500 nH inductor (Q = 1150) designed to operate
at 13.56 MHz with a peak ac current of up to 80 Amps.
Such high-Q inductors can enhance the performance
of the overall circuit and enable space-efficient designs
for high-frequency high-power applications (e.g. rf
plasma generation, HF wireless power transfer).

(b)

A Figure 1. (3) Radial cross-section of the proposed inductor design,
featuring the center post, outer shell, end caps, copper shield and a sin-
gle-layer winding. (b) 3D model with a transparent shield and a pie cut out

for better visibility.
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Gate Stack Design of p-GaN Gate GaN HEMTs

Y. Yu, J. A.del Alamo
Sponsorship: Texas Instruments

Gallium nitride (GaN) high electron mobility transistors
(HEMTSs) represent a significant advance in semicon-
ductor technology, offering superior high-frequency
and high-power capabilities. Despite their exception-
al potential, the reliability of GaN HEMTs continues
to be a critical challenge, particularly as it pertains to
the variability in device behavior influenced by multi-
ple factors including device scaling, thermal manage-
ment, material defects, and susceptibility to electrical
overstress. This study explores the reliability issues of
p-GaN gate GaN HEMTSs, the most promising structure
for power management applications (Figure 1). In this
work, we study the electrical characteristics of exper-
imental transistors and correlate them with detailed
characterization of specialized p-GaN test structures.
In particular, we focus on understanding the impact of
p-GaN gate design and fabrication process in transistor
performance and reliability.

A Figure 1: Cross-sectional view of p-GaN gate GaN HEMT.
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Our current experimental results suggest a
strong connection between p-GaN gate process and
electrical performance metrics, especially a trade-
off between the peak saturation drain current (I,y)
and ON-state current (I; ). Generally, a gate design
that yields a higher I;,y, also results in higher I .
However, relatively modest process changes can result
in large swings in I,y over 40% and I,y over two
orders of magnitude (Figure 2). Our current studies of
specialized test structures focus on understanding the
origin of this phenomenon so as to synthesize device
and process design guidelines.

The significance in this work extends beyond
improving performance and reliability of GaN HEMTs.
Our work aims to develop predictive models that
can guide future GaN device design and fabrication
techniques.
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Readout of a Transmon Qubit Using a Directional Readout Resonator with

Interference Purcell Suppression

A.Yen,Y. Ye, K. Peng, J. Wang, G. Cunningham, M. Gingras, B. M. Niedzielski, H. Stickler, K. Serniak, M. Schwartz, K. O'Brien
Sponsorship: NSF Graduate Research Fellowship, MIT-IBM Watson Al Lab

Impedance mismatch in the readout bus is a leading
cause of high variance in measurement rate « in super-
conducting quantum processors. Moreover, the addi-
tion of bulky and high-magnetic field circulators and
isolators is often needed for impedance matching. In
this work, we demonstrate transmission-based read-
out of a transmon qubit using a directional readout
resonator. Whereas a typical readout resonator would
have a sharp dip in |S21| on resonance, our directional
resonator demonstrates a dip of less than 1dB on res-
onance, thus closely preserving the 50-ohm readout
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bus. This both maximizes measurement efficiency and
avoids needing a weakly-coupled port, a major source
of impedance mismatch in many standard qubit read-
out schemes. To enable fast readout and reset, we
propose a novel interference Purcell filter compatible
with directional readout and demonstrate Purcell sup-
pression by 2 orders of magnitude over a bandwidth of
more than 600 MHz. This architecture is expected to fa-
cilitate more scalable and modular design of quantum
processors.
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Transferable Optical Enhancement Nanostructures by Gapless Stencil Lithography

A.K.Demir, J.Li, T. Zhang, C. Occhialini, L. Nessi, J. Kong, R. Comin

Sponsorship: U.S. Department of Energy, Office of Science National Quantum Information Science Research Center's
Co-design Center for Quantum Advantage (C2QA) contract DE-SC0012704, Raith VELION FIB-SEM in the MIT.nano
Characterization Facilities (Award: DMR-2117609), MathWorks Science Fellowship (Award: 4000182189)

Optical spectroscopy techniques are central for the
characterization of the electronic properties and sym-
metry of two-dimensional (2D) quantum materials.
However, the reduced volume of atomically thin, mi-
cron-sized samples often results in a cross section that
is far too low for conventional optical methods to pro-
duce measurable signals. In this work, we developed a
scheme based on the stencil lithography technique to
fabricate transferable high-resolution optical enhance-
ment nanostructures for Raman and photolumines-
cence spectroscopy (Figure 1). Equipped with this new
nanofabrication technique, we designed and fabricat-
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A Figure 1: Fabrication steps with corresponding SEM/FIB
images. SiNx membranes are milled, flipped, and lowered to
contact the substrate. The window is removed, and the material
is evaporated. After the membrane lift-off, the nanostructures
can be transferred onto the sample.

FURTHER READING

ed plasmonic nanostructures to tailor the interaction
of few-layer materials with light. We demonstrate an
orders-of-magnitude increase in the Raman intensity
of ultrathin flakes of 2D semiconductors and magnets
(Figure 2) as well as selective Purcell enhancement of
quenched excitons in WSe,/MoS, heterostructures. We
provide evidence (Figure 2d) that the method is partic-
ularly effective for optical studies of air-sensitive ma-
terials, as the fabrication and the transfer can be per-
formed in situ. The fabrication technique can be easily
generalized to enable a high degree of flexibility for
functional photonic devices and surfaces.
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A Figure 2: Raman enhancement due to transferred plas-
monic arrays. A, lllustration of electric field enhancement due
to a single gold nanodisk. B, Wavelength-dependent normalized
scattering cross sections for various radii. C, Raman spectra of

WSe,. D, Raman spectra of three-layer Nil,.

« J.-H.Hsia, J. A. Perozek, and T. Palacios, "First Demonstration of Optically-Controlled Vertical GaN finFET for Power Applications," IEEE
Electron Device Letters, vol. 45, no. 5, pp. 774-777, May 2024. doi: 10.1109/LED.2024.3375856
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High-Temperature Nanowire-Based Superconducting Circuits

D. J. Paul, D. Santavicca, K. K. Berggren

Sponsorship: NSF Engineering Research Center for Quantum Networks, MIT Lincoln Lab SNSPD Array Program

Superconducting electronics are promising for ener-
gy-efficient computing beyond CMOS, cryogenic sen-
sor readout, and future quantum computing platforms.
Among various families of superconducting circuits,
nanowire-based cryotrons have proven to be quite use-
ful in applications, including serving as pre-amplifiers
for superconducting nanowire single-photon detector
(SNSPD) readout, interfacing JJ-based circuits with
CMOS circuits, functioning as digital logic circuits, and
superconducting memory cells. These nanowire-based
cryotrons are three-terminal devices which are im-
mune to stray magnetic fields and capable of driving
high-impedance loads while providing a high fan-out
of digital signals. However, their operation has been
demonstrated primarily in low-Tc material systems
such as NbN, NbTiN, MoN, and WSj, resulting in their
operating temperatures usually below 10K. However,
in quantum communication and computing, there is
a growing need to reduce thermal loads at the 4K or
mK stage to accommodate more space for qubits and
vacancy centers. This can be achieved by shifting cryo-
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genic logic, memory, and microwave circuits to the 40K
stage.

In this work, we investigate the performance
of nanocryotrons fabricated on a thin film of YBCO
with a critical temperature of 93K. Since the critical
temperature of YBCO degrades when exposed to
humidity and temperature, fabricating nanowires
on YBCO without degrading its superconducting
property is quite challenging. Additionally, YBCO
does not react to commonly used reactive ion gases
employed in etching. We will discuss how to address
these challenges in the fabrication process of sub-
100 nm width nanowires and present the current-
voltage characteristics of the fabricated devices at
40K. Furthermore, we will explore how the device
performance changes with increasing operating
temperature, and then we will discuss how this work
can pave the way for transitioning superconducting
nanowire-based devices from sub-4K operation to a
more affordable and compact liquid N, dewar setup.
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Effects of Helium-ion Exposure on Superconducting-nanowire Single Photon

Detectors

F.Incalza, M. Castellani, E. Batson, O. Medeiros, K. K. Berggren
Sponsorship: National Science Foundation (NSF) CQN Center

Ultra-fast single-photon detectors can be useful for
applications including quantum optical communica-
tion systems, high-speed communication, lightweight
cryogenics for space crafts and biomedical use. In par-
ticular, high-temperature superconductors can allow
for the development of superconducting-nanowire
single-photon detectors (SNSPDs) that can operate at
higher temperatures than standard superconductors,
enhancing the efficiency, simplicity of use, viability,
and affordability of the device. Unfortunately, the fab-
rication of high-temperature superconducting nanow-
ires damages the material. Moreover, the realization of
large and uniform detector arrays formed by hundreds
or thousands of detectors is fraught with complexities.
Asaresult, the opportunity to modify the detector met-
rics through post-processing is attractive.

In this work, the effects of helium ion irradiation
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on superconductive nanowires single photon
detectors are systematically investigated. We exposed
NbN single nanowires and SNSPDs with a total active
area of 5 x 5 um?, 8 x 8 um? 10 x 10 um? to a range of
irradiation doses from -~ 10 to ~ 10%° ions/cm? and
thus demonstrated the impact of different doses on
the target materials as well as improved the detector
metrics. With an applied dose of 2.6-10'7 ions/cm?
we were able to obtain an increase in the detector
count rate of around a factor of 5. These results lead
to the possibility of reaching homogeneous detector
metrics after fabrication and on the same chip. This
capability suggests the potential to achieve uniform
and consistent detector performance across an entire
chip, offering a solution to the challenge of creating
large, high-quality detector arrays.
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High Frequency Microwave Packaging for Josephson Traveling Wave Parametric

Amplifiers

J.Wang, A. Yen, K. Peng, W. Van De Pontseele, K. Sliwa; P. Harrington, J. Qiu, K. Serniak, M. E. Schwartz, J. A. Formaggio, W.

D. QOliver, K. P. O'Brien

Sponsorship: NSF Graduate Research Fellowship, the US DOE Office of Nuclear Physics (DE-FOA-0002110), the US NSF, the

PRISMA+ Cluster of Excellence at the University of Mainz

The detection of single-photon microwave signals
above 12 GHz is of significant interest for quantum
sensing applications in neutrino mass measurement,
dark matter searches, and quantum information pro-
cessing. Below 12 GHz, quantum-limited amplification
can be achieved with high-gain, broadband, and low-
noise Josephson traveling wave parametric amplifiers
(JTWPAs). However, standard microwave packaging
for JTWPAs introduce package modes above 12 GHz, as
well as impedance mismatches at the connectors and
wirebonding locations that hinder the performance of
JTWPAs. Here we present an approach to high frequen-
cy microwave package design that optimizes package
and connector modes, minimizes wirebonds on inter-
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poser chips, and employs signal-line compensation
strategies for better impedance matching throughout.
The package is modular, easily prototyped, and is well-
matched up to 27 GHz. This package will be deployed
with a K band JTWPA tailored to the Project 8 neutrino
mass measurement experiment, which will enable the
detection of cyclotron radiation from single electrons
with a signal-to-noise ratio improvement of an order
of magnitude compared to current HEMT amplifiers.
Since this design features low reflection and minimal
spurious modes over a broad range of frequencies, this
package can also be tailored to suit a wide range of su-
perconducting quantum devices.
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A Superconducting Bridge Rectifier Using the Asymmetric Surface Barrier Effect

M. Castellani, O. Medeiros, A. Buzzi, R. A. Foster, M. Colangelo, K. K. Berggren
Sponsorship: Department of Energy, National Laboratory LAB 21-2491 Microelectronics grant

Superconducting nanowire single-photon detectors
(SNSPDs) arrays are currently being explored for quan-
tum communication, bio-imaging, and space explora-
tion. To enhance the scalability of such arrays based on
niobium nitride (NbN) thin films, on-chip integration
of nanowire-based control electronics is essential. In
particular, a superconducting diode can be helpful for
signal rectification and biasing. The superconducting
diode effect (SDE) has been demonstrated with sever-
al technologies but integrating them into NbN-based
systems can be challenging due to platform incompati-
bility. The asymmetric Bean-Livingston surface barrier
effect in thin-film micro-bridges under external mag-
netic fields provides a potential solution. The effect has
been observed in NbN wires with limited reproducibil-
ity. Moreover, half-wave rectification at more than 100
kHz and multi-diode circuits have never been shown.
Overcoming these limitations would make it easier to
construct more complex structures, like an AC-to-DC
converter. The latter can assist in lowering the number
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of cables exiting the cryostat by frequency multiplex-
ing the bias levels of several superconducting devices
on chip.

We fabricated superconducting diodes by creating
alithographictriangular defect on oneside of 1-um wide
NbN micro-bridges. By applying a 4-mT magnetic field,
we observed the SDE with a 42% rectification efficiency
at 4.2 K. We used these devices to demonstrate a bridge
rectifier for full-wave rectification of 3-MHz sinusoidal
signals, and AC-to-DC current conversion at 50 MHz,
with an estimated 50% power efficiency. Additionally,
we simulated a bias distribution network for SNSPDs
with frequency-multiplexed bias levels by exploiting
AC-to-DC converters based on the superconducting
bridge rectifier. This proof-of-concept work
demonstrates the possibility of designing complex
circuits with superconducting diodes, paving the
way for the scalability of SNSPD arrays and other
superconducting systems.
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FPGA:s for Electrical Characterization of Superconducting Nanowire Based Circuits

R. A. Foster, O. Medeiros, K. K. Berggren

Sponsorship: DOE FNAL Microelectronics, DoD NDSEG Fellowship, Alan L McWhorter Fund Fellowship

Superconducting nanowire-based computing devic-
es have the potential to play a crucial role in environ-
ments that demand extreme power efficiency, radiation
hardness, and resilience to magnetic fields. Memory is a
critical component of any computing system; thus, the
current lack of scalable high-performance supercon-
ducting memory is a critical challenge to overcome. Su-
perconducting Nanowire Memory (nMem) technology
is a promising solution to this problem.

Current efforts to improve nMem designs and
operation rely on expensive arbitrary waveform
generators (AWGs) and oscilloscopes that are not well
suited for parallelized memory cell tests or quickly
providing high resolution analyses. Testing often
involves large parameter space searches that take
hours. Furthermore, the low memory capacity of the
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AWG greatly limits the resolution of our search space.
Here, the AWG acts as the principal bottleneck.

An FPGA provides the necessary performance to
increase parallelism without a proportional increase
in cost, greatly improving testing resolution and
speed and reducing test time from hours to seconds.
In this project, we have developed a custom analog
frontend to interface the FPGA with superconducting
nanowires. Importantly, the flexibility of this system
allows for a generalized application to any electronic
system that demands a specialized testing procedure
involving arbitrary signal processing and generation.
The money, time, and energy that this innovation will
save on validating cryogenic electronics in general will
significantly improve our progress in developing these
technologies.
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Superconducting Nanocryotrons for Single-photon Detector Readout

A.Simon, O. Medeiros, F. Incalza, K. K. Berggren

Sponsorship: Department of Energy Fermi National Accelerator Laboratory Microelectronics (DE-AC02-07CH11359), MIT
Vanu Bose Presidential Fellowship, NSF Graduate Research Fellowship (2141064), Department of Defense National Defense

Science and Engineering Graduate Fellowship.

Efficient, low-noise single-photon detection is crucial to
sensing, communication, and computing applications.
To date, superconducting nanowire single-photon de-
tectors (SNSPDs) are the most efficient such detectors,
with the lowest dark count rates and shortest timing
jitter in the ultraviolet to infrared (IR) wavelengths.
Many applications require detection in the mid-IR.
However, the read-out signal from SNSPDs produced
for these wavelengths is usually weaker than for
ultraviolet and visible detectors. Consequently,
detection at longer wavelengths necessitates a low-
noise, low-energy cryogenic amplifier. High-electron-
mobility transistors and cryogenic complementary
metal-oxide semiconductor amplifiers can provide
amplification, yet they are not scalable due to
substantial power dissipation and alack of integrability
with SNSPDs. In contrast, superconducting
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nanocryotron (nTron) devices provide gain with
minimal power dissipation and are easily integrated
on-chip with SNSPDs, making them ideal candidates
for these purposes.

To optimally amplify SNSPD pulses, nTron
devices must provide consistent and maximal gain.
Due to heterogeneous current density across nTrons,
the location of the nTron choke is a salient design
parameter for determining the device's gain. Thus,
to ascertain the best choice of choke offset position
we have fabricated a wafer with 350 nTron devices
and measured their switching characteristics. We are
currently working to determine the gain of each device
as a function of the location of the choke to develop a
model for the optimal nTron design for SNSPD read-
out. This design will then improve the performance of
SNSPDs in mid-IR and array applications.
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Superconductivity and Strong Interactions in a Tunable Moiré Quasicrystal

A.Urj, S.C.delaBarrera, M. T. Randeria, D. Rodan-Legrain, T. Devakul, P. J. D. Crowley, N. Paul, K. Watanabe, T. Taniguchi,

R. Lifshitz, L. Fu, R. C. Ashoori, P. Jarillo-Herrero

Sponsorship: MIT Pappalardo Fellowships, Israel CHE Outstanding Postdoctoral Fellowship in Quantum Science and Technology,
Army Research Office MURI, NSF, STC Center for Integrated Quantum Materials, Gordon and Betty Moore Foundation's EPiQS

Initiative.

*This work was performed in part at the Harvard University Center for Nanoscale Systems, a member of the National Nanotechnology Coordinated Infrastructure Network,

JSPS KAKENHI, the Israel Science Foundation

Electronic states in quasicrystals generally preclude
a Bloch description, rendering them fascinating and
enigmatic. Owing to their complexity and scarcity,
quasicrystals are underexplored relative to periodic
and amorphous structures. Here, we introduce a new
type of highly tunable quasicrystal easily assembled
from periodic components. By twisting three layers of
graphene with two different twist angles, we form two
mutually incommensurate moiré patterns. In contrast
to that in many common atomic-scale quasicrystals,
the quasiperiodicity in our system is defined on moiré
length scales of several nanometres. This “moiré quas-
icrystal” allows us to tune the chemical potential and
thus the electronic system between a periodic-like
regime at low energies and a strongly quasiperiodic

Graphene 3
Graphene 2
Graphene 1
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regime at higher energies, the latter hosting a large
density of weakly dispersing states. Notably, in the qua-
siperiodic regime, we observe superconductivity near a
flavor-symmetry-breaking phase transition, the latter
indicative of the important role that electronic interac-
tions play in that regime. The prevalence of interacting
phenomena in future systems with in-situ tunability is
not only useful for the study of quasiperiodic systems
but may also provide insights into electronic ordering
in related periodic moiré crystals. We anticipate that
extending this platform to engineer quasicrystals by
varying the number of layers and twist angles and by
using different two-dimensional components will lead
to a new family of quantum materials to investigate the
properties of strongly interacting quasicrystals.

A Figure 1: Left, three layers of graphene stacked with two dif-

ferent twist angles. Right, every pair of layers (1-2, 2-3, and 1-3)

forms an interference moiré pattern with a unique wavelength A.

For given twist angles, the different wavelengths are in general

incommensurate, forming a novel “moiré quasicrystal.”

FURTHER READING
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C. Ashoori, and P. Jarillo-Herrero, “Superconductivity and Strong Interactions in aTunable Moiré Quasicrystal,” Nature, vol. 620, pp. 762767,
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Probing Kinetic Inductance in Thin Niobium Diselenide (NbSe,) through Microwave

Measurements

S.Zaman, J.I-J. Wang, M. Tanaka, T. Werkmeister, M. Hays, D. R. Legrain, A. Goswami, T. Dinh, M. Gingras, B. M. Niedzielski,
H. Stickler, M. E. Schwartz, J. L. Yoder, K. Watanabe, T. Taniguchi, T. P. Orlando, J. A. Grover, S. Gustavsson, K. Serniak,

P. Jarillo-Herrero, P. Kim, W. D. Oliver

Sponsorship: MIT RLE, MIT EECS, MIT Lincoln Laboratory, Department of Applied Physics, Harvard University, Research Center
for Functional Materials, International Center for Materials Nanoarchitectonics

We developed hybrid superconducting microwave res-
onators incorporating van der Waals (vdW) supercon-
ductors to explore the MW response of superconduct-
ing 2D materials in the GHz regime. We first developed
a reliable technique to contact thin NbSe,, entirely en-
capsulated with hexagonal Boron Nitride (hBN), with
a coplanar Al resonator. Then we fabricated a hybrid
Al-NbSe, resonator and measured the kinetic induc-
tance of thin NbSe,. We report a kinetic inductance of
5 layers of NbSe, of 0.3 nH/O. Crystalline 2D supercon-
ductors with high kinetic inductance can be used in su-
perconducting quantum devices, photon detection, and
other quantum sensors.
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Center for |ntegrated Circuits and Systems

Associate Professor Ruonan Han, Director

The Center for Integrated Circuits and Systems
(CICS) at MIT, established in 1998, is an industrial
consortium created to promote new research
initiatives in circuits and systems design, as well as
to promote a tighter technical relationship between
MIT’s research and relevant industry. Eight faculty
members participate in the CICS: Director Ruonan
Han, Hae-Seung (Harry) Lee, Anantha Chandrakasan,
Song Han, David Perreault, Negar Reiskarimian,
Charles Sodini, and Vivienne Sze.

CICS investigates circuits and systems for a wide
range of applications, including artificial intelligence,
wireless/wireline communication, sensing, security,
biomedicine, power conversion, quantum information,
among others.

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

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

Technical interaction between industry and MIT

172 Research Centers

researchersoccursonboth abroad and individual level.
Since its inception, CICS recognized the importance of
holdingtechnical meetingsto facilitate communication
among MIT faculty, students, and industry. We hold
two full-day technical meetings per year open to
CICS faculty, students, and representatives from
participating companies. Throughout each meeting,
faculty and students present their research, often
presenting early concepts, designs, and results that
have not been published yet. The participants then
offervaluabletechnical feedback,aswellassuggestions
for future research. The meeting also serves as a
valuable networking event for both participants
and students. Closer technical interaction between
MIT researchers and industry takes place through
the 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 create 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 en-
gineering of graphene and other two-dimensional (2-D)
materials.

Two-dimensional 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 extremely rich electronic and
chemical properties. MIT has been leading research
on the science and engineering of 2-D materials for
more than 40 years. Since 2011, the MIT/MTL Center
for Graphene Devices and 2-D Systems (MIT-CG) has
played a key role in coordinating most of the work
goingon 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

technologies and strategies that enable 2-D materials,
devices, and systems to provide discriminating or
breakthrough 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 many 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. Our industrial members 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

engineering reality. on projects that address some of today’s challenges for
Specifically, the Center explores advanced these materials, devices, and systems.
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The MIT Medical Electronic Device Realization Center

Professor Charles Sodini, Co-Director
Professor Thomas Heldt, Co-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 and associated analysis
and reasoning algorithms.

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 and to the
site of 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 approach 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.
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The successful realization of such a vision also
demands innovations in the usability and productivity
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’
diagnosticintuition. 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 at Boston-area hospitals, 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. 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 is 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 serves as the catalyst for
the deployment of medical devices that will reduce the
cost of healthcare in both the developed and developing
world.
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Anuradha M. Agarwal

Principal Research Scientist

Materials Research Laboratory Leader

FUTUR-IC: Sustainable Microchip Manufacturing

LEAP: Lab for Education and Application Prototypes Electronic
Photonic Packaging/ Heterogenous Integration

Sustainable materials and device designs for microchip manufacturing and use;
Planar, integrated, Si-CMOS-compatible microphotonics platform for on-chip
MIR hyperspectral imaging and chem-bio sensing applications; radiation effects
on silicon microphotonics; non-linear materials and devices; aerosol detection;
mid-infrared detectors, electronic-photonic packaging; heterogenous integration.

Rm. 13-4126 | 617-253-5302 | anu @ mit.edu

VISITORS/SUMMER STUDENTS/UROPS

Christian Duessel, Department of Materials Science
and Engineering UROP

Kajari Dutta, Visiting Faculty, Amity Institute of
Applied Sciences, Kolkata, India

Neal Haldar, DMSE MICRO UROP, University of
California Berkeley

GRADUATE STUDENTS
Katherine Stoll, DMSE
Drew Weninger, DMSE

SELECTED PUBLICATIONS

D. Weninger, S. Serna, A. Jain, L. Kimerling, and A. Agar-
wal, “High Density Vertical Optical Interconnects for
Passive Assembly,” Optics Express, Vol. 31, No. 2, Pages
2816-2832, Optica Publishing Group, 2023.

L.Neim, A. Yovanovich, J. Bartholomew, V. Deenadayalan,
M. Ciminelli, T. Palone, M. van Niekerk, M. Song, A. Nau-
riyal, J. Notaros, S. S. Otalvaro, J. Cardenas, T. Brown, A.
M. Agarwal, S. Saini, and S. F. Preble, “Hands-On Photonic
Education Kits: Empowering the Integrated Photonics
Workforce Through Practical Training,” Applied Optics
Vol. 62, Issue 31, Pages H24-H32,2023.

M. Kang, B.-U. Sohn, Q. Du, D. Ma, R. Pujari, L. Sisken, C.
Blanco, C. Goncalves, C. Arias, A. Zachariou, A. Yadav,
P. E. Lynch, J. Lee, S. Novak, C. M Schwarz, I. Luzinov,
J.Hu, A. M. Agarwal, D. T. H. Tan, and K. A. Richardson,
“Self-healing Mechanisms for Ge-Sb-S Chalcogenide
Glasses Upon Gamma Irradiation,” MRS Bulletin, Pages
1-9, Springer International Publishing, 2024.

L.Ranno, J. X. B. Sia, C. Popescu, D. Weninger, S. Serna, S.
Yu, L. C. Kimerling, A. Agarwal, T. Gu, and J. Hu, “Highly
Efficient Fiber to Si Waveguide Free-form Coupler for
Foundry-scale Silicon Photonics,” Photonics Research, Vol.
12,Issue 5, Pages1055-1066, Optica Publishing Group, 2024.

M. Kang,R. Sharma, C. Blanco, D. Wiedeman, Q. Altemose,
P.E.Lynch, G.B.J.Sop Tagne, Y. Zhang, M. Y. Shalaginov,
C.-C. Popescu, B. M. Triplett, C. Rivero-Baleine, C. M.
Schwarz, A. M. Agarwal, T. Gu, J. Hu,and K. A. Richardson,
“Solutionderived Ge-Sb-Se-Te phase-change chalcogenide
films,” Scientific Reports, Vol. 14, Issue 1, Pages18151,2024,
Nature Publishing Group.
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Akintunde |. (Tayo) Akinwande

Professor of Electrical Engineering

Department of Electrical Engineering & Computer Science

Empty space electronics. Nano vacuum channel transistors. Chip scale elec-
tron, ion, neutron and x-ray sources for imaging and sensing. Micro and nano
structures for charged particle beams.

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

GRADUATE STUDENTS
Nedeljko Karaulac, EECS
Alvaro Sahagiin, EECS
Youngjin Shin, EECS

UNDERGRADUATE STUDENT
Alyssa Keirn, EECS

SUPPORT STAFF

Maria Markulis, Administrative Assistant

SELECTED PUBLICATIONS

G.Rughoobur, A. Sahagtin, 0. O.Ilori,and A. I. Akinwande,
“Nano-fabricated Low Voltage Gated Si Field Ionization
Arrays,” I[EEE Transactions on Electron Devices (TED) 2020.

G. Rughoobur, N. Karaulac, and A. I. Akinwande,
“Nanoscale Vacuum Channel Electron Sources,” 33rd
International Vacuum Nanoelectronics Conference (IVNC),
2020.

G.Rughoobur, L. Jain,and A.I. Akinwande, “Low Energy
Electron Transmission Through Suspended Graphene
Layers,” 33rd International Vacuum Nanoelectronics Con-
ference (IVNC), 2020.

Y. Mo, Z. Lu, G. Rughoobur, P. Patil, N. Gershenfeld, A.
I. Akinwande, S. L. Buchwald, and K. F. Jensen, “Micro-
fluidic Electrochemistry for Single-electron Transfer
Redox-neutral Reactions,” Science, 2020.

P.-C Shih, G. Rughoobur, P. Xiang, K. Cheng, A. I. Akin-
wande and T. Palacios, “GaN Nanowire Field Emitters
with a Self-Aligned Gate Process,” in 2020 78th Device
Research Conference (DRC), 2020.

G. Rughoobur, J. Zhao, L. Jain, A. Zubair, T. Palacios, J.
Kong,and A.I. Akinwande, “Enabling Atmospheric Pres-
sure Operation of Nanoscale Vacuum Channel Transis-
tors,” 2020 78th Device Research Conference (DRC), 2020.

G. Rughoobur, N. Karaulac, L. Jain, O. O. Omotunde, and
A.I. Akinwande, “Nanoscale Silicon Field Emitter Arrays
with Self-aligned Extractor and Focus Gates,” Nanotech-
nology, Apr 2020.

N.Karaulac, G. Rughoobur, and A. 1. Akinwande, “Highly
Uniform Silicon Field Emitter Arrays Fabricated Using
a Trilevel Resist Process,” J. Vac. Sci. Technol. B, vol. 38,
no. 2, p. 023201, 2020.
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N.Karaulac, G. Rughoobur, and A. 1. Akinwande, “Highly
Uniform Silicon Field Emitter Arrays Fabricated Using a
Trilevel Resist Process,” J. Vac. Sci. Technol. B 38, 023201
(2020). Presented as “Highly Uniform Si Field Emitter
Arrays Fabricated Using Improved Photolithography
Process,” 32nd International Vacuum Nanoelectronics
Conference (IVNC 2019), Cincinnati, OH, Jul. 2019.

G. Rughoobur, J. Zhao, L. Jain, A. Zubair, T. Palacios, J.
Kong, and A. I. Akinwande, “Nano-encapsulation with
2D Materials for Ambient Operation of Field Emission
Electron Devices,” Materials Research Society (MRS) Fall
Meeting, 2019.

A.Goy, G.Rughoobur, S.Li, K. Arthur, A.I. Akinwande, and
G. Barbastathis, “High-resolution Limited-angle Phase
Tomography of Dense Layered Objects Using Deep Neural
Networks,” Proc. Natl. Acad. Sci., p. 201821378, Sep. 2019.

G. Rughoobur, A. Sahagtn, and A. I. Akinwande, “Low
Voltage Silicon Field Ionization Arrays,” 32nd Interna-
tional Vacuum Nanoelectronics Conference (IVNC),2019.

G.Rughoobur, L. Jain,and A.I. Akinwande, “High-density
Double-gated Si Field Emitter Arrays with Integrated
Current Limiter,” 32nd International Vacuum Nanoelec-
tronics Conference (IVNC), 20109.

G. Rughoobur, L. Jain, and A. I. Akinwande, “Towards
Vacuum-Less Operation of Nanoscale Vacuum Channel
Transistors,” 77th Device Research Conference (DRC),2019.

G. Rughoobur and A. I. Akinwande, “Arrays of Si Field
Emitter Individually Regulated by Si Nanowires High
Breakdown Voltages and Enhanced Performance,” 31st
International Vacuum Nanoelectronics Conference (IVNC),
pp.1-2,2018
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Polina Anikeeva

Matoula S. Salapatas Professor

Director, K. Lisa Yang Brain-Body Center

Materials Science and Engineering, Brain and Cognitive Sciences,
Research Laboratory of Electronics, McGovern Institute for
Brain Research

Interface of materials science, electronics, and neurobiology with the goal of
advancing the understanding and treatment of disorders of the nervous system.

Rm. 36-849 | 617-258-7348 | anikeeva @ mit.edu

POSTDOCTORAL ASSOCIATES
Jacob Beckham, RLE

Taylor Cannon, RLE

Claudia Cea, RLE

Dongjun Jung, RLE

Noah Kent, RLE

Sharmelee Selvaraji, RLE

GRADUATE STUDENTS
Gari Eberly, HST

Ethan Frey, DMSE

Diana Grass, HST

Ye Ji Kim, DMSE

Pema Maretich, Bio

Rajib Mondal, HST

Keisuke Nagao, DMSE
Karen Ka Lam Pang, BCS
Atharva Sahasrabudhe, Chem
Xavier Smith, EECS

Beth Whittier, EECS

SUPPORT STAFF

Cindy Higgins, Administrative Assistant

Rebecca Leomi, Research Laboratory Operations Manager
Scott Machen, Research Support Associate

Lee Maresco, Research Support Associate

Emmanuel Vargas, Research Support Associate

SELECTED PUBLICATIONS

Y. Lee, E. Koehler, T. Dillon, G. Loke, Y. Kim, J. Marion,
M.-J. Antonini, I. C. Garwood, A. Sahasrabudhe, K. Nagao,
X.Zhao, Y. Fink, E. T. Roche, P. Anikeeva, “Magnetically
Actuated Fiber-Based Soft Robots,” Adv. Mater. 2023, 35,
2301916. [Link]

L. C. Garwood, et al., “Multifunctional Fibers Enable
Modulation of Cortical and Deep Brain Activity During
Cognitive Behaviorin Macaques,” Sci. Adv.9,eadh0974(2023).
DOI:10.1126/sciadv.adh0974

X.Liu,S.Rao, W.Chen, et al., “Fatigue-resistant hydrogel

optical fibers enable peripheral nerve optogenetics during
locomotion,” Nat. Methods 20, 1802-1809 (2023). [Link]
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Y. J. Kim, N. Driscoll, N. Kent, E. V. Paniagua, A. Tabet,
E. Koehler, M. Manthey, A. Sahasrabudhe, L. Signorelli,
D. Gregure¢, and P. Anikeeva, “Magnetoelectric Nano-
discs Enable Wireless Transgene-Free Neuromodula-
tion,” bioRxiv [Preprint]. Dec. 25, 2023:2023.12.24.573272.
doi: 10.1101/2023.12.24.573272. PMID: 38234742; PMCID:
PMC10793401.

A.M. Stranahan, A. Tabet, and P. Anikeeva, “Region-spe-
cific Targeting of Microglia in vivo Using Direct Deliv-
ery of Tamoxifen Metabolites via Microfluidic Polymer
Fibers,” Brain, Behavior, and Immunity Vol. 115, 2024, pp.
131-142, ISSN 0889-159. [Link]
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https://doi.org/10.1038/s41592-023-02020-9
https://doi.org/10.1016/j.bbi.2023.09.021

Dimitri A. Antoniadis

Ray and Maria Stata Professor of Electrical Engineering

Department of Electrical Engineering & Computer Science

Research is in the field of nanoscale solid-state electronic devices and the ap-
plication of new materials systems and new structures to transistors for deeply
scaled electronics.

Rm. 39-427a| 617-253-4693 | daa @ mtl . mit . edu

GRADUATE STUDENTS
Taekyong Kim, EECS

SUPPORT STAFF

Elizabeth Green, Sr. Administrative Assistant

SELECTED PUBLICATIONS

T.Kim, J. A. del Alamo, and D. A. Antoniadis, “Switching
Dynamics in Metal-Ferroelectric HfZrO2-Metal Struc-
tures,” in IEEE Transactions on Electron Devices, vol. 69,
no. 7, pp. 4016-4021, Jul. 2022.

D. Antoniadis, T. Kim, and J. A. del Alamo, “Nucle-
ation-Limited Switching Dynamics Model for Efficient
Ferroelectrics Circuit Simulation,” in IEEE Transactions
on Electron Devices, vol. 69, no. 1, pp. 395-399, Jan. 2022.

T.Kim, J. A. del Alamo, and D. A. Antoniadis, “Dynamics
of HfZrO2 Ferroelectric Structures: Experiments and
Models,” 2020 IEEE International Electron Devices Meeting
(IEDM), San Francisco, CA, USA, 2020.

P. Choj, S. Goswami, U. Radhakrishna, D. Khanna, C-C.
Boon, H.-S. Lee, D. A. Antoniadis, and L.-S. Peh, “A 5.9-
GHz Fully Integrated GaN Frontend Design with Phys-
ics-Based RF Compact Model,” Microwave Theory and
Techniques,” IEEE Transactions on 62 (4), pp.1163-1173,2015.

J. Lin, D. A. Antoniadis, and J. A. del Alamo, “Physics
and Mitigation of Excess OFF-State Current in InGaAs
Quantum-Well MOSFETS,” IEEE Trans. Electr. Dev. 62 (5),
Pp. 1448 - 1455, 2015.

S. Rakheja, M. S. Lundstrom, and D. A. Antoniadis, “An
Improved Virtual-Source-Based Transport Model for
Quasi-Ballistic Transistors—Part I: Capturing Effects
of Carrier Degeneracy, Drain-Bias Dependence of Gate
Capacitance, and Nonlinear Channel-Access Resistance,’
IEEE Trans. Electr. Dev. 62 (9), pp 2786 - 2793, 2015.

S. Rakheja, M. S. Lundstrom, and D. A. Antoniadis, “An
Improved Virtual-Source-Based Transport Model for
Quasi-Ballistic Transistors—Part II: Experimental Verifi-
cation,” I[EEE Trans. Electr. Dev. 62 (9), pp. 2794 - 2801, 2015.

J. Lin, D. A. Antoniadis, and J. A. del Alamo, “Impact of
Intrinsic Channel Scaling on InGaAs Quantum-Well
MOSFETs,” IEEE Transactions on Electronic Devices, 62
(11), pp. 3470 - 3476, 2015.
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U.Radhakrishna, P. Choi, L-S. Peh, and D. A. Antoniadis,
“MIT Virtual Source RF Model as a Tool for GaN-Based
LNA and Oscillator Design,” Compound Semiconductor
Integrated Circuit Symposium (CSICS), (IEEE) pp. 1-4,2015.

U. Radhakrishna, S. Lim, P. Choj, T. Palacios, and D. A.
Antoniadis, “GaNFET Compact Model for Linking Device
Physics, High Voltage Circuit Design and Technology
Optimization,” International Electron Devices Meeting
(IEDM), 2015.

T. Yu, U. Radhakrishna, J. L. Hoyt, and D. A. Antoniadis,
“Understanding the Limit of Gate Efficiency (GE) on the
Ultimate Steepness of InGaAs/GaAsSb Quantum-well
Tunnel-FET: Experiments, Modeling and Design Guide-
lines for Steep Switching,” International Electron Devices
Meeting (IEDM), 2015.

J. A.del Alamo, D. A. Antoniadis, J. Lin, W. Lu, A. Vardi,
and X. Zhao, “IT1I-V MOSFETs for Future CMOS" Compound
Semiconductor Integrated Circuit Symposium (CSICS),
pp. 1-4, 2015.

L.Yu, D. El-Damak, S. Ha, S. Rakheja, L. Xi Ling, J. Kong,
D.A. Antoniadis, A. Chandrakasan, and T. Palacios, “MoS,
FET Fabrication and Modeling for Large-Scale Flexible
Electronics,” Symposium on VLSI Technology, pp. T144 -
T145, 2015.

L.Yu,S.Saxena, C. Hess, . A. M. Elfadel, D. A. Antoniadis,
and D. S. Boning, “Statistical Library Characterization
Using Belief Propagation Across Multiple Technology
Nodes,” Design, Automation & Test in Europe Conference
& Exhibition, pp. 1383 - 1388, 2015.

S.Rakhejaand D. A. Antoniadis, “Physics-based Compact
Modeling of Charge Transport in Nanoscale Electronic
Devices,” International Electron Devices Meeting (IEDM),
2015.
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Ma rc A. Baldo Spin and Excitonic Electronics Group: organic & molecular electronics, LEDs
Director, Research Laboratory of Electronics and solar cells, spintronics.
Dugald C. Jackson Professor 36-419|617-452-1532 | baldo @ mit . edu

Department of Electrical Engineering & Computer Science

POSTDOCTORAL ASSOCIATES
Tomi Baikie, RLE
Kangmin Lee, RLE

GRADUATE STUDENTS
Dooyong Koh, EECS

Aaron Lj, Chemistry
Narumi Nagaya, ChemE
Oliver Nix, Chemistry
Jaekang Song, EECS

Janet Wang, EECS

Jong Woong Park, EECS

SUPPORT STAFF

Catherine Bourgeois, Admin. Support Services Manager

SELECTED PUBLICATIONS

M. Einzinger, T. Wu, J. E. Kompalla, H. L. Smith, C. F.
Perkinson, L. Nienhaus, S. Wieghold, D. N. Congreve, A.
Kahn, M. G. Bawendi, and M. A. Baldo, “Sensitization of
Silicon by Singlet Exciton Fission in Tetracene,” Nature,
571, 90-94, 2019.

D.-G. Ha, R. Wan, C. A. Kim, T.-A. Lin, L. Yang, T. Van
Voorhis, M. A. Baldo,and M. Dinca, “Exchange Controlled
Triplet Fusion in Metal-organic Frameworks,” Nature
Materials 21,1275-1281, 2022.
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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 and re-
duction of variation in semiconductor, photonics and MEMS manufacturing, emphasizing
statistical, machine learning, and physical modeling of spatial and operating variation in
circuits, devices, and CMP, electroplating, spin coating, etch, and embossing processes.

Rm. 39-415a | 617-253-0931 | boning @ mtl . mit . edu

VISITORS
Emmanuel Bender, MTL Research Affiliate
Jinwoo Park, Samsung Electronics

GRADUATE STUDENTS
Uttara Chakraborty, EECS (co-advised with C. V. Thompson)
Sophia Cheung, MechE

Mohit Dighamber, EECS

Zhenggqi Gao, EECS

Steven Hubbard, EECS and Sloan
Ryan Kochert, EECS and Sloan
Andrew Lai, EECS

Mingyuan Li, EECS and MechE
Ololade Olaleye, EECS and Sloan
Rachel Owens, EECS

Jonathan Sampson, MechE
Fan-Keng Sun, EECS

John Waterworth, MechE

SUPPORT STAFF
Eliza Grisanti, Administrative Assistant
Jami L. Mitchell, Project Coordinator

SELECTED PUBLICATIONS

Z.Zhang, S. 1. El-Henawy, C. Rios, and D. Boning, “Infer-
ence of Process Variations in Silicon Photonics from
Characterization Measurements,” Optics Express, vol.
31, no. 14, pp. 23651-23661, Jul. 2023.

Z.Gao,Z.Zhang,and D. Boning, “Few-Shot Bayesian Per-
formance Modeling for Silicon Photonic Devices under
Process Variation," J. of Lightwave Technology, vol. 41, no.
18, pp. 6007-6014, Sept. 2023.

U. Chakraborty, E. Bender, D. Boning, and C. Thompson,
“Identification of Multiple Failure Mechanisms for Device
Reliability using Differential Evolution,” IEEE Trans. on
Device and Material Reliability, vol. 23, no. 4, pp. 599-615,
Dec.2023.

Z. Gao, X. Chen, Z. Zhang, C.-Y. Lai, U. Chakraborty, W.
Bogaerts, and D. Boning, “Provable Routing Analysis of
Programmable Photonics,” J. of Lightwave Technology,
Apr.2023.

Z.Gao, X. Chen, Z. Zhang, U. Chakraborty, W. Bogaerts,
and D. Boning, “Gradient-Based Power Efficient Func-
tional Synthesis for Programmable Photonic Circuits,”
J. of Lightwave Technology, May 2024.
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J.Gu, M. Dighamber, Z. Gao, and D. Boning, “Benchmark-
ing the Robustness of Neural Network-based Partial
Differential Equation Solvers,” Fast Machine Learning for
Science Workshop, co-located with International Confer-
ence on Computer-Aided Design (ICCAD), San Francisco,
CA, Nov. 2023.

C.-Y. Lai, E-K. Sun, Z. Gao, D. S. Boning, and J. H. Lang,
“Nominality Score Conditioned Time Series Anomaly
Detection by Point/Sequential Reconstruction,” Advances
in Neural Information Processing Systems (NeurIPS), New
Orleans, LA, Dec. 2023.

R. Owens, E-K. Sun, C. Venditti, D. Blake, J. Dillon, and
D. Boning, “Dynamic Time Warping Constraints for
Semiconductor Processing,” Advanced Semiconductor
Manufacturing Conference (ASMC), Albany, NY, May 2024.

Z.Gao, D. Zhang, L. Daniel, and D. Boning, “NOFIS: Nor-
malizing Flow for Rare Circuit Failure Analysis,” Design
Automation Conference (DAC), San Francisco, CA, Jun.
2024.

T. Korthorst, W. Bogaerts, D. Boning, M. Heins, and B.
Bergman, “Photonic integrated circuit design methods
and tools,” Ch. 10 in Integrated Photonics for Data Com-
munication Applications, pp. 335-367, eds. M. Glick, L. Liao,
and K. Schmidtke, Elsevier, 2023.
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Edward S. Boyden

Y. Eva Tan Professor in Neurotechnology

Director of Center for Neurobiological Engineering, K Lisa Yang
Center for Bionics, Departments of Brain and Cognitive Sciences,
Media Arts and Sciences, Biological Engineering, McGovern
Institute and HHMI

Developing and applying tools that enable the mapping of the molecules and
wiring of the brain, the recording and control of its neural dynamics, the repair
of its dysfunction, and the simulation of its computation.

Rm. 46-2171C | 617-324-3085 | edboyden @ mit . edu

RESEARCH SCIENTISTS AND
TECHNICAL ASSOCIATES
Adam Amsterdam, McGovern
Bobae An, McGovern

Debarati Ghosh, McGovern
Konstantinos Kagias, McGovern
Jinyoung Kang, McGovern

Daniel Min, McGovern

Demian Park, McGovern

Brett Pryor, McGovern

Giovanni Talei Franzesi, McGovern
Doug Weston, McGovern

Aimei Yang, McGovern

Gaojie Yang, McGovern

Eunah Yu, McGovern

Chi Zhang, McGovern

Jian-Ping Zhao, McGovern

POSTDOCTORAL ASSOCIATES
Shahar Bracha, McGovern

Kayla Kroning, McGovern

Yangning Lu, McGovern

Yong Qian, McGovern

Tay Won Shin, MAS

Nava Shmoel David, McGovern
Anubhav Sinha, McGovern

Sapna Sinha, McGovern

Hui Sun, McGovern/EAPS

Panagiotis (Panos) Symvoulidis, McGovern
Guang Xu, McGovern

Yasu Xu, McGovern

Quansan Yang, McGovern

GRADUATE STUDENTS

Nick Barry, MAS

Jeffrey Brown, EECS

Liyam Chitayat, CSBi

Davy Deng, HST

Isaak Freeman, visiting student
Kettner Griswold, MAS

Jordan Harrod, HST

Helena Hu, BE

Brennan Jackson, HST

Maelle Jacquemettaz, visiting student
Yixi Liu, EECS

Camille Mitchell, BCS

Cipriano Romero, EECS

Catherine Marin Della Santina, BE
Margaret Elizabeth Schroeder, BCS
Quilee Simeon, BCS
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Michael Skuhersky, BCS
Corban Swain, BE

Sara Tavana, McGovern
Shiwei Wang, Chemistry
Zeguan Wang, MAS

Lige (Caroline) Zhang, MAS
Ruihan Zhang, MAS

SUPPORT STAFF

Ally Bassile-McCarthy, Administrative Assistant
Macey Lavoie, Administrative Assistant

Lisa Lieberson, Senior Administrative Assistant
Fira Zainal, Financial Assistant

PUBLICATIONS

T.W. Shin, H. Wang* C.Zhang* B.An, Y.Ly, E.Zhang,X. Lu,
E.D.Karagiannis, J. S. Kang, A. Emenari, P. Symvoulidis,
S. Asano, L. Lin, E. K. Costa, IMAXT Grand Challenge
Consortium, A. H. Marblestone, N. Kasthuri, L.-H. Tsai,
and E. S. Boyden, “Dense, Continuous Membrane Labeling
and Expansion Microscopy Visualization of Ultrastruc-
turein Tissues,” bioRxiv 2024.03.07.583776 [Link] (*, equal
contribution)

P. A. Valdes, C. J. Yu, J. Aronson, D. Ghosh, Y. Zhao, B.
An, J. D. Bernstock, D. Bhere, M. M. Felicella, M. S. Viapi-
ano, K. Shah, E. A. Chiocca, and E. S. Boyden, “Improved
Immunostaining of Nanostructures and Cellsin Human
Brain Specimens Through Expansion-mediated Pro-
tein Decrowding,” Science Translational Medicine
16(732):eab00049. 2024.

Z.Wang*,J. Zhang*, P. Symvoulidis, W. Guo, L. Zhang, M. A.
Wilson,and E. S. Boyden, “Imaging the Voltage of Neurons
Distributed Across Entire Brains of Larval Zebrafish,’
bioRxiv 2023.12.15.57196 4; 2023. [Link] (*, co-first authors)

Y. Qian, O.T. Celiker,Z. Wang, B. Guner-Ataman,and E. S.
Boyden, “Temporally Multiplexed Imaging of Dynamic
Signaling Networks in Living Cells,” Cell 186(25):5656-
5672.2023.

I. R. Violante, K. Alania, A. M. Cassara, E. Neufeld, E.
Acerbo, R.Carron, A. Williamson, D. L. Kurtin, E. Rhodes, A.
Hampshire, N. Kuster, E. S. Boyden, A. Pascual-Leone, and
N. Grossman, “Non-invasive Temporal Interference Elec-
trical Stimulation of the Human Hippocampus,” Nature
Neuroscience 26(11):1994-2004. 2023.
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https://doi.org/10.1101/2023.12.15.571964

Vladimir Bulovic
MIT.nano Director

Fariborz Maseeh (1990) Professor of Emerging Technology

Department of Electrical Engineering and Computer Science

Physical properties of nanostructured materials and composite structures and
their use in development of electronic, excitonic, optical, and nano-mechanical
devices. Applications of nanostructures in large-scale technologies.

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

RESEARCH SCIENTISTS
Jeremiah Mwaura, RLE
Annie Wang, RLE

POSTDOCTORAL ASSOCIATES
Benjia Dak Dou, RLE

Jun Guan, RLE

Jinchi Han, RLE

Richard Swartwout, RLE

GRADUATE STUDENTS

Roberto Brenes, EECS, NSF Fellow
Tori Dang, EECS

Jamie Geng, EECS

Tamar Kadosh, DMSE

Madeliene Laitz, EECS, NSF Fellow
Brendan Motes, MEng

Mayuran Saravanapavanantham, EECS, NSF Fellow
Shreyas Srinivasan, Chemistry

Ella Wassweiler, EECS, NSF Fellow
Ruiqgi Zhang, EECS

Karen Yang, EECS, McWhorter Fellow

SUPPORT STAFF
Samantha Farrell, Sr. Administrative Assistant
Jay Sandlin, Research Support Associate

SELECTED PUBLICATIONS

E.L.Wassweiler, M. Sponseller, A. Osherov, J. Jean, M. G.
Bawendi, and V, Bulovi¢, “Metal Oxide Interlayers Enable
Lower-Cost Electrodes in PbS QD Solar Cells,” ACS Applied
Energy Materials 6, 5646—-5652 (2023).

M. Laitz, A. E. K. Kaplan, J. Deschamps, U. Barotov, A.H.
Proppe, I. Garcia-Benito, A. Osherov, G. Grancini, D.W.
deQuilettes, K.A Nelson, M.G. Bawendi, and V. Bulovi¢,
“Uncovering Temperature-dependent Exciton-polariton
Relaxation Mechanisms in Hybrid Organic-inorganic
Perovskites,” Nature Communications 14, 2426 (2023).

E.Pettit, W. J. Hsu, R. Holmes, R. Swartwout, E. Wasswei-
ler, T. Kadosh, and V. Bulovi¢, “Vapor Transport Deposition
of Metal-Halide Perovskites for Photovoltaic Applica-
tions,” Bulletin of the American Physical Society (2023).

M. Saravanapavanantham, J. Mwaura, and V. Bulovi¢,
“Printed Organic Photovoltaic Modules on Transferable
Ultra-thin Substrates as Additive Power Sources,” Small
Methods 7,2200940 (2023).
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J. Shi, D. Yoo, E. Vidal-Codina, C. W. Baik, K. S. Cho, N. C.
Nguyen, H. Utzat, J. Han, A. M. Lindenberg, V. Bulovi¢,
M. G. Bawendi, J. Peraire, S.-H. Oh, and K. A. Nelson,
“A Room-temperature Polarization-sensitive CMOS
Terahertz Camera Based on Quantum-dot-enhanced
Terahertz-to-visible Photon Upconversion,” Nature Nan-
otechnology, 17,1288-1293 (2022).

J. Han, F. Niroui, J. H. Lang, and V. Bulovi¢, “Scalable
Self-Limiting Dielectrophoretic Trapping for Site-Selec-
tive Assembly of Nanoparticles,” Nano Letts. 22, 8258-8265
(2022).

R. Brenes, D. W. deQuilettes, R. Swartwout, A. Y. Alsal-
loum, O. M. Bakr, and V. Bulovi¢, “Mapping the Diffusion
Tensor in Microstructured Perovskites,” arXiv preprint
arXiv:2209.08684 (2022).

J.Han, M. Saravanapavanantham, M. R. Chua, J. H. Lang,
and V. Bulovié, “A versatile acoustically active surface
based on piezoelectric microstructures,” Microsystems
& Nanoengineering 8, 55 (2022).

S. Xie, H. Zhu, M. Li, and V. Bulovi¢, “Voltage-controlled
reversible modulation of colloidal quantum dot thin film
photoluminescence,” Applied Physics Letts. 120, 211104
(2022).

R.Swartwout, R. Patidar, E. Belliveau, B. Dou, D. Beynon,
P. Greenwood, N. Moody, D. deQuilettes, M. Bawendi, T.
Watson, and V. Bulovi¢, “Predicting Low Toxicity and
Scalable Solvent Systems for High-Speed Roll-to-Roll
Perovskite Manufacturing,” Solar RRL 6, 2100567 (2022).
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Anantha P. Chandrakasan

Dean of Engineering, MIT’s Chief Innovation and Strategy Officer,
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 @ mit . edu

POSTDOCTORAL ASSOCIATES
Aya Amer, RLE

Donghyeon Han, RLE

Kyungmi Lee, EECS

GRADUATE STUDENTS

Maitreyi Ashok, EECS

Adam Gierlach, EECS (co-supervised with G. Traverso)
Mingran Jia, EECS (co-supervised with R. Han)
Dimple Kochar, EECS

Eunseok Lee, EECS (co-supervised with R. Han)
Mohith Harish Manohara, EECS

Patricia Jastrzebska-Perfect (co-supervised with G.
Traverso)

Zoey Song, EECS

Saebyeok Shin, EECS

So-Yoon Yang, EECS (co-supervised with G. Traverso)
Deniz Yildirim, EECS

Irene Terpstra, EECS (co-supervised with Xin Zhang)
Aylin Baca, EECS

Sabrina Sabouri, EECS

Seoyoon Jang, EECS

Jaehong Jung, EECS (co-supervised with R. Han)
Saransh Sharma, EECS (co-supervised with G. Traverso)

VISITING SCIENTIST AND SCHOLARS
Dr. Rashmi Agrawal, Boston University
Young-Hwa Kim, Samsung

SUPPORT STAFF

Katey Provost, Program/Project Coordinator

SELECTED PUBLICATIONS

A.Sahasrabudhe, L. E. Rupprecht, S. Orguc, T. Khudiyev,
T. Tanaka, J. Sands, W. Zhu, A. Tabet, M. Manthey, H.
Allen, G. Loke, M. J. Antonini, D. Rosenfeld, J. Park, I. C.
Garwood, W.Yan, F. Niroui, Y. Fink, A. P. Chandrakasan,
D.V.Bohrquez, and P. Anikeeva, “Multifunctional Micro-
electronic Fibers Enable Wireless Modulation of Gut and
Brain Neural Circuits,” Nature Biotechnology, Jun. 2024.

S.S. You, A. Gierlach, P. Schmidt, G. Selsing, I. Moon, K.
Ishida, J. Jenkins, W. A. M. Madani, S. Yang, H. Huang,
S. Owyang, A. Haywards, A. P. Chandrakasan, and G.
Traverso, “An Ingestible Device for Gastric Electrophys-
iology,” Nature Electronics, May 2024.
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S.Maiji, K. Lee, C. Gongye, Y. Fei,and A. P. Chandrakasan,
“An Energy-Efficient Neural Network Accelerator With
Improved Resilience Against Fault Attacks,”in IEEE J. of
Solid-State Circuits, Mar. 2024

R.Mittal, H.Shibata, S. Patil, E. Krommenhoek, P. Shres-
tha, G. Manganaro, A. P. Chandrakasan, and H. S. Lee,
“A 6.4-GS/s 1-GHz BW Continuous-Time Pipelined ADC
With Time-Interleaved Sub-ADC-DAC Achieving 61.7-dB
SNDRin16-nm FinFET," in IEEE J. of Solid-State Circuits,
Dec.2023.

L.Zhang, C. Marcus, D. Lin, D. Mejorado, S. J. Schoen Jr.,
T. T. Pierce, V. Kumar, S. V. Fernandez, D. Hunt, Q. Li, L.
I. Shuvo, D. Sadat, W. Du, H. Edenbaum, L. Jin, W. Liu,
Y. C. Eldar, F. Li, A. P. Chandrakasan, A. E. Samir, and C.
Dagdeviren,’A conformable Phased-array Ultrasound
Patch for Bladder Volume Monitoring” Nature Electron-
ics, Nov. 2023.

E.Lee,M.I1. W.Khan, X. Chen, U. Banerjee, N. Monroe, R.T.
Yazicigil, R. Han,and A. P. Chandrakasan, “A 1.54 mm2, 264-
GHz Wake-Up Receiver with Integrated Cryptographic
Authentication for Ultra-Miniaturized Platforms,” IEEE
J. of Solid-State Circuits (JSSC), Nov. 2023

Z.Song, M. Asiedu, S. Wang, Q. Li, A. Ozturk, V. Mittal, S.
Schoen Jr., S. Ramaswamy, T. T. Pierce, A. E. Samir, Y. C.
Eldar, A. Chandrakasan,and V. Kumar, “Memory-efficient
Low-compute Segmentation Algorithms for Bladder-mon-
itoring Smart Ultrasound Devices,” Nat. Sci. Reports, vol.
13,16450, Sep. 2023.

W. Dy, L. Zhang, E. Suh, D. Lin, C. Marcus, L. Ozkan, A.
Ahuja, S. Fernandez, I. 1. Shuvo, D. Sadat, W. Liu, F. Li, A. P.
Chandrakasan, T.Ozmen, and C. Dagdeviren, “Conform-
able Ultrasound Breast Patch for Deep Tissue Scanning
and Imaging,” Science Advances, Jul. 2023.

M.Inda-Webb E., M. Jimenez, Q. Liu, N. V. Phan, J. Ahn, C.
Steiger, A. Wentworth, A. Riaz, T. Zirtiloglu, K. Wong, K.
Ishida, N. Fabian, J. Jenkins, J. Kuosmanen, W. Madani,
R. McNally, Y. Lai, A. Hayward, M. Mimee, P. Nadeau, A.
P. Chandrakasan, G. Traverso, R. T. Yazicigil, T. K. Lu,
“Sub-1.4 cm3 Capsule for Detecting Labile Inflammatory
Biomarkers In Situ,” Nature, Jul. 2023
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Suraj Cheema

Assistant Professor of Electrical Engineering

Department of Electrical Engineering & Computer Science
AMAX Career Development Assistant Professor
Department of Materials Science & Engineering

Synthesis, characterization and applications of ferroelectric materials and devices;
applications in energy-efficient computing and energy-autonomous microelec-
tronics, spanning ultralow power logic transistors to ultrahigh energy storage ca-
pacitors; ALD synthesis and atomic-scale engineering of modern microelectronics
materials to accelerate translation of next-generation technology.

Rm. 13-5034 | sscheema (@ mit.edu

VISITING SCIENTIST

Feras Al-Dirini, Queen’s University

POSTDOCTORAL ASSOCIATES
Wonjun Shin, RLE

Jangsaeng Kim, RLE

Piush Behera, RLE

GRADUATE STUDENT
Shaw Woei Chiu, DMSE
Denisse Cordova Carrizales, NSE
Dooyong Koh, EECS
Joseph Schaadt, EECS
Yejin Hong, EECS

Sophia Xue, EECS

Aditya Varma, EECS
Jinwoo Sim, EECS
Gregory Muha, EECS
Benjamin Luijten, DMSE
Aditya Rao, DMSE

SUPPORT STAFF

Catherine Bourgeois, Admin. Support Services Manager

SELECTED PUBLICATIONS

S. Cheema, N. Shanker, S.-L. Hsu, J. Schaadt, N. Ellis,
M. Cook, R. Rastogi, R. Pilawa-Podgurski, J. Ciston, M.
Mohamed, and S. Salahuddin, “Giant Energy Storage
and Power Density Negative Capacitance Superlattices,’
Nature, 629, 803-809, 2024.

K.Yasuda, E. Zalys-Geller, X. Wang, D. Bennett, S. Cheema,
K.Watanabe, T. Taniguchi, E. Kaxiras, P. Jarillo-Herrero,
and R. Ashoori, “Ultrafast High-endurance Memory Based
on Sliding Ferroelectrics,” Science 385, 53-56, 2024.

S. Cheema, N. Shanker, L. Wang, C.H. Hsu, S.L. Hsu, Y.
Liao, M. Jose, J. Gomez, W. Chakraborty, W. Li, J. Bae, S.
Volkman, D. Kwon, Y. Rho, G. Pinelli, R. Rastogi, D. Pip-
itone, C. Stull, M. Cook, B. Tyrrell, V.A. Stoica, Z. Zhang,
JW. Freeland, C.J. Tassone, A. Mehta, G. Saheli, D. Thomp-
son, D.I. Suh, W.-T. Koo, K.-J. Nam, D. J. Jung, W.-B. Song,
C.-H. Lin, S. Nam, J. Heo, N. Parihar, C. Grigoropoulos,
P. Shafer, P. Fay, R. Ramesh, S. Mahapatra, J. Ciston, S.
Datta, M. Mohamed, C. Hu, and S. Salahuddin, “Ultrathin
ferroic HfO,-ZrO, Superlattice Gate Stack for Advanced
Transistors,” Nature 604, 65—71, 2022.
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S.Cheema, N. Shanker, S.-L. Hsu, C.-H. Hsu, Y. Rho, V. A.
Stoica, Z. Zhang, J. W. Freeland, P. Shafer, C. P. Grigoro-
poulos, J. and Ciston, S. Salahuddin, “Emergent Ferroelec-
tricity in Subnanometer Binary Oxide Films on Silicon,”
Science 376, 648—652, 2022.

S.Cheema, D. Kwon, N. Shanker, R. dos Reis, S.-L. Hsu, J.
Xiao, H.Zhang, R. Wagner, A. Datar, M. R. McCarter, C.R.
Serrao, A.K.Yadav, G. Karbasian, C.-H. Hsu,A.J. Tan, L.-C.
Wang, V. Thakare, X.Zhang, A. Mehta, E. Karapetrova, R.
V. Chopdekar, P. Shafer, E. Arenholz, C. Hu, R. Proksch, R.
Ramesh, J. Ciston, and S. Salahuddin, “Enhanced Ferro-
Electricity in Ultrathin Films Grown Directly on Silicon,’
Nature 580, 478-482, 2020.

S. Cheema, N. Shanker, C.-H. Hsu, A. Datar, J. Bae, D.
Kwon, and S. Salahuddin, “One Nanometer HfO,-based
FerroElectric Tunnel Junctions on Silicon,” Advanced
Electronic Materials 8,2100499, 2022.

C.Garg, S. Cheema, N. Shanker, W. Li, C. Huy, and S. Sala-
huddin, “Boost in Carrier Velocity due to Electrostatic
Effects of Superlattice, Low EOT, Negative Capacitance
Gate Stack,” IEEE Electron Device Letts. 45, 460-463,2024.

N. Shanker, M. Cook, S. Cheema, W. Li, R. Rastogi, D.
Pipitone, C. Chen, M. Smith, S. Meninger, F. Bauer, G.
Pinelli, J. Hunt, S. Salahuddin, and M. Mohamed, “CMOS
Demonstration of Negative Capacitance HfO,-ZrO, Super-
lattice Gate Stack in a Self-Aligned, Replacement Gate
Process,” in 2022 IEEE International Electron Devices
Meeting (IEDM), 34.3.1-34.3.4, IEEE, 2022.

M. Hoffmann, S. Cheema, N. Shanker, W. Li, and S. Sala-
huddin, “Quantitative Study of EOT lowering in Negative
Capacitance HfO,-ZrO, Superlattice Gate Stacks,” in
2022 IEEE International Electron Devices Meeting (IEDM),
13.2.1-13.2.4, IEEE, 2022.

W. Li, L.-C. Wang, S. Cheema, N. Shanker, C. Hu, and S.
Salahuddin, “Enhancement in Capacitance and Transcon-
ductance in 90 nm nFETs with HfO,-ZrO, Superlattice
Gate Stack for Energy-efficient Cryo-CMOS," in 2022 IEEE
International Electron Devices Meeting (IEDM), 22.3.1-
22.3.4,IEEE, 2022.
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Yufeng (Kevin) Chen

Director of Soft and Microrobotics Laboratory
Associate Professor

Department of Electrical Engineering & Computer Science

Power electronics, biomimetic robotics, insect-scale robotics, intermediate
Reynolds number fluid dynamics, unsteady aerodynamics, soft artificial mus-
cles, electroactive polymer actuators

Rm. 10-140H | 617-253-7351 | yufengc @ mit . edu

POSTDOCTORAL ASSOCIATES
Wedyan Babatain (co-advised), Media Lab
Steven Ceron (co-advised), EECS

GRADUATE STUDENTS
Yi-Hsuan Hsiao, EECS
Suhan Kim, EECS

Quang Phuc N. Kieu, EECS
Zhijian Ren, EECS

SUPPORT STAFF

Eliza Grisanti, Administrative Assistant

SELECTED PUBLICATIONS

S.Kim, Y. H. Hsiao, Y. Lee, W. Zhu, Z. Ren, F. Niroui, and
Y. Chen. “Laser-assisted Failure Recovery for Dielectric
Elastomer Actuatorsin Aerial Robots,” Science Robotics.
8(76), p.eadfs278.

Y. Lee, Z. Ren, Y. H. Hsiao, S. Kim, W. J. Song, C. Lee, and
Y. Chen, “Liftoff of a Soft-Actuated Micro-Aerial-Robot
Powered by Triboelectric Nanogenerators,” Nano Energy.
109602, 2024.

Y.H.Hsiao,S.Kim, S. Ceron, Z.Ren, and Y. Chen, “Modular
and Scalable Fabrication of Insect-scale Aerial Robots
Towards Demonstrating Swarm Flights,” Advanced Intel-
ligent Systems, 2300059, 2024.

Y.H. Hsiao, S. Bai, Y. Zhou, H. Jia, R. Ding, Y. Chen, Z. Wang,
and P. Chirarattananon, “Energy Efficient Perching and
Takeoff of a Miniature Rotorcraft,” Communications
Engineering. 2(38), 2023.

D.Choi,Y.Lee, Z.H.Lin,S. Cho, M. Kim, C. H. Ao, S. Soh, C.
Sohn, C.K. Jeong, J. Lee, M. Lee, S. Lee, J. Ryu, P. Parashar,
Y.Cho, J. Ahn,I. D.Kim, F. Jiang, P.S. Lee, G. Khandelwal,
S.J.Kim, H.S.Kim, H. C. Song, M. Kim, J. Nah, W. Kim, H.
G.Menge, Y. T. Park, W. Xu, J. Hao, H. Park, J. H. Lee, D. M.
Lee,S.W.Kim, J.Y. Park, H. Zhang, Y. Zi, R. Guo, J. Cheng,
Z.Yang,Y.Xie,S.Lee, J.Chung,I.K.Oh, J.S.Kim, T. Cheng,
Q.Gao, G.Cheng, G. Gu, M. Shim, J. Jung, C. Yun, C. Zhang,
G.Liu, Y. Chen, S.Kim, X. Chen, J. Hu, X. Pu, Z. H. Guo, X.
Wang, J. Chen, X. Xiao, X. Xie, M. Jarin, H. Zhang, Y. C.
Lai, T. He, H. Kim, I. Park, J. Ahn, N. D. Huynh, Y. Yang,
Z.L.Wang, J. M. Baik, and D. Choi, “Recent Advances
in Triboelectric Nanogenerators: From Technological
Progress to Commercial Applications,” ACS nano, 2023.
(Cover article).
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Samantha Coday
Emanuel E. Landsman (1958) Career Development
Assistant Professor of Electrical Engineering & Computer Science

Department of Electrical Engineering & Computer Science

Design of lightweight and efficient power electronics utilizing capacitor-based
converter topologies.

Rm. 10-140G | 617-253-3934 | coday @ mit . edu

GRADUATE STUDENTS
Aklilu Aron, EECS

Raiphy Jerez, EECS

Jade Sund, EECS

SUPPORT STAFF

Eliza Grisanti, Administrative Assistant

PUBLICATIONS

S. Coday, N. Ellis, N. Stokowski, and R. C. N. Pilawa-
Podgurski, “Design and Flight Qualification of a Flying
Capacitor Multilevel Converter for Electric Aircraft
Applications” in IEEE Transactions on Transportation
Electrification, doi: 10.1109/TTE.2023.3241543. [Link]

S.Coday, N. M. Ellis,and R. C. N. Pilawa-Podgurski, “Mod-
eling and Analysis of Shutdown Dynamics in Flying
Capacitor Multilevel Converters,”in IEEE Transactions on
Power Electronics, doi: 10.1109/TPEL.2023.3285741. [Link]

S. Coday and R. C. N. Pilawa-Podgurski, “Characteriza-
tion and Modeling of Ceramic Capacitor Losses Under
Large Signal Operating Conditions,” in IEEE Open J.
of Power Electronics, vol. 4, pp. 24-33, 2023, doi: 10.1109/
OJPEL.2022.3226740. [Link]

N. M. Ellis, N. C. Brooks, M. E. Blackwell, R. A. Abramson,
S.Coday,and R. C. N. Pilawa-Podgurski, “A General Anal-
ysis of Resonant Switched Capacitor Converters Using
Peak Energy Storage and Switch Stress Including Ripple,”
in IEEE Transactions on Power Electronics, doi: 10.1109/
TPEL.2023.3285745. [Link]

N. C. Brooks, J. Zou, S. Coday, T. Ge, N. M. Ellis, and R. C.
N. Pilawa-Podgurski, “On the Size and Weight of Passive
Components: Scaling Trends for High-Density Power
Converter Designs,”in IEEE Transactions on Power Elec-
tronics, doi: 10.1109/TPEL.2024.3365658. [Link]

D. Menzi, A. Yang, S. Chhawchharia, S. Coday, and J. W.
Kolar, “Novel Three-Phase Electronic Transformer,” in
IEEE Transactions on Power Electronics, vol. 39, no. 5,
Pp. 5027-5033, May 2024, doi: 10.1109/TPEL.2024.3366752.
[Link]
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https://ieeexplore-ieee-org.libproxy.berkeley.edu/document/10056606
https://ieeexplore.ieee.org/document/10159129
https://ieeexplore-ieee-org.libproxy.berkeley.edu/document/9970380
https://ieeexplore.ieee.org/document/10159166
https://ieeexplore.ieee.org/document/10433723
https://ieeexplore.ieee.org/document/10438890

Riccardo Comin
Associate Professor

Department of Physics

Quantum solids, electronic systems with strong interactions, superconductors,
multiferroics, topological materials, 2D magnets and devices. Thin film & bulk
single crystal synthesis of transition metal-based compounds. Angle-resolved
Photoemission Spectroscopy, optical and Raman spectroscopy, and Resonant
X-ray scattering to probe electronic, magnetic, and optical properties.

Rm. 13-2153 | 617-253-7834 | rcomin @ mit . edu

POSTDOCTORAL ASSOCIATES
Joshua Sanchez, NSF MPS-Ascend Fellow
Xiangyu Luo, Physics

Dongjin Oh, Physics

Luca Nessi, Physics

Dayne Sasaki, Physics

GRADUATE STUDENTS
Qian Song, DMSE

Jiaruo Li, Physics

Ahmet Kemal Demir, Physics
Meg Shankar, Physics

Sahaj Patel, Physics

UNDERGRADUATE STUDENT
Bella Torres, DMSE

SUPPORT STAFF

Gerry Miller, Administrative Assistant

SELECTED PUBLICATIONS

C. A.Occhialinit, Y. Tsengt, H. Elnaggar, Q. Song, M. Blei,
S.A.Tongay, V. Bisogni, E. M. F. de Groot, J. Pelliciari, and
R. Comin. “Nature of Excitons and Their Ligand-Medi-
ated Delocalization in Nickel Dihalide Charge-Transfer
Insulators,” Physical Review X 14, 031007 (2024).

J. Wakefieldt, M. Kangft, P. Nevest, D. Ohft, S. Fang, R.
McTigue, S. Y. F. Zhao, T. N. Lamichhane, A. Chen, S. Lee,
S.Park, J-H. Park, C. Jozwiak, A. Bostwick, E. Rotenberg,
A.Rajapitamahuni, E. Vescovo, J. L. McChesney, D. Graf,
J. C. Palmstrom, T. Suzuki, M. Lj, R. Comin, and J. G.
Checkelsky, “Three-dimensional flat bands in pyrochlore
metal CaNi,,” Nature 623, 301 (2023).

C.A.Occhialini, J. J. Sanchez, Q. Song, G. Fabbris, Y. Choi,
J.-W.Kim, P. J.Ryan, and R. Comin, “Spontaneous orbital
polarization in the nematic phase of FeSe,” Nature Mate-
rials 22, 985 (2023).

L.G.Pimenta Martins, D. A. Ruiz-Tijerina, C. A. Occhialini,
J-H.Park, Q.Song, A.-Y. Lu, P. Venezuela, L. G. Cancado, M.
S.C.Mazzoni, M. J.S. Matos, J. Kong, and R. Comin, “Pres-
sure tuning of minibands in MoS,/WSe, heterostructures
revealed by moiré phonons,” Nature Nanotechnology 18,
1147 (2023).

tco-authors
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M. Kang, S. Fang, J. Yoo, B. R. Ortiz, Y. Oey, S. H. Ryu, J.
Kim, C. Jozwiak, A. Bostwick, E. Rotenberg, E. Kaxiras, J.
Checkelsky, S. D. Wilson, J.-H. Park,and R. Comin, “Charge
orderlandscape and competition with superconductivity
in kagome metals,” Nature Materials 22,186 (2023).

Q. Songt, C. A. Occhialinit, E. Ergegent, B. Ilyast, D. Amo-
roso, P. Barone, J. Kapeghian, K. Watanabe, T. Taniguchi,
A.S.Botana, S. Picozzi, N. Gedik, and R. Comin, “Evidence
for a single-layer van der Waals multiferroic,” Nature
602, 601 (2022).

M. Kang, S. Fang, J-K. Kim, B. R. Ortiz, S. H. Ryu, J. Kim,
J.Yoo,G. Sangiovanni, D. Di Sante, B.-G. Park, C. Jozwiak,
A. Bostwick, E. Rotenberg, E. Kaxiras, S. D. Wilson, J.-H.
Parkt, and R. Comint, “Twofold van Hove singularity and
origin of charge order in topological kagome supercon-
ductor CsV,Sb,,” Nature Physics 18, 301 (2022).

J. Pelliciari, S. Karakuzu, Q. Song, R. Arpaia, A. Nag, M.
Rossi, J. Li, T. Yu, X. Chen, R. Peng, M. Garcia-Fernandez,
A.C.Walters, Q. Wang, J. Zhao, G. Ghiringhelli, D. Feng, T.
A.Maier, K.-J.Zhou, S. Johnston, and R. Comin, “Evolution
of spin excitations from bulk to monolayer FeSe,” Nature
Communications 12, 3122 (2021).

J.Li, R. J. Green, Z. Zhang, R. Sutarto, J. T. Sadowski, Z.
Zhu, G. Zhang, D. Zhou, Y. Sun, F. He, S. Ramanathan,
and R. Comin, “Sudden Collapse of Magnetic Order in
Oxygen-Deficient Nickelate Films,” Physical Review Letts.
126, 187602 (2021).

M.Kang,S.Fang, L. Ye, H. C. Po, J. Denlinger, C. Jozwiak,
A. Bostwick, E. Rotenberg, E. Kaxiras, J. G. Checkelsky,
R.Comin, “Topological Flat Bandsin Frustrated Kagome
Lattice CoSn,” Nature Communications 11, 4004 (2020).

M. Kangt, L. Yet,S. Fang, J.-S. You, A. Levitan, M. Han, J. I.
Facio, C. Jozwiak, A. Bostwick, E. Rotenberg, M. K. Chan,
R. D. McDonald, D. Graf, K. Kaznatcheev, E. Vescovo, D.
C. Bell, E. Kaxiras, J. van den Brink, M. Richter, M. P.
Ghimire, J. G. Checkelsky,and R. Comin, “Dirac fermions
and Flat Bandsin the Ideal Kagome Metal FeSn,” Nature
Materials, 19, 163 (2020).

J.Li, J. Pelliciari, C. Mazzoli, S. Catalano, F. Simmons, J. T.
Sadowski, A. Levitan, M. Gibert, E. Carlson, J.-M. Triscone,
S.Wilkins,and R. Comin, “Scale-invariant magnetic tex-
tures in the strongly correlated oxide NdNiO,,” Nature
Communications 10, 4568 (2019).
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Luca Daniel
Professor

Department of Electrical Engineering & Computer Science

Development of numerical techniques: parameterized model order reduction, un-
certainty quantification, inverse problems and robust optimization for high dimen-
sion parameter spaces. Current applications: magnetic resonance imaging; elec-
trical power distribution networks; robustness & stability of deep neural networks.

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

RESEARCH SCIENTIST
Praneeth Namburi, IMES (co-mentor B. Anthony)

GRADUATE STUDENTS

Adina Bechhofer, EECS (co-supervised with K. Berggren)
Mercer Borris, LGO-EECS

Esteban Ramirez Echavarria, LGO-EECS

Matteo Furlan (co-advisors V. Bulovic and J. Lang)
Gabriel Andres Gallardo

Lauren Heintz

Ching-Yun (Irene) Ko, EECS

Ziwen (Martin) Ma, CS Harvard

Andrew Mighty, LGO-EECS

Jeet Mohapatra, EECS (co-supervisor T. Jaakkola)
Mikala Molina, MechE

Sofie Franziska Netteberg, LGO-EECS

Jose Cruz Serralles, EECS

Arun Alejandro Varma, LGO-EECS

Edward Wang, EECS

Heather Willis, MechE

Wang Zhang, MechE

UNDERGRADUATE STUDENTS
Angelos Assos

Anthony Baez

Saloni Bedi (co-supervised with M. Gray)
Daniel Benavides

Thomas Ngo

William Nolan (co-advised with Jeff Lang)

SUPPORT STAFF

Chadwick Collins, Administrative Assistant

SELECTED PUBLICATIONS

I. I. Giannakopoulos, G. D. Guryev, J. E. C. Serralles, J.
Paska, B. Zhang, L. Daniel, J. K. White, C. M. Collins, and
R.Lattanzi, “A Hybrid Volume-Surface Integral Equation
Method for Rapid Electromagnetic Simulations in MRI,"
IEEE Transactions on Biomedocal Engineering 70(1): 105-
114,2023.

X.Yu, J. E. C. Serralles, I. I. Giannakopoulos, Z. Liu, L.
Daniel, R. Lattanzi,and Z. Zhang, “PIFON-EPT: MR-Based
Electrical Property Tomography Using Physics-Informed
Fourier Networks,” IEEE J. on Multiscale and Multiphysics
Computational Techniques, 2023.
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G. Gruosso, C. D. Londono, L. Daniel, and P Maffezzoni,
“Advanced Probabilistic Load Flow Methodology For
Voltage Unbalance Assessment in PV Penetrated Dis-
tribution Grids,"” International J. of Electrical Power &
Energy Systems, 2023.

P. Maffezzoni, L. Daniel, G. Gruosso, A. Versatile, “Sur-
rogate Model of the Power Distribution Grid Described
by a Large Number of Parameters,” IEEE Transactions
on Power Systems, 2023.

A. R. Bechhofer, S. Nirantar, L. Daniel, K. K. Berggren,
and P. D. Keathley, “Circuit Model for Nanoscale Optical
Frequency Electronics,” I[EEE 36th International Vacuum
Nanoelectronics Conference (IVNC), 2023.

C.D. Londono, P. Maffezzoni, L. Daniel, and G. Gruosso,
“Flexibility of Electric Vehicle Chargers in Residential,
Workplace, and Public Locations Based on Real-World
Data,” IEEE EUROCON 2oth International Conference on
SmartTechnologies, 2023.

C.Y. Ko, P. Y. Chen, P. Das, Y. S. Chuang, and L. Daniel,
“On Robustness-Accuracy Characterization of Large
Language Models using Synthetic Datasets,” ICML 2023.

W. Zhang, T. W. Weng, S. Das, A. Megretsky, L. Nguyen,
and L. Daniel, “ConCerNet: A Contrastive Learning Based
Framework for Automated Conservation Law Discovery
and Trustworthy Dynamical System Prediction,” ICML
2023.

W. Zhang, Z. Ma, S. Das, L. Nguyen, T. W. Weng, A.
Megretsky, and. L Daniel, “One Step Closer to Unbiased
Aleatoric Uncertainty Estimation,” AAAI 2024.

D. Gasperini, F. Costa, G. Manara, L. Daniel, and S.
Genovesi, “Preliminary Study of Optimized Metasur-
face Matching Layer in Near Field,” International Conf.
on Electromagnetics in Advanced Applications, 2023.
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Jesus A. del Alamo

Donner Professor
Professor of Electrical Engineering

Department of Electrical Engineering & Computer Science

Nanometer-scale Il1-V compound semiconductor transistors for future digital,
power, RF, microwave and millimeter wave applications. Reliability of com-
pound semiconductor transistors. Diamond transistors. lonic and ferroelectric
non-volatile programmable Al synapses.

Rm. 38-246 | 617-253-4764 | alamo @ mit . edu

POSTDOCTORAL ASSOCIATES
Elham Rafie Borujeny, MTL
Yanjie Shao, MTL

GRADUATE STUDENTS
John C.-C. Huang, EECS
Taekyong Kim, EECS
Jungsoo Lee, EECS

Aviram Massuda, EECS
Dingyu Shen, EECS

Arina Yu, EECS

UNDERGRADUATE STUDENT
Tyra E. Espedal, EECS

VISITING SCIENTISTS
Jongwook Kim, SK hynix
Minsoo Kim, Samsung Electronics

SUPPORT STAFF
Elizabeth Kubicki, Administrative Assistant

SELECTED PUBLICATIONS

T.Kim, J. A.del Alamo, and D. Antoniadis, “On the Imprint
Mechanism of Thin-film Hf, .Zr, .O, Ferroelectrics,” To
be published in IEEE Transactions on Electron Devices.

Y. Shao, M. Pala, H. Tang, B. Wang, J. Li, D. Esseni, and
J. A. del Alamo, “ Realizing the potential of ultra-scaled
tunneling electronics through extreme quantum con-
finement,” to be published in Nature Electronics.

M. Huang, M. Schwacke, M. Onen, J. A.del Alamo, J.Li,and
B.Yildiz, “Electrochemical Ionic Synapses: Progress and
Perspectives,” Advanced Materials, 2205169. DOI:10.1002/
adma.202205169. 2023.

M.-K. Song, J.-H. Kang, X. Zhang, W. Ji, A. Ascoli, I. Mes-
saris, A. S. Demirkol, B. Dong, S. Aggarwal, W. Wan, S.-M.
Hong, S. G. Cardwell, I. Boybat, J.-s. Seo, J.-S. Lee, M. Lanza,
H. Yeon, M. Onen, J. Lij, B. Yildiz, J. A. del Alamo, S. Kim,
S. Choi, G. Milano, C. Ricciardi, L. Alff, Y. Chai, Z. Wang,
H. Bhaskaran, M. C. Hersam, D. Strukov, H.-S. P. Wong,
L. Valov, B. Gao, H. Wu, R. Tetzlaff, A. Sebastian, W. Lu,
L. Chua, J. J. Yang, and J. Kim, “Recent Advances and
Future Prospects for Memristive Materials, Devices,
and Systems,” ACS Nano, 17, 11994-12039. DOI: 10.1021/
acsnano.3c03505. 2023.
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M. Onen, J.Li, B.Yildiz, and J. A. del Alamo, “Phosphosil-
icate Glass-Based Nanosecond Protonic Programmable
Resistors for Analog Deep Learning,” CMOS-Compatible
Nanosecond Protonic Programmable Resistors for Analog
Deep Learning,” Invited Talk at 7th IEEE Electron Devices
Technology Manufacturing Conference (EDTM 2023),
Seoul, Korea, Mar. 7-10,2023.

T.Kim, E.R. Borujeny, I. Sardinero-Meiras, J. Grajal, K. C.
Cadien, D. A. Antoniadis,and J. A.del Alamo, “AC Imped-
ance Characteristics of Ferroelectric Hf0.5Zro0.502: from
1kHzto10 GHz,” 2023 IEEE International Electron Devices
Meeting (IEDM 2023), San Francisco, CA, Dec. 9-13, 2023,
paper 11-5.

J.A.del Alamo, “Analog AI Accelerators,” Invited Talk at
37th Conference on Neural Information Processing Sys-
tems, Machine Learning with New Compute Paradigms
Workshop, New Orleans, LA, Dec.10-16,2023. Unpublished.

M. Schwacke, P.Zguns, J. A.del Alamo, J. Li,and B. Yildiz,
“Electrochemical Ionic Synapses with Mg2+ as the Work-
ing Ion,” Advanced Electronic Materials 2300577, 2024.
DOI:10.1002/aelm.202300577.

Y. Shao, E. R. Borujeny, J. Navarro, J. C.-C. Huang, T. E.
Espedal, D. A. Antoniadis, and J. A. del Alamo, “Discrete
Domain Switchingin Scaled Oxide-Channel Ferroelectric
FETs,” 82nd IEEE Device Research Conference (DRC 2024),
College Park, MD, Jun. 23-26, 2024.

H. Roh, D.-H. Kim, Y. Cho, Y.-M Jo, J. A. del Alamo, H. J.
Kulik, M. Dinca, and A. Gumyusenge, “‘Robust Chemire-
sistive Behavior in Conductive Polymer/MOF Compos-
ites,” Advanced Materials 2312382, 2024. DOI: 10.1002/
adma.202312382.".
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Dirk R. Englund

Professor

Department of Electrical Engineering & Computer Science

Quantum Communications, Quantum Computing, and Quantum Sensing:
Devices and systems.

Rm. 36-525 | 617-324-7014 | englund @ mit . edu

RESEARCH SCIENTISTS
Avinash Kumar, RLE

Adrian Johannes Menssen, RLE
Ngai Chuen Wong, RLE

POSTDOCTORAL ASSOCIATES
Jawaher Almutlag, RLE

Ian Berkman, RLE
Hyeongrak Choi, RLE

Qian Ding, RLE

Yong Hu, RLE

Bevin Huang, RLE

Chao Lj, RLE

Chao Luan, RLE

Sofia Patomaki, RLE

Valeria Saggio, RLE

Kfir Sulimany Solan, RLE
Sivan Trajtenberg Mills, RLE
Bo-Han Wu, RLE

VISITING SCIENTISTS
Ethan Arnulat, ISN

Saumil Bandyopadhyay, RLE
Genevieve Clark, RLE

Mark Dong, RLE

Andrew Greenspon

Saikat Guha, RLE

Ryan Hamerly, RLE

Anders N. Khaykin, RLE
Stefan Ivanov Krastanov, RLE
Kevin James Palm, RLE
Dashiell Vitullo, RLE

Tianyu Wang, RLE

GRADUATE STUDENTS
Marc Bacvanski, EECS
Alessandro Buzzi, EECS

Ian Robert Christen, EECS
Jared M. Cochrane

Marc Grau Davis, EECS

Yuqgin Duan, EECS

Louis Follet, EECS

Isaac B. Harris, EECS

Prahlad Balaji Iyengar, EECS
Hugo Larocque, EECS

Thomas Charles Propson, EECS
Hamza Hussain Raniwala, EECS
Maxim Sirotin, EECS

Hanfeng Wang, EECS
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UNDERGRADUATE STUDENTS
Christopher Espitia-Alvarez, UROP
Margulan Ismoldayev UROP

John P. Rich, UROP

Daniel Sanango, UROP

Ryan J. Tomich, UROP

SUPPORT STAFF
Janice Balzer, Administrative Assistant
Erik Yost, Program Manager

SELECTED PUBLICATIONS

S.P.Bommer, C. Panuski, B. Guilhabert, Z. Xia, J. A. Smith,
M. D. Dawson, D. Englund, and M. J. Strain, “Transfer
Printing Micro-assembly of Silicon Photonic Crystal
Cavity Arrays: Beating the Fabrication Tolerance Limit,”
arXiv 2406.2001 +A41:1.45,2024.

C. Brabec, S. Trajtenberg-Mills, L. Daniel, and D.
Englund, “Deterministic fast and stable phase
retrieval in multiple dimensions” arXiv 2407.0135 (2024)
Linsen Li, P. Anand, K. He, and D. Englund “Dynamic
Inhomogeneous Quantum Resource Scheduling with
Reinforcement Learning,” arXiv: 2405.1638, 2024.

Alvaro G.Ifiesta, Hyeongrak Choi, Dirk Englund, Stepha-
nie Wehner “Quantum Circuit Switching with One-Way
Repeaters in Star Networks” arXiv: 2405.1904 (2024).

L. Lj, L. De Santis, I. B. W. Harris, K. C. Chen, Y. Gao, I.
Christen, H. Choi, M. Trusheim, Y. Song, C. Errando-Her-
ranz, J. Du, Y. Hu, G. Clark, M. L. Ibrahim, G. Gilbert, R.
Han, and D. Englund, “Heterogeneous Integration of
Spin-photon Interfaces with a CMOS Platform,” Nature
Vol. 615, 7377, 2024.

H.Wang, K. L. Tiwari, K. Jacobs, M. Judy, X. Zhang, D. R.
Englund, and M. E. Trusheim, “A Spin-refrigerated Cavity
Quantum Electrodynamic Sensor,” arXiv: 2404.1062, 2024.

K. C. Chen, I. Christen, H. Raniwala, M. Colangelo, L.
De Santis, K. Shtyrkova, D. Starling, R. Murphy, L. Li, K.
Berggren, P. B. Dixon, M. Trusheim, and D. Englund, “A
scalable Cavity-based Spin-photon Interface in a Photonic
Integrated Circuit,” arXiv: 2402.1805, 2024.

X. Gan, D. Englund, D. Van Thourhout, and J. Zhao, “2D
Materials-enabled Optical Modulators: From Visible to
Terahertz Spectral Range,” Appl. Phys. Rev. 9 (2): 021302,
2024.
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Jongyoon Han
Professor of Electrical Engineering & Biological Engineering
Department of Electrical Engineering & Computer Science

Department of Biological Engineering

BioMEMS, cell and molecular sorting, novel nanofluidic phenomena, biomole-
cule separation and pre-concentration, seawater desalination and water puri-
fication, bioprocessing, stem cells, engineering for cell therapy

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

RESEARCH SCIENTISTS
Kerwin Keck, SMART Centre, Singapore
Junghyo Yoon, RLE

POSTDOCTORAL ASSOCIATES
Kiesar Bhat, SMART Centre, Singapore
Mingyang Cui, RLE

Do Hyun Kim, RLE

Yaoping Liu, SMART Centre, Singapore
Daniel Roxby, SMART Centre, Singapore
Yunfan Shi, RLE

Yanmeng Yang, SMART Centre, Singapore

GRADUATE STUDENTS

Alexander Bevacqua, BE

Hans Gaensbauer, EECS

Yejin Park, EECS

Jerome Tan, Singapore SMART Centre / NTU, Singapore
Eric Wynne, EECS

RESEARCH ENGINEERS
Nicholas Ng, SMART Centre, Singapore
Nicholas Tan, SMART Centre, Singapore

SUPPORT STAFF

Arlene Wint, Administrative Assistant

SELECTED PUBLICATIONS

T. D. Nguyen, W. H. Chooi, H. Jeon, J. Chen, D. N. Roxby,
J.T.Z.Yao, C. Y.-P. Lee, S.-Y. Ng, S. Y. Chew, and J. Han,
“Label-Free and High-Throughput Removal of Residual
Undifferentiated Cells from iPSC-derived Spinal-cord
Progenitor Cells,” Stem Cells Translational Medicine,
$zae002, 2024.

Z.Yang, Y. Wu, S. H. Neo, D. Yang, H. Jeon, C. A. Tee,
V. Denslin, D. J. Lin, E. H. Lee, L. A. Boyer, and J. Han,
“Size-Based Microfluidic-Enriched Mesenchymal
Stem Cell Subpopulations Enhance Articular Car-
tilage Repair,” American J. of Sports Medicine, DOI:
10.1177/03635465231214431, 2024.

T. Kwon, H. Jeon, J.-F. P. Hamel, and J. Han, “Removal of
Cell Clusters from CHO Suspension Cultures Based on
Large-particle Trapping Effect in Spiral Inertial Micro-
fluidics,” Separation and Purification Technology, 329,
125162, 2023.
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M.T.Flavin, J. Fernandes, R. AlQabandi, E. Adams, J. Han,
and B. Al-Anzi, “Numerical Modeling of Plunging Jets of
Brine: Mass Transport and Implications for Desalination
Plant Outfalls,” Desalination, 568,116996, 2023.

N.K.T.Zen,K.K. Zeming, K. L. Teo, M. Loberas, J. Lee, C.
R.Goh,D.H.Yang, S.Oh, J. Hui, S. M. Cool, H. W. Hou, and
J. Han, “Scalable Mesenchymal Stem Cells Enrichment
from Bone Marrow Aspirate using Deterministic Lateral
Displacement (DLD) Microfluidics Sorting,” Lab on a Chip,
23, 4313-4323,2023.

Z. Rohskopf, T. Kwon, S. H. Ko, D. Bozinovski, H. Jeon,
N. Mohan, S. Springs, J. Han, “Continuous Online Titer
Monitoringin CHO Cell Culture Supernatant using Her-
ringbone Nanofluidic Filter Array,” Analytical Chemistry,
95(39), 14608-14615, 2023.

S.H.Ko,P.J. Park,and J. Han, “Continuous-flow Macromo-
lecular Sieving in Slanted Nano Filter Array: Stochastic
Model and Coupling Effect of Electrostatic and Steric
Hindrance,” Lab on a Chip, 23, 4422-4433,2023.
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Ruonan Han
Director of Center for Integrated Circuits and Systems
Associate Professor of Electrical Engineering & Computer Science

Department of Electrical Engineering & Computer Science

Integrated circuits and systems operating from RF to THz frequencies for sens-

ing, communication, metrology, security and quantum applications.

Rm. 39-527A | 617-324-5281 | ruonan @ mit . edu

GRADUATE STUDENTS

Cole Brabec, EECS (co-advised with D. Englund)

Xibi Chen, EECS

Matthew Cox, EECS

Mingran Jia, EECS (co-advised with A. Chandrakasan)
Jaehong Jung, EECS (co-advised with A. Chandrakasan)
Eunseok Lee, EECS (co-advised with A. Chandrakasan)
Daniel Sheen, EECS (co-advised with F. Lind)

Lejla Skelic, EECS

Yan Xu, EECS

Jinchen Wang, EECS

Pradyot Yadav, EECS (co-advised with T. Palacios)

SUPPORT STAFF

Ava Bowen, Administrative Assistant
Elizabeth Kubicki, Administrative Assistant

SELECTED PUBLICATIONS

L. Lj, L. De Santis, I. Harris, K. Chen, I. Christen, M.
Trusheim, Y. Song, Y. Gao, C. Errando-Herranz, J. Du, G.
Clark, M. Ibrahim, G. Gilbert, R. Hanand, and D. Englund,
“Heterogeneous Integration of Spin-Photon Interfaces
with A Scalable CMOS Platform,” to appear in Nature.

X. Chen, N. M. Monroe, G. C. Dogiamis, R. A. Stingel, P.
Myers, and R. Han, “A 265-GHz CMOS Reflectarray with
98x98 Elements for 1-Wide Beam Forming and High-An-
gular-Resolution Radar,” IEEE J. of Solid-State Circuits
(JSSC), 2024.

J. Wang, I. B. W. Harris, M. I. Ibrahim, D. Englund and R.
Han, “A Bidirectional Wireless THz Datalink Designed
to Maximize the Information-per-Heat Transfer to A
Cryogenic Device,” under review at Nature Electronics.

E.Lee,M.1. W.Khan, X. Chen, U. Banerjee, N. Monroe, R.
T. Yazicigil, R. Han, and A. P. Chandrakasan, “A 1.54
mm?2,264-GHz Wake-Up Receiver with Integrated Cryp-
tographic Authentication for Ultra-Miniaturized Plat-
forms,” IEEE J. of Solid-State Circuits (JSSC), CICC Special
Issue, vol. 59, no. 3,2024.

R. Han, “The Pursuit of Practical Applications of THz

CMOS Chips,” IEEE Custom Integrated Circuit Conf. (CICC),
Denver, CO, Apr. 2024. (Invited)
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J. Wang, I. Harris, X. Chen, D. Englund, and R. Han, “A
CMOS-Integrated Color Center Pulse-Sequence Control
and Detection System,” IEEE Custom Integrated Circuit
Conf. (CICC), Denver, CO, Apr. 2024.

K.Hosaka, K. Watanabe, E. Tanaka, A. Tichy, T. Shiba, and
R.Han, “A Dual Composite Resin Injection Molding Tech-
nique with 3D-Printed Flexible Indices for Biomimetic
Replacement of A Missing Mandibular Lateral Incisor,’
J. of Prosthodontic Research, 2024

E. Lee, X. Chen, M. Ashok, J. Won, A. Chandrakasan and
R. Han, “A Packageless Anti-Tampering Tag Utilizing
Unclonable Sub-THz Wave Scattering at the Chip-Item
Interface,” IEEE Intl. Solid-State Circuit Conf. (ISSCC), San
Francisco, CA, Feb. 2024.

J. Anders, M. Babaie, J. Bardin, I. Bashir, G. Billiot, E.
Blokhina, S. Bonen, E. Charbon, J. Chiaverini, I. Chuang,
C.Degenhardt, D. Englund, L. Geck, L. Guevel, D. Ham, R.
Han, M.Ibrahim, D.Kruger, K. Lei, A. Morel, D. Nielinger,
G. Pillonnet, J. Sage, F. Sebastiano, R. Staszewski, J. Stuart,
A.Vladimirescu, P. Vliex, and S. Voinigescu, “CMOS Inte-
grated Circuits for the Quantum Information Sciences,”
IEEE Trans. Quantum Engineering, vol. 4,2023.
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Song Han

Associate Professor

Department of Electrical Engineering & Computer Science

Machine learning, artificial intelligence, model compression, hardware
acceleration

Rm. 38-344 | 617-253-0086 | songhan @ mit . edu

POSTDOCTORAL ASSOCIATES
Wei-Chen Wang, EECS

GRADUATE STUDENTS
Haotian Tang, EECS
Nicole Stiles, EECS
Zhekai Zhang, EECS
Han Cai, EECS

Yujun Lin, EECS
Zhijian Liu, EECS
Hanrui Wang, EECS
Guangxuan Xiao, EECS
Muyang Li, EECS
Shang Yang, EECS

UNDERGRADUATE STUDENT
Shreya Chaudhury, EECS

SUPPORT STAFF

Jami L. Mitchell, Project Coordinator

SELECTED PUBLICATIONS

J.Lin,L.Zhu, W.Chen, W. Wang,and S. Han, “Tiny Machine
Learning: Progress and Futures,” I[EEE Circuits and Sys-
tems Magazine, 2023

S. Han, X. Liu, H. Mao, J. Pu, A. Pedram, M. Horowitz,
and W. J. Dally, “Retrospective: EIE: Efficient Inference
Engine on Sparse and Compressed Neural Network,”
Invited paper at International Symposium on Computer
Architecture (ISCA) for top-5 most cited papers in the
50-year history of ISCA (1953-2023), 2023.

M.Lj, T.Cai, J.Cao, Q. Zhang, H. Cai, J. Bai, Y. Jia, M. Liu, K.
Li,and S. Han, “DistriFusion: Distributed Parallel Infer-
ence for High-Resolution Diffusion Models,” Computer
Vision and Pattern Recognition Conference (CVPR),2024.

J.Lin, H.Yin, W. Ping, Y. Lu, P. Molchanov, A. Tao, H. Mao,
J.Kautz, M. Shoeybi, and S. Han, “VILA: On Pre-training
for Visual Language Models,” Computer Vision and Pattern
Recognition Conference (CVPR), 2024.

H. Cai, M. Lij, Z. Zhang, Q. Zhang, M. Liu, S. Han, “Con-
dition-Aware Neural Network for Controlled Image
Generation,” Computer Vision and Pattern Recogni-
tion Conference (CVPR), 2024.
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J.Lin, J. Tang, H. Tang, S. Yang, X. Dang, C. Gan, S. Han,
“AWQ: Activation-aware Weight Quantization for On-De-
vice LLM Compression and Acceleration,” Conference
on Machine Learning and Systems (MLSys), 2024. Best
Paper Award.

G. Xiao, Y. Tian, B. Chen, S. Han, and M. Lewis, “Efficient
Streaming Language Models with Attention Sinks,
International Conference on Learning Representations
(ICLR) 2024.

Y. Chen, S. Qian, H. Tang, X. Lai, Z. Liu, S. Han, and J Jia,
“LongLoRA: Efficient Fine-tuning of Long-Context Large
Language Models,” International Conference on Learning
Representations (ICLR) 2024. Oral Presentation.

H. Tang, S. Yang, Z. Liu, K. Hong, Z. Yu, X. Li, G. Daj, Y.
Wang, and S. Han, “TorchSparse++: Efficient Training
and Inference Framework for Sparse Convolution on
GPUs," International Symposium on Microarchitecture
(MICRO) 2023.

L. Zhuy, L. Hu, J. Lin, W. Chen, W. Wang, C. Gan, and S.
Han, “PockEngine: Sparse and Efficient Fine-tuningin a
Pocket,” International Symposium on Microarchitecture
(MICRO) 2023.

H. Caj, J. Li, M. Hu, C. Gan, and S. Han, “EfficientViT:
Multi-Scale Linear Attention for High-Resolution Dense
Prediction,” International Conference on Computer Vision
(ICCV) 2023.

G.Xiao, J.Lin, M. Seznec, H. Wu, J. Demouth, and S. Han,
“SmoothQuant: Accurate and Efficient Post-Training
Quantization for Large Language Models,” International
Conference on Machine Learning (ICML), 2023.

Z Liu, X Yang, H Tang, S Yang, and S Han, “FlatFormer:
Flattened Window Attention for Efficient Point Cloud
Transformer,” Computer Vision and Pattern Recogni-
tion Conference (CVPR), 2023.

X Chen*,Z Liu*, H Tang, L Yi, H Zhao,and S Han “SparseViT:
Revisiting Activation Sparsity for Efficient High-Resolu-
tion Vision Transformer,” Computer Vision and Pattern
Recognition Conference (CVPR), 2023.
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Juejun (JJ) Hu

John F. Elliott Professor of Materials Science & Engineering
Department of Materials Science & Engineering

Integrated photonics, silicon photonics, optical metasurfaces

Rm. 13-4054 | 302-766-3083 | hujuejun @ mit . edu

RESEARCH SCIENTISTS
Tian Gu, MRL
Zhaoyi Li, DMSE

POSTDOCTORAL ASSOCIATES
Diana Mojahed, DMSE

Louis Martin, DMSE

Brian Sia, DMSE

Hanyu Zheng, DMSE

GRADUATE STUDENTS
Cosmin Constantin-Popescu, DMSE
Tushar Karnik, DMSE

Brian Mills, DMSE

Maarten Peters, DMSE

Khoi Phuong Dao, DMSE

Luigi Ranno, DMSE

Fan Yang, DMSE

SUPPORT STAFF

Sarah Ciriello, Administrative Assistant

SELECTED PUBLICATIONS

C. Rios, Q. Dy, Y. Zhang, C. Popescu, M. Shalaginov, P.
Miller, C. Roberts, M. Kang, K. Richardson, T. Gu, S. Vitale,
and J. Hu, “Ultra-Compact Nonvolatile Phase Shifter
Based on Electrically Reprogrammable Transparent
Phase Change Materials,” PhotoniX 3, 26 (2022).

Y. Zhang, C. Fowler, J. Liang, B. Azhar, M. Shalaginov, S.
Deckoff-Jones, S. An, J. Chou, C. Roberts, V. Liberman, M.
Kang, C. Rios, K. Richardson, C. Rivero-Baleine, T. Gu, H.
Zhang, and J. Huy, “Electrically Reconfigurable Nonvola-
tile Metasurface Using Low-Loss Optical Phase Change
Material,” Nat. Nanotechnology 16, 661-666 (2021).

M. Shalaginov, S. An,Y. Zhang, F. Yang, P. Su, V. Liberman,
J. Chou, C. Roberts, M. Kang, C. Rios, Q. Du, C. Fowler, A.
Agarwal, K. Richardson, C. Rivero-Baleine, H. Zhang, J.
Hu, and T. Gu, “Reconfigurable All-dielectric Metalens
With Diffraction Limited Performance,” Nat. Commu-
nications 12,1225 (2021).

M. Shalaginov, S. An, F. Yang, P. Su, D. Lyzwa, A. Agar-
wal, H. Zhang, J. Hy, and T. Gu, “Single-Element Dif-
frac- tion-Limited Fisheye Metalens,” Nano Letts. 20,
7429-7437(2020).
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Y. Zhang, J. Chou, J. Li, H. Li, Q. Du, A. Yadav, S. Zhou, M.
Shalaginov, Z. Fang, H. Zhong, C. Roberts, P. Robinson,
B. Bohlin, C. Rios, H. Lin, M. Kang, T. Gu, J. Warner, V.
Liber- man, K. Richardson, and J. Hu, “Broadband Trans-
parent Optical Phase Change Materials for High-Perfor-
mance Nonvolatile Photonics,” Nat. Communications 10,
4279(2019).

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 6,
473- 478 (2019).

D.Kita, B. Miranda, D. Favela, D. Bono, J. Michon, H. Lin,T.
Gu, and J. Hu, “High-performance and Scalable On-chip
Digital Fourier Transform Spectroscopy,” Nat. Communi-
cations 9, 4405 (2018).

D.Kita, J. Michon, S. G. Johnson, and J. Hu, “Are Slot and
Sub-Wavelength Grating Waveguides Better Than Strip
Waveguides for Sensing?” Optica 5, 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.
Communications 9, 1481 (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. Richardson, J. Kong, and J. Hu, “Chalcogenide Glass-
on-Graphene Photonics,” Nat. Photonics 11, 798-805 (2017).

L.Li, H. Lin, S. Qiao, Y. Zou, S. Danto, K. Richardson, J. D.
Musgraves, N. Lu, and J. Hu, “Integrated Flexible Chalco-
Genide Glass Photonic Devices,” Nat. Photonics 8, 643-649
(2014).

L. Bi, J. Hy, P. Jiang, D. Kim, G. Dionne, L. C. Kimerling,
and C. A. Ross, “On-chip Optical Isolation in Monolithi-
Cally Integrated Nonreciprocal Optical Resonators,” Nat.
Photonics 5, 758-762 (2011).
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Qing H u Physics and applications of millimeter-wave, terahertz, and infrared devices.
Professor Rm. 36-465 | 617-253-1573 | ghu @ mit . edu

Department of Electrical Engineering & Computer Science

COLLABORATORS

Jianrong Gao, Delft University

Kevin Lascola, Thorlabs

John L. Reno, Sandia National Lab

Zbig Wasilewski, University of Waterloo
Gerard Wysocki, Princeton University

GRADUATE STUDENTS
Andrew Paulsen, EECS
Tianyi Zeng, EECS

SUPPORT STAFF

Shayne Fernandes, Administrative Assistant

SELECTED PUBLICATIONS

A. Khalatpour, A. Tam, S. J. Addamane, Z. Wasilewski,
and Q. Hu, “Enhanced Operating Temperature in Tera-
hertz Quantum Cascade Lasers Based on Direct Phonon
Depopulation,” Appl. Phys. Lett. 122,161101 (2023).

Q. Hu, “High-temperature THz QCLs and Broadband
LWIR QCL Frequency Combs,” 2023 ITQW (Infrared and
Terahertz Quantum Workshop), Erice (Sicily), Italy, Jun.
25-30 (2023). (Invited)
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Rafael Jaramillo
Thomas Lord Associate Professor

Department of Materials Science and Engineering

Developing compound semiconductors for application in photonics, microelec-
tronics, communication, and energy conversion. Emphasis on chalcogenide
thin film processing, including molecular beam epitaxy (MBE) and advanced
characterization.

Rm. 13-5025 | 617-324-6871 | rjaramil @ mit . edu

POSTDOCTORAL ASSOCIATES
Zhenjing Liu, MRL

Ida Sadeghi, MRL

Olivia Schneble, DMSE

GRADUATE STUDENTS
Tao Cai, DMSE

Jessica Dong, DMSE

Jiahao Dong, DMSE
Rishabh Kothari, DMSE
Jack Van Sambeek, DMSE
Kevin Ye, DMSE

SELECTED PUBLICATIONS

J.Dong and R. Jaramillo, “Modeling Defect-Level Switch-
ing for Nonlinear and Hysteretic Electronic Devices,” J.
of Applied Physics 135, 224501 (2024).

Y. Li, K. Reidy, A. Penn, S. H. Lee, B. Wang, K. Ye, Z. Mao,
F. M. Ross, and R. Jaramillo, “Stabilizing Far-from-Equi-
librium (Mo, T1)S, Thin Films by Metal Sulfurization at
Reduced Temperature,” J. of Vacuum Science & Technology
A 41,023405 (2023).

K.Reidy, W. Mortelmans,S.S. Jo,A.N. Penn, A. C. Foucher,
Z.Liuy, T.Cai, B. Wang, F. M. Ross, and R. Jaramillo, “Atom-
ic-Scale Mechanisms of MoS, Oxidation for Kinetic Con-
trol of MoS,/MoO, Interfaces,” Nano Lett. 23,5894 (2023).

1. Sadeghi, J. Van Sambeek, T. Simonian, M. Xu, K. Ye, T. Cai,
V. Nicolosi, J. M. LeBeau, and R. Jaramillo, “Expanding the
Perovskite Periodic Table to Include Chalcogenide Alloys
with Tunable Band Gap Spanning 1.5-1.9 eV,” Advanced
Functional Materials 33,2304575 (2023).

K.Yeetal,, “Vibrational Properties Differ between Halide
and Chalcogenide Perovskite Semiconductors, and It Mat-
ters for Optoelectronic Performance,” arXiv:2402.18957.

K. Ye, I. Sadeghi, M. Xu, J. Van Sambeek, T. Cai, J. Dong,
R.Kothari, J. M. LeBeau, and R. Jaramillo, “A Processing
Route to Chalcogenide Perovskites Alloys with Tunable
Band Gap via Anion Exchange,” Advanced Functional
Materials n/a, 2405135 (n.d.).
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Pablo Jarillo-Herrero
Cecil and Ida Green Professor of Physics
Department of Physics

Research Laboratory of Electronics

Quantum electronic transport and optoelectronics with low dimensional mate-
rials, such as graphene, transition metal dichalcogenides, and topological insu-
lators. Nanofabrication of Van der Waals heterostructures. Mesoscopic physics
and superconductivity.

Rm. 13-2017 | 617-253-3653 | pjarillo @ mit . edu

POSTDOCTORAL ASSOCIATES
Luis Antonio Benitez-Moreno, Physics
Clement Collignon, Physics

Aviram Uri, Physics

Fangzhou Xia, Physics

GRADUATE STUDENTS

Ruihao Liu, EECS

Jeong Min Park, Physics
Skandaprasad Rao, Physics

Shuwen Sun, Physics

Xirui Wang, Physics

Xueqgiao Wang, DMSE

Ligiao Xia, Physics

Zhiren Zheng, Physics

Gregorio de la Fuente Simarro, Physics

SUPPORT STAFF
Andrew Birkel, Laboratory Operations Manager
Gerry Miller, Administrative Assistant

SELECTED PUBLICATIONS

A.Uri* S.C.delaBarrera*, M. T. Randeria* D. Rodan-Leg-
rain*, T. Devakul, P. J. D. Crowley, N. Paul, K. Watanabe,
T. Taniguchi, R. Lifshitz, L. Fu, R. C. Ashoori, and P. Jaril-
lo-Herrero, “Superconductivity and Strong Interactionsin
a Tunable Moiré Quasicrystal,” Nature 620, 762-767,2023.

J.M. Park, Y. Cao, L.-Q. Xia, S. Sun, K. Watanabe, T. Tani-
guchi, and P. Jarillo-Herrero, “Robust Superconductivity
in Magic-Angle Multilayer Graphene Family,” Nature
Materials, Vol. 21-8,2022.

X.Wang, K. Yasuda, Y.Zhang, S. Liu, K. Watanabe, T. Tan-
iguchi, J. Hone, L. Fu, and P. Jarillo-Herrero, “Interfacial
Ferroelectricity in Rhombohedral-stacked Bilayer Tran-
sition Metal Dichalcogenides,” Nature Nanotechnology,
Vol 17-4, 2022.

K. Yasuda, X. Wang, K. Watanabe, T. Taniguchi, and P.
Jarillo-Herrero, “Stacking-engineered Ferroelectricity
in Bilayer Boron Nitride,” Science, Vol. 372-6549, 2021.

Y. Cao, D. Rodan-Legrain, J. M. Park, N. F-Q. Yuan, K.
Watanabe, T. Taniguchi, R. M. Fernandes, L. Fu, and P.
Jarillo-Herrero, “Nematicity and Competing Orders in
Superconducting Magic-Angle Graphene,” Science, Vol.
372-6539, 2021.
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J.M.Park,Y.Cao, K. Watanabe, T. Taniguchi, and P. Jaril-
lo-Herrero, “Tunable Strongly Coupled Superconductivity
in Magic-angle Twisted Trilayer Graphene,” Nature, Vol.
590-7845, (2021).

Y. Cao, J. M. Park, K. Watanabe, T. Taniguchi, and P. Jaril-
lo-Herrero, “Pauli-limit Violation and Re-entrant Super-
conductivity in Moiré Graphene,” Nature, Vol 595-7868,
2021.

D. Rodan-Legrain, Y. Cao, J. M. Park, S. C. de la Barrera,
M. T. Randeria, K. Watanabe, T. Taniguchi, and P. Jaril-
lo-Herrero, “Highly Tunable Junctions and Non-local
Josephson Effect in Magic-Angle Graphene Tunnelling
Devices,” Nature Nanotechnology, Vol. 17-7, 2021.

J.M.Park,Y.Cao, K. Watanabe, T. Taniguchi, and P. Jaril-
lo-Herrero, “Flavour Hund's Coupling, Chern Gaps and
Charge Diffusivity in Moiré Graphene,” Nature, Vol. 592-
7852,2021.

Y. Cao, V. Fatemi, S. Fang, K. Watanabe, T. Taniguchi, E.
Kaxiras, and P. Jarillo-Herrero, “Unconventional Super-
conductivity in Magic-angle Graphene Superlattices,”
Nature, Vol. 556-7699, 2018.
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Long Ju

Assistant Professor of Physics
Department of Physics

Two-dimensional materials, optical spectroscopy, optoelectronics,

Rm. 13-2005 | 617-253-4828 | longju @ mit . edu

POSTDOCTORAL ASSOCIATES
Zhengguang Lu, Physics

Fangzhou Xia, Physics and MechE
Wenhao Zheng, Physics

GRADUATE STUDENTS
Jixiang Yang, Physics
Tonghang Han, Physics
Junseok Seo, Physics

Dasol Kim, Physics

UNDERGRADUATE STUDENT
Emily Aitken, Physics

SUPPORT STAFF

Gerry Miller, Administrative Assistant

SELECTED PUBLICATIONS
Z.Lu,T. Han,Y. Yao, A. P. Reddy, J. Yang, J. Seo, K. Wata-
nabe, T. Taniguchi, L. Fu, and L. Ju, “Fractional Quan-
tum Anomalous Hall Effect in Multilayer Graphene,”
Nature 626, 759-764, 2024. [Link]

T.Han,Z.Luy,Y.Yao, J. Yang, J. Seo, C. Yoon, K. Watanabe,
T. Taniguchi, L. Fu, F. Zhang, and L. Ju, “Large Quantum
Anomalous Hall Effect in Spin-Orbit Proximitized Rhom-
bohedral Graphene,” Science in press. arXiv preprint
arXiv:2310.17483, 2023.

T.Han, Z. Ly, G. Scuri, J. Sung, J. Wang, T. Han, K. Wata-
nabe, T. Taniguchi, L. Fu, H. Park, and L. Ju, “Orbital
Multiferroicity in Rhombohedral Graphene,” Nature 623,
41-47,2023. [Link]

T.Han, Z. Ly, G. Scuri, J. Sung, J. Wang, T. Han, K. Wata-
nabe, T. Taniguchi, H. Park, and L. Ju, “Correlated Insu-
lator and Chern Insulatorsin Pentalayer Rhombohedral
Stacked Graphene,” Nat. Nanotechnol, 2023. [Link]

Yang, Jixiang, Guorui Chen, Tianyi Han, Qihang Zhang,
Ya-Hui Zhang, Lili Jiang, Bosai Lyu et al. “Spectros-
copy Signatures of Electron Correlations in a Trilayer
Graphene/Hbn Moiré Superlattice,"Science 375, no. 6586:
1295-1299, 2022.

Z.Lu, P.Hollister, M. Ozerov, S. Moon, E. D. Bauer, F. Ron-
ning, D. Smirnov, L. Ju,and B. J. Ramshaw, “Weyl Fermion
magneto-electrodynamics and Ultralow Field Quantum
Limit in TaAs,"Science Advances 8, no. 2: eabj1076, 2022.
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T.Han, J. Yang, Q. Zhang, L. Wang, K. Watanabe, T. Tani-
guchi, P.L. McEuen, and L. Ju, “Accurate Measurement of
the Gap of Graphene/hBN Moiré Superlattice Through
Photocurrent Spectroscopy,” Physical Review Letts,2021.

L. Ju, L. Wang, X. Li, F. Zhang, S. Moon, Z. Lu, K. Wata-
nabe, T. Taniguchi, D. Smirnov, F. Rana, and P. L. McEuen,
“Unconventional Valley-Dependent Optical Selection
Rules and Landau Level Mixing in Bilayer Graphene,”
Nature Communications, 2020.

L. Ju, L. Wang, T. Cao, T. Taniguchi, K. Watanabe, S. G.
Louie, and F. Rana et al., “Tunable Excitons in bilayer
graphene”, Science 358, no. 6365 (2017): 907-910.

L.Jiang, Z.Shi, B.Zeng, S. Wang, J.-H. Kang, T. Joshi, and
C. Jin et al,, “Soliton-dependent Plasmon Reflection at
Bilayer Graphene Domain Walls”, Nature Materials 15,
no. 8 (2016): 840-844.

J. Velasco Jr., L. Ju, D. Wong, S. Kahn, J. Lee, H.-Z. Tsai,
C. Germany et al,, “Nanoscale Control of Rewriteable
Doping Patterns in Pristine Graphene/Boron Nitride
Heterostructures,” Nano Letts. 16, no. 3: 1620-1625, 2016.

D. Wong, J. Velasco Jr., L. Ju, J. Lee, S. Kahn, H.-Z. Tsai,
C. Germany et al,, “Characterization and Manipulation
of Individual Defects in Insulating Hexagonal Boron
Nitride Using Scanning Tunnelling Microscopy, Nature
Nanotechnology 10, no. 11: 949, 2015.

Ju, Long, Zhiwen Shi, Nityan Nair, Yinchuan Lv, Chen-
hao Jin, Jairo Velasco Jr, Claudia Ojeda-Aristizabal et al.
“Topological valley transport at bilayer graphene domain
walls”, Nature 520, no. 7549 (2015): 650-655.

Y.-Q. Bie, J. Horng, Z. Shi, L. Ju, Q. Zhou, A. Zettl, D.Yu,
and F. Wang, “Vibrational Spectroscopy at Electrolyte/
Electrode Interfaces with Graphene Gratings,” Nature
Communications 6, no. 1: 1-6, 2015.

Ju, L., Jairo Velasco Jr, E. Huang, S. Kahn, Casey Nosiglia,
Hsin-Zon Tsai, Wei Yang et al. “Photoinduced doping in
heterostructures of graphene and boron nitride”, Nature
nanotechnology 9, no. 5 (2014): 348.

Z.Shi, C.Jin, W.Yang, L. Ju, J. Horng, X. Lu, H. A. Bechtel
et al. “Gate-dependent pseudospin mixing in graphene/
boron nitride moiré superlattices,” Nature Physics 10, no.
10: 743-747, 2014.
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https://doi.org/10.1038/s41586-023-06572-w
https://doi.org/10.1038/s41565-023-01520-1

Jeehwan Kim
Associate Professor of Mechanical Engineering
Associate Professor of Materials Science and Engineering

Principal Investigator of Research Laboratory of Electronics

Remote epitaxy, Two-dimensional materials, 2D material-based layer transfer,
I1I-V / llI-N electronics, Complex oxides-based applications, Heterogeneous
integration, Flexible electronics, Electronic skin, Sensor fusion, Neuromorphic
computing.

Rm. 38-276 | 617-324-1948 | jeehwan @ mit . edu

POSTDOCTORAL ASSOCIATES
Seong Ho Cho, RLE

Ki Seok Kim, RLE
Junmin Suh, RLE
Min-Kyu Song, MechE
Sangho Lee, MechE
Jekyung Kim, MechE
Jae Hwan Kim, MechE
Young Jin Yoo, RLE
Kuangye Lu, RLE
Jung-El Ryu, RLE

GRADUATE STUDENTS
Jin Feng, MechE

Haihui Lan, ChemE

Doyoon Lee, DMSE

Giho Lee, MechE

Ne Myo Han, MechE
Xinyuan Zhang, DMSE

SUPPORT STAFF

John Mayo, Administrative Assistant

SELECTED PUBLICATIONS

S. Lee, M. K. Song, X. Zhang, J. M. Suh, J. E. Ryuy, and
J. Kim, “Mixed-Dimensional Integration of 3D-on-2D
Heterostructures for Advanced Electronics,” Nano Lett.
2024,24,30, 9117-9128.

K.S.Kim, J. Kwon, H.Ryu, C.Kim, H.Kim, E. K. Lee, D. Lee,
S.Seo, N. M. Han, J. M. Suh, J. Kim, M.K. Song, S. Lee, M.
Seol, and J. Kim. “The future of two-dimensional semi-
conductors beyond Moore's law,” Nature Nanotechnology,
Vol. 19, 895-906 (2024).

K.Luy,J. Shim, K. S.Kim, S. W. Kim, and J. Kim, “2D mate-
rials can unlock single-crystal-based monolithic 3D inte-
gration,” Nature Electronics, Vol. 7, 416-418 (2024).

B.I Park, J. Kim, K. Lu, X. Zhang, S. Lee, J. M. Suh, D. H.
Kim, H. Kim, and J. Kim*, “Remote Epitaxy: Fundamen-
tals, Challenges, and Opportunities,” Nano Letts., Vol. 24,
2939-2952 (2024).

J. Kwon, M. Seol, J. Yoo, H. Ryu, D.S. Ko, M. H. Lee, E.
K. Lee, M. S. Yoo, G. H. Lee, H. J. Shin, J. Kim, and K. E.
Byun, “200-mm-wafer-scale Integration of Polycrystalline
Molybdenum Disulfide Transistors,” Nature Electronics,
published online, 2024.
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J.H.Kang, H. Shin, K. S.Kim, M. K. Song, D. Lee, Y. Meng,
C.Choi, J. M. Suh, B.J.Kim, H.Kim, A. T. Hoang, B. L. Park,
G.Zhou, S. Sundaram, P. Vuong, J. Shin, J. Choe, Z. Xu, R.
Younas, J.S.Kim, S.Han, S. Lee, S. O.Kim, B. Kang, S. Seo,
H.Ahn,S. Seo, K. Reidy, E. Park, S. Mun, M. C. Park, S. Lee,
H.J. Kim, H. S. Kum, P. Lin, C. Hinkle, A. Ougazzaden, J.
H.Ahn, J.Kim, and S. H. Bae, “Monolithic 3D integration
of 2D materials-based Electronics Towards Ultimate
Edge Computing Solutions,” Nature Materials, Vol. 22,
1470-1477:2023.
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Jing Kong
Professor of Electrical Engineering

Department of Electrical Engineering & Computer Science

Synthesis, characterization and applications of low-dimensional materials, in-
cluding carbon nanotube, graphene and other two dimensional materials.

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

RESEARCH SCIENTISTS
Nannan Mao, RLE
Jiangtao Wang, RLE

POSTDOCTORAL ASSOCIATES
Tianyi Zhang, RLE

Peng Wu, RLE

Zachariah B. Hennighausen, RLE
Kenan Zhang, RLE

Shih-Ming He, RLE

Tilo Hongwei Yang, RLE

Kyung Yeol Ma, RLE

GRADUATE STUDENTS
Zhien Wang, DMSE

Xudong (Sheldon) Zheng, EECS
Meng-Chi (Ed) Chen, EECS
Yunyue Zhu, EECS

VISITING STUDENTS
Yuren Eli Peng, RLE
Dong-Rui Chen, RLE

SUPPORT STAFF

Arlene Wint, Administrative Assistant

SELECTED PUBLICATIONS

J.Wang, C.Cheng, X. Zheng, J. C.Idrobo, A.-Y.Lu, J.-H. Park,
B. G. Shin, S. J. Jung, T. Zhang, H. Wang, G. Gao, B. Shin,
X.Jin, L. Ju,Y. Han, L.-J. Li, R. Karnik, and J. Kong, “Cas-
caded Compression of Size Distribution of Nanoporesin
Monolayer Graphene,” Nature, 623 (7989), 956-963 (2023).

T. Zhang, J. Wang, P. Wu, A.-Y. Lu, and J. Kong, “Vapour-
phase Deposition of Two-dimensional Layered Chalco-
genides,” Nature Review Materials, 8(12), 799—-821 (2023).

P.Wu,T.Zhang, J. Zhu, T. Palacios, and J. Kong, “2D Mate-
rials for Logic Device Scaling,” Nature Materials 23, 1,
23-25 (2024).

H. Gao, Z. Wang, E. Yang, X. Wang, S. Wang, Q. Zhang,
X. Liuy, Y. Sun, J. Kong, and J. Yao, “Graphene-integrated
Mesh Electronics with Converged Multifunctionality for
Tracking Multimodal Excitation-Contraction Dynamics
in Cardiac Microtissues,” Nature Communications, 15,
article number 2321 (2024).
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K. Zhang, T. Zhang, J. You, X. Zheng, M. Zhao, L. Zhang,
J.Kong, Z. Luo, and S. Huang, “Low-Temperature Vapor-
Phase Growth of 2D Metal Chalcogenides,” Small, 20,19,
2307587 (2024).

P. Wu, J. Kong, “Doping for Ohmic Contacts in 2D Tran-
sistors,” Nature Electronics, 7, 519-520 (2024).

Y.Luo, J.-H. Park, J. Zhu, M. Tamagnone, F. Capasso, T.Pala-
cios, J. Kong, and W. L. Wilson, “Highly Confined Hybrid-
ized Polaritons in Scalable van der Waals Heterostructure
Resonators,” ACS Nano, 18, 27, 17492-17499 (2024).

H. Liu, T. Zhang, P. Wu, H. W. Lee, Z. Liu, T. W. Tang, S.-Y.
Tang, T.Kang, J.-H. Park, J. Wang, K. Zhang, X. Zheng, Y.-R.
Peng, Y.-L. Chueh, Y. Liu, T. Palacios, J. Kong, and Z. Luo,
“Boosting Monolayer Transition Metal Dichalcogenides
Growth by Hydrogen-Free Ramping during Chemical
Vapor Deposition,” Nano Letts., 24, 27, 8277-8286 (2024).

A. K. Demir, J. Li, T. Zhang, C. A. Occhialini, L. Nessi,
Q. Song, J. Kong, and R. Comin, “Transferable Optical
Enhancement Nanostructures by Gapless Stencil Lithog-
raphy,” Nano Letts., 24, 32, 9882—-9888 (2024).

J. Cai, P. Wu, R. Tripathi, J. Kong, Z. Chen, and J. Appen-
zeller, “Ternary Content-Addressable Memory Based on
a Single Two-Dimensional Transistor for Memory-Aug-
mented Learning,” ACS Nano, ASAP, Aug. 13,2024.
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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
Henry Anderson, EECS
Marco Andrade, EECS

Tori Dang, EECS

Alex Miller, Aero Astro
William Nolan, EECS

Oliver Rayner, EECS

Grace Tang, EECS

Emma Warzynek, EECS

John Zhang, MechE

UNDERGRADUATE STUDENTS
Makar Kuznetsov, EECS
Kenneth Muhammad, EECS

SUPPORT STAFF
Eliza Grisante, Administrative Assistant
Arlene Wint, Administrative Assistant

SELECTED PUBLICATIONS

H. N. Andersen, Y. Chen, M. M. Qasim, M. Amato, D. G.
Cuadrado, D. M. Otten, E. M. Greitzer, D. J. Perreault, J.
L.Kirtley,J. H. Lang,and Z. S. Spakovszky, “High Specific
Power Permanent Magnet Synchronous Machine for
a Megawatt-Class Integrated Motor Drive Technology
Demonstrator,” Proceedings: AIAA/IEEE Electric Aircraft
Technologies Symposium, San Diego, CA, Jun. 12-16,2023.
[Link]

Z.S.Spakovszky, Y. Chen, E. M. Greitzer, Z. C. Cordero, J.
H.Lang, J.L.Kirtley,D. J. Perreault, H. N. Andersen, M. M.
Qasim, D. Gonzalez-Cuadrado, D. M. Otten,and M. Amato;
“Technology Demonstration of a Megawatt-class Inte-
grated Motor Drive for Aircraft Propulsion,” Proceedings:
ATAA/IEEE Electric Aircraft Technologies Symposium,
San Diego, CA, Jun. 12-16, 2023. [Link]

M. M. Qasim, D. M. Otten, Z.S. Spakovszky,J. H.Lang, J. L.
Kirtley,and D. J. Perreault, “Design and Optimization of
an Inverter for a One-megawatt Ultra-light Motor Drive”,
Proceedings: AIAA/IEEE Electric Aircraft Technologies
Symposium, San Diego, CA, Jun. 12-16, 2023. [Link]

E.H.Allen, J.H.Lang, M.Ilic, X. Luo, K. Sreenivasachar,and
R. Nimbalkar, “Using Optimization to Perform Steady-
State System Model Validation for ISO New England,’
Proceedings: IEEE PES General Meeting, 1-5, Orlando, FL,
Jul. 16-20,2023. [Link]
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Z.Ren, J.Yang,S.Kim, Y. H. Hsiao, J. H. Lang,and K. Chen,
“Alightweight High-voltage Boost Circuit for Soft-actu-
ated Micro-aerial-robots,” Proceedings: ICRA, 3397-3403,
London, England, May 29 - Jun. 2, 2023. [Link]

G.Davarpanah, S. Mohammadji, J. H. Lang, and J. L. Kirt-
ley, “Two-phase Switched-reluctance Motor with Hybrid
Excitation: Modeling and Evaluation,” IET Electric Power
Applications, 17:7,939-951, Jul. 2023. [Link]

E.Ng,J.D.Boles,J. H.Lang,and D. J. Perreault, “Piezoelec-
tric Transformer Component Design for DC-DC Power
Conversion,” Proceedings COMPEL, 1-8, Ann Arbor, MI,
Jun. 25-28,2023. [Link]

B. Wanyeki, J. D. Boles, J. H. Lang and D. J. Perreault,
“Two-stage piezoelectric-resonator / switched-capacitor
DC/DC Converter,” Proceedings IEEE ECCE, Nashville,
TN, Oct. 29 - Nov. 2,2023.

N. A. Waring, A. Chern, B. J. Vilarello, J. H. Lang, E. S.
Olson and H. H. Nakajima; “Sheep as a Large-animal
Model for Otology Research: Temporal Bone Extraction
and Transmostoid Facial Recess Surgical Approach,” J.
of the Association for Research in Otolaryngology, 24:5,
487-497, Sep. 2023. [Link]

C.-Y. Lai, F-K. Sun, Z. Gao, J. H. Lang and D. S. Boning,
“Nominality Score Conditioned Time Series Anomaly
Detection by Point/Sequential Reconstruction,” Pro-
ceedings of NeurIPS: Advances in Neural Information
Processing Systems, 36, New Orleans, LA, Dec.10-16,2023.

A. K. Jackson, J. W. Perreault, J. H. Lang, and D. J. Per-
reault; “Large-signal Characterization of Piezoelectric
Resonators for Power Conversion,” Proceedings: IEEE
APEC, Long Beach, CA, Jan. 25-29, 2024.

J.Z.Zhang, L. Graf, A. Banerjee, A. Yeiser, C. I. McHugh,
I. Kymissis, J. H. Lang, E. S. Olson, and H. H. Nakajima,
“An Implantable Piezofilm Middle Ear Microphone: Per-
formance in Human Cadaveric Temporal Bones,” J. of
the Association for Research in Otolaryngology, 25, 56-61,
Jan. 18, 2024. [Link]

S. Zhao, U. Radhakrishna, and J. H. Lang; “Impact of
Duffing and Piezoelectric-coupling Nonlinearities on
Piezoelectric Vibration Energy Harvesting,” IEEE Sen-
sors J., 24:6, 8132-8141, Mar. 2024. [Link]
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https://doi.org/10.1109/COMPEL52896.2023.1022105
https://doi.org/10.1007/s10162-023-00907-0
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https://doi.org/10.1109/JSEN.2024.3356664

Hae-Seung Lee
ATSC Professor of Electrical Engineering & Computer Science

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
Anand Chandrasekhar, EECS

GRADUATE STUDENTS
Hana Azzouz, EECS
Ruicong Chen, EECS
Mohamed Elsheikh, EECS

VISITING SCIENTIST

Jaejin Jung, Samsung Electronics

SUPPORT STAFF

Elizabeth Kubicki, Administrative Assistant

SELECTED PUBLICATIONS

R.Mittal, H. Shibata, S. Patil, E. Krommenhoek, P. Shres-
tha, G. Manganaro, A. Chandrakasan, and H.-S. Lee, “A
6.4GS/s 1-GHz BW continuous-time pipelined ADC with
time-interleaved sub-ADC-DAC achieving 61.7-dB SNDR
in16-nm FinFET,” 2023 IEEE Symposium on VLIS Circuits,
Jun. 11-16, 2023, Kyoto, Japan

J.Zheng,H. Wang, A. Chandrasekhar, A. Aguirre, S. Han,
H.-S.Lee,and C.G. Sodini, “Machine Learning for Arterial
Blood Pressure Predtion,” 2023 Conference on Health,
Inference, and Learning, Jun.22-23,2023, Cambridge, MA.

A. Chandrasekhar, R. Padrés-Valls, R. Pallaros-Lopéz,
E. Palanques-Tost, N. Houstis, T. M. Sundt, H.-S. Lee, C.
G.Sodini, and A. D. Aquirre, “Tissue Perfusion Pressure
Enables Continuous Hemodynamic Evaluation and Risk
Prediction in the Intensive Care Unit,” Nature Medicine
29, Aug. 2023, [Link]

R. Mittal, H. Shibata, S.Patil, E.Krommenhoek, P. Shres-
tha, G. Manganaro, A. Chandrakasan, and H.-S. Lee, “A
6.4-GS/s 1-GHz BW Continuous-Time Pipelined ADC with
Time-Interleaved sub-ADC-DAC Achieving 61.7-dB SNDR
in16-nm FinFET,” IEEE J. Solid-State Circuits. [Link]

H.-S.Lee, “Constant level-shift buffer amplifier circuits,”
U.S. Patent 11894813, Feb. 6, 2024.
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https://doi.org/10.1038/s41591-023-02474-6
https://doi.org/10.1109/JSSC.2023.3338686

Mingda Li
Associate Professor

Department of Nuclear Science and Engineering

Quantum materials for energy and information applications.

Rm. 24-209 | 617-452-2505 | mingda @ mit . edu

POSTDOCTORAL ASSOCIATES
Chuliang Fu, NSE

Manasi Mandal, NSE

Michael Landry, NSE and Physics

GRADUATE STUDENTS

Arttitaya Boonkird, NSE

Abhijatmedhi Chotrattanapituk, EECS
Nathan C. Drucker, Harvard Applied Physics
Thanh Nguyen, NSE

Ryotaro Okabe, Chemistry

Phum Siriviboon, Physics

SUPPORT STAFF

Nick Farmer, Administrative Assistant

SELECTED PUBLICATIONS

Z.Chen, X. Shen, N. Andrejevic, T. Liu, D. Luo, T. Nguyen, N.
C.Drucker, M. Kozina, Q. Song, C. Hua, G. Chen, X. Wang,
J.Kong,and M. Li, “Panoramic Mapping of Phonon Trans-
port from Ultrafast Electron Diffraction and Machine
Learning,” Advanced Materials, 2023.

N. C. Drucker, T. Nguyen, F. Han, P. Siriviboon, X. Luo, N.
Andrejevic, Z. Zhu, G. Bednik, Q. T. Nguyen, Z. Chen, L. K.
Nguyen, T. Liu, T. J. Williams, M. B. Stone, A. 1. Kolesnikov,
S.Chi, J. Fernandez-Baca, C. Nelson, A. Alatas, T. Hogan,
A. A. Puretzky, S. Huang, Y. Yue, and M Li, “Topology
Stabilized Fluctuationsin a Magnetic Nodal Semimetal”,
Nature Communications, 2023.

R. Okabe, S. Xue, J. Vavrek, J. Yu, R. Pavlovsky, V. Negut,
B. Quiter, J. Cates, T. Liu, B. Forget, S. Jegelka, G. Kohse,
L.-W.Hu, and M. Lj, “Tetris-inspired Detector with Neural
Network for Radiation Mapping,” Nature Communica-
tions, 2024.

M. Cheng, R. Okabe, A. Chotrattanapituk, and M. Li,
“Machine Learning Detection of Majorana Zero Modes
from Zero Bias Peak Measurements,” Matter, 2024.

R.Okabe, A. Chotrattanapituk, A. Boonkird, N. Andrejevic,
X. Fu, T. S. Jaakkola, Q. Song, T. Nguyen, N. C. Drucker,
S.Mu, B. Liao, Y. Cheng, and M. Lj, “Virtual Node Graph
Neural Network for Full Phonon Prediction,” Nature
Computational Science, 2024.
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M. Mandal, A. Chotrattanapituk, K. Woller, H. Xu, N.
Mao, R. Okabe, A. Boonkird, T. Nguyen, N. C. Drucker,
T. Momiki, J. Li, J. Kong, and M. Li, “Precise Fermi-level
Engineering in a Topological Weyl Semimetal via Fast
Ion Implantation,” Applied Physics Review, 2024.
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Luqiao Liu
Associate Professor

Department of Electrical Engineering & Computer Science

Spintronics; spin based logic and memory device for digital and neuromorphic com-
puting; nanoscale magnetic material for informat/'on storage and microwave applica-
tion; fabrication technique of magnetic nanodevices; spin related phenomena in semi-
conductor, topological insulator; magnetic dynamics, spin based quantum system.

Rm. 39-553a | 617-253-0019 | lugiac @ mit . edu

GRADUATE STUDENTS
Josh Chou, Physics

Zhiping He, EECSyuu
Justin Hou, EECS
Zhonggiang Hu, EECS
Qiuyuan Wang, EECS
Dooyong Koh, EECS

SUPPORT STAFF

Maria Markulis, Administrative Assistant

SELECTED PUBLICATIONS

J-Y.Yoon, P.Zhang, C.-T. Chou, Y. Takeuchi, T. Uchimura,
J.T.Hou, J.Han, S. Kanai, H. Ohno, S. Fukami, and L. Liu,
“Handedness Anomaly in a Non-Collinear Antiferromag-
net Under Spin-Orbit Torque,” Nat. Mater. 23, 1106-1113,
2023. [Link]

T.Fakhrul, B.Khurana, H. T. Nembach, J. M. Shaw, Y. Fan,
G. A.Riley, L. Liu, and C. A. Ross, “Substrate-Dependent
Anisotropy and Damping in Epitaxial Bismuth Yttrium
Iron Garnet Thin Films,” Advanced Materials Interfaces,
10 (30), 2300217, 2023. [Link]

J.Y.Yoon, P.Zhang, C.-T. Chou, Y. Takeuchi, T. Uchimura,
J.T.Hou, J. Han, S.Kanai, H. Ohno, S. Fukami, and L. Liu,
“Unconventional Octupole Dynamics of a Non-Collinear
Antiferromagnet Driven by Spin-Orbit Torque,” in 2023
IEEE International Magnetic Conference - Short Papers
(INTERMAG Short Papers); IEEE: Sendai, Japan, 2023.
[Link]

Y.Fan,P.Zhang,J.Han, Y. Lv, L. Liu,and J.-P. Wang, “Obser-
vation of the Unidirectional Magnetoresistance in Anti-
ferromagnetic Insulator Fe,O,/Pt Bilayers,” Advanced
Electronic Materials 2023, 9 (8),2300232. [Link]

J. T. Hou, C.-T. Chou, J. Han, Y. Fan, and L Liu, “Electri-
cal Manipulation of Dissipation in Microwave Photon—
Magnon Hybrid System through the Spin Hall Effect,’
Applied Physics Letts. 2024,124 (7), 072401. [Link]

Z. He, and L. Liu, “Magnetic Dynamics of Strained
Non-Collinear Antiferromagnet,” J. of Applied Physics
2024,135 (9), 093902. [Link]

Z.Hu, Q. Wang, C.-T. Chou, J. T. Hou, Z. He, and L. Liu,

“Nonlinear Wave-Spin Interactionsin Nitrogen-Vacancy
Centers,” Phys. Rev. Appl. 2024, 21 (4), 044057. [Link]
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https://doi.org/10.1038/s41563-023-01620-2
https://doi.org/10.1002/admi.202300217
https://doi.org/10.1109/INTERMAGShortPapers58606.2023.10228250
https://doi.org/10.1002/aelm.202300232
https://doi.org/10.1063/5.0182270
https://doi.org/10.1063/5.0192467
https://doi.org/10.1103/PhysRevApplied.21.044057

SCOtt R. Ma nalis The development of novel instrumentation for cancer research.
David H. Koch Professor in Engineering Rm. 76-261 | 617-253-5039 | srm (@ mit . edu

Departments of Biological and Mechanical Engineering

POSTDOCTORAL ASSOCIATES
Yangi Wu, KI

Jiaquan (Jason) Yu, KI

Ye Zhang, KI

GRADUATE STUDENTS
Myra Dada, BE

Sarah Duquette, BE

Adam Langenbucher, CSB
Alex Miller, HST

Felicia Rodriguez, BE
Thomas Usherwood, HST
Weida (Richard) Wu, BE
Amy Zhang, HST

SUPPORT STAFF
Teemu Miettinen, Research Scientist
Mariann Murray, Administrative Assistant

SELECTED PUBLICATIONS

B. Roller, C. Hellerschmied, Y. Wu, T. P. Miettinen, S. R.
Manalis, M. F. Polz, “Single-cell Mass Distributions Reveal
Simple Rules for Achieving Steady-state Growth,” mBio,
vol. 14, no. 5, pp. 01585-23, Oct. 2023.

A. B. Miller, A. Langenbucher, F. H. Rodriguez, L. Lin, C.
Bray, S. Duquette, Y. Zhang, D. Goulet, A. A. Lane, D. M.
Weinstock, M. T. Hemann, and S. R. Manalis, “Leukemia
Circulation Kinetics Revealed Through Blood Exchange
Method,” Communications Biology, vol. 7,no. 483, Apr.2024.

M. Diaz-Cuadros, T. P. Miettinen, D. Sheedy, C. M. Diaz-
Garcia, S. Gapon, A. Hubaud, G. Yellen, S. R. Manalis,
W. Oldham, O. Pourquié, “Metabolic Regulation of Spe-
cies-specific Developmental Rates,” Nature, vol. 613, no.
7944, pp.550-557, Jul. 2023.
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Farnaz Niroui
Associate Professor

Department of Electrical Engineering & Computer Science

Nanofabrication technologies at the few-nanometer-scale and for the emerging
nanomaterials. Surfaces, interfaces and forces at the nanoscale. Active nanoscale
devices with applications in molecular electronics, nanoelectromechanical systems,
reconfigurable nanosystems for next-generation computing, sensing, and photonic
quantum information processing.

Rm. 13-3005B | 617-324-7415 | fniroui @ mit . edu

GRADUATE STUDENTS

Maxwell Conte, DMSE

Ambrine Douhane, EECS

Teddy Hsieh, EECS, NSF Fellow

Peter Satterthwaite , EECS, NSF Fellow
Sarah Spector, EECS, NSF Fellow
Spencer (Weikun) Zhu, ChemE

UNDERGRADUATE STUDENTS
Michael Bhopaul, Physics

SUPPORT STAFF

Catherine Bourgeois, Program Manager

SELECTED PUBLICATIONS

P.F.Satterthwaite, S. O. Spector, J. Song, F. Niroui, “Direct
van der Waals integration of 2D materials for high-per-
formance chemical sensors,” Hilton Head Workshop, 2024.

S. O. Spector, W. Zh, A. Quach, P. F. Satterthwaite, F.
Niroui, “Localized and Conformal Strain Engineering
of 2D Materials For Scalable, Functional Devices,” Hilton
Head Workshop, 2024.

P. E. Satterthwaite, W. Zhu, P. Jastrzebska-Perfect, M.
Tang,S.O.Spector, H. Gao, H.Kitadai, A.Lu, Q. Tan, S. Tang,
Y. Chueh, C. Kuo, C. Lue, J. Kong, X. Ling, and F. Niroui,
“Van der Waals Device Integration Beyond the Limits
of van der Waals Forces via Adhesive Matrix Transfer,”
Nature Electronics, vol. 7, pp. 17-28, 2024.

P. Jastrzebska-Perfect, W. Zhu, M. Saravanapavanantham,
Z.Li,S. O. Spector, R. Brenes, P. F. Satterthwaite, R. Ram,
and F. Niroui, “On-site Growth of Perovskite Nanocrystal
Arrays for Integrated Nanodevices,” Nature Communi-
cations, vol.14, no. 3883, 2023.

A.Sahasrabudhe, L. E. Rupprecht, S. Orguc, T. Khudiyev, T.
Tanaka, J. Sands, W. Zhu, A. Tabet, M. Manthey, H. Allen, G.
Loke, M. J. Antonini, D. Rosenfeld, J. Park, I. Garwood, W.
Yan, F. Niroui, Y. Fink, A. Chandrakasan, D. V. Bohérquez,
and P. Anikeeva, “Multifunctional Microelectronic Fibers
Enable Wireless Modulation of Gut and Brain Neural
Circuits,” Nature Biotechnology, 2023.
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Jelena Notaros
Robert J. Shillman (1974) Career Development
Assistant Professor

Department of Electrical Engineering & Computer Science

Silicon photonics platforms, devices, and systems for applications including

displays, sensing, communications, quantum, and biology.

Rm. 26-343| 617-253-3073 | notaros @ mit . edu

GRADUATE STUDENTS

Sabrina Corsetti, EECS, MIT Locher Fellow & NSF Fellow

Henry Crawford-Eng, EECS, MIT Locher Fellow & NSF
Fellow

Daniel DeSantis, EECS, MIT Locher Fellow & NSF Fellow

Andres Garcia, EECS, MIT SoE Mathworks Fellow

Ashton Hattori, EECS, MIT Analog Devices Fellow,
NDSEG Fellow, & NSF Fellow

Benjamin Mazur, EECS, NDSEG Fellow

Milica Notaros, EECS, MIT Jacobs Fellow & NSF Fellow

UNDERGRADUATE STUDENT

Michael Torres, Mathematics

SUPPORT STAFF

Pearl Nelson-Greene, Administrative Assistant

RECENT PUBLICATIONS

M. Notaros, T. Dyer, A. Garcia Coleto, A. Hattori, K. Fealey,
S.Kruger,and J. Notaros, “ Mechanically-Flexible Wafer-
Scale Integrated-Photonics Fabrication Platform,” Nature
Scientific Reports (2024).

S. Corsetti, M. Notaros, T. Sneh, A. Stafford, Z. Page, and
J. Notaros, “Silicon-Photonics-Enabled Chip-Based 3D
Printer,” Nature Light Science & Applications (2024).

A.Hattori* T. Sneh* M. Notaros, S. Corsetti, P. T. Callahan,
D.Kharas, T. Mahony, R. McConnell, J. Chiaverini, and J.
Notaros, “Integrated Visible-Light Polarization Rotators
and Splitters for Atomic Quantum Systems,” Optics Letts.
49(7),1794-1797 (2024). (*Equal Contributors)

M. Notaros, A. Garcia Coleto, M. Raval, and J. Notaros,
“Integrated Liquid-Crystal-Based Variable-Tap Devices
for Visible-Light Amplitude Modulation,” Optics Letts.
49(4), 10411044 (2024).

L. Neim, A. Yovanovich, J. Bartholomew, V. Deenaday-
alan, M. Ciminelli, T. Palone, M. van Niekerk, M. Song, A.
Nauriyal, J. Notaros, S. Serna Otalvaro, J. Cardenas, T.
Brown, A.M. Agarwal, S. Saini,and S. F. Preble, “Hands-On
Photonic Education (HOPE) Kits: Empowering the Inte-
grated Photonics Workforce through Practical Training,”
Applied Optics 62(31), H24-H32 (2023). (Editor’s Pick Award)

M. Notaros, D. DeSantis, M. Raval, and J. Notaros, “Lig-
uid-Crystal-Based Visible-Light Integrated Optical
Phased Arrays and Application to Underwater Commu-
nications,” Optics Letts. 48(20), 5269-5272 (2023).
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M. de Cea, Z. Li, M. Notaros, J. Notaros, and R. J. Ram,
“Single-Mode Waveguide-Coupled Light Emitting Diodes
in Unmodified Silicon Photonics Fabrication Processes,”
APL Photonics 8(8), 081301 (2023).

Z.Zhang, M. Notaros, Z. Gao, U. Chakraborty, J. Notaros,
and D. S. Boning, “Impact of process variations on split-
ter-tree-based integrated optical phased arrays,” Optics
Express 31(8),12912 (2023).

Y.Liu,C.Zhang, D. DeSantis, D. Hu, T. Meissner, A. Garcia
Coleto, B. Mazur, J. Notaros, and J. Klamkin, “High-Res-
olution Arrayed-Waveguide-Grating-Assisted Passive
Integrated Optical Phased Array for 2-D Beam Steering,’
in Proceedings of Conference on Lasers and Electro-Optics
(CLEO) (OSA, 2024), paper STu4N.1. (Highlighted Talk
Award)

A.Garcia Coleto*, M. Notaros* and J. Notaros, “Integrated
Liquid-Crystal-Based Modulators: Packaging Processes
and Evaluation Techniques,” in Proceedings of IEEE Pho-
tonics Conference (IPC) (IEEE, 2023), paper WE1.3. (*Equal
Contributors)

T. Sneh, S. Corsetti, M. Notaros, K. Kikkeri, J. Voldman,
and J. Notaros, “Optical Tweezing of Microspheres and
Cells Using Integrated Optical Phased Arrays,” in Pro-
ceedings of IEEE Photonics Conference (IPC) (IEEE, 2023),
paper TuE2.2.

D.M.DeSantis*, M. Notaros*, M. R. Torres, and J. Notaros,
“Underwater Wireless Optical Communications Using
Integrated Optical Phased Arrays,” in Proceedings of IEEE
Photonics Conference (IPC) (IEEE, 2023), paper MB4.5.
(*Equal Contributors)

S.Corsetti, A. Hattori, R. Swint, M. Notaros, G. N. West, T.
Sneh, F. Knollmann, P. T. Callahan, T. Mahony, E. R. Clem-
ents, D. Kharas, C. Sorace-Agaskar, R. McConnell, J. Chi-
averini,and J. Notaros, “Integrated Polarization-Diverse
Grating Emitters for Trapped-Ion Quantum Systems,”
in Proceedings of Frontiers in Optics and Laser Science
(FiO, LS) (OSA, 2023), paper JTu7A.3. (Postdeadline Talk)

Z.Zhang, M. Notaros, Z. Gao, U. Chakraborty, J. Notaros,
and D. Boning, “Impact of Spatial Variations on Splitter-
Tree-Based Integrated Optical Phased Arrays,” in Pro-
ceedings of Optical Fiber Communication Conference
(OFC) (OSA, 2023), paper W2A.35. [Link]
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William D. Oliver
Henry Ellis Warren (1894) Professor of EECS & Physics
Director of Center for Quantum Engineering

Associate Director of Research Laboratory of Electronics

The materials growth, fabrication, design, measurement of superconducting
qubits. The development of cryogenic packaging and control William electron-
ics involving cryogenic CMOS and single-flux quantum digital logic.

Rm. 13-3050 | 617-258-6018 | william.oliver @ mit . edu

RESEARCH SCIENTISTS

Jeff Grover, RLE and CQE

Kyle Serniak RLE, CQE, and Lincoln Lab
Joel I. J. Wang, RLE and CQE

POSTDOCTORAL ASSOCIATES

Réouven Assouly, RLE

Aranya Goswami, RLE

Max Hays, RLE, IC Postdoc Fellow

Daniel Rodan Legrain, RLE, Rafael del Pino Fellow
Jorge Marques, RLE

Doug Pinckney, RLE

Ilan Rosen, RLE, IC Postdoc Fellow

Helin Zhang, RLE

GRADUATE STUDENTS

Aziza Almanakly, EECS, CBL Fellow
Junyoung An, EECS, KFAS Fellow

Lamia Ateshian, EECS, CQE Fellow

Will Banner, EECS

Cora Barrett, EECS, NSF Fellow

Shoumik Chowdhury, EECS, NSF Fellow
Gabriel Cutter, EECS, NSF Fellow

Qi (Andy) Ding, EECS

Shantanu Jha, EECS, NSF Fellow

Hanlim (Harry) Kang, EECS, KFAS Fellow
Junghyun Kim, EECS, KEAS Fellow

Chris McNally, EECS

Miguel Moreira, EECS

Sarah Muschinske, EECS

David Pahl, EECS

Lukas Pahl, EECS

David Rower, Physics

Chia-Chin Tsai, DMSE, TGET Scholarship recipient
Hung-Yu Tsao, EECS

Beatriz Yankelevich, EECS, Hertz/ NSF Fellow
Sameia Zaman, EECS, SLB Faculty for the Future Fellow

UNDERGRADUATE STUDENTS
Catherine Tang, EECS

VISITING STUDENTS

Fabrizio Berritta, University of Copenhagen
Frederike Brockmeyer, ETH Zurich

Melvin Mathews, ETH Zurich

Pablo Mercader, Polytechnic University of Catalonia
Sein Park, POSTECH

SUPPORT STAFF

Chihiro Watanabe, Program Administrator
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SELECTED PUBLICATIONS

J.Corrigan, B. Harpt, N. Holman, R. Ruskov, P. Marciniec,
D.Rosenberg, D. Yost, R. Das, W. D. Oliver, R. McDermott,
C.Tahan, M. Friesen, M. A. Eriksson, “Longitudinal cou-
pling between a Si/SiGe quantum dot and an off-chip
TiN resonator,” Phys. Rev. Applied 20, 064005, Dec. 2023.

T. M. Hazard, W. Woods, D. Rosenberg, R. Das, C. E. Hir-
jibehedin, D. K. Kim, J. Knecht, J. Mallek, A. Melville, B.
M. Niedzielski, K. Serniak, K. M. Sliwa, D. Ruth-Yost, J. L.
Yoder, W. D. Oliver, M. E. Schwartz, “Characterization of
superconducting through-silicon vias as capacitive ele-
ments in quantum circuits,” Appl. Phys. Lett. 123,154004,
Oct.2023.

L. Ding, M. Hays, Y. Sung, B. Kannan, J. An, A. Di Paolo,
A. H. Karamlou, T. M. Hazard, K. Azar, D. K. Kim, B. M.
Niedzielski, A. Melville, M. E. Schwartz, J. L. Yoder, T.
P. Orlando, S. Gustavsson, J. A. Grover, K. Serniak, W.D.
Oliver, “High-Fidelity, Frequency-Flexible Two-Qubit
Fluxonium Gates with a Transmon Coupler,” Phys. Rev.
X 13, 031035, Sep. 2023.

C. N. Barrett, A. H. Karamlou, S. E. Muschinske, I. T.
Rosen, J. Braumiiller, R. Das, D. K. Kim, B. M. Niedzielski,
M. Schuldt, K. Serniak, M. E. Schwartz, J. L. Yoder, T. P.
Orlando, S. Gustavsson, J. A. Grover, W. D. Oliver, “Learn-
ing-based Calibration of Flux Crosstalk in Transmon
Qubit Arrays,” Phys. Rev. Applied 20, 024070, Aug. 2023.

D.Rower, L. Ateshian, L. Li, M. Hays, D. Bluvstein, L. Ding,
B.Kannan, A. Almanakly, J. Braumdiller, D. Kim, A. Mel-
ville, B. Niedzielski, M. Schwartz, J. Yoder, T. Orlando, J.
Wang, S. Gustavsson, J. Grover, K. Serniak, R. Comin, W.
D. Oliver, “Evolution of 1/f Flux Noise in Superconducting
Qubits with Weak Magnetic Fields,” Phys. Rev. Lett. 130,
220602, May. 2023.
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Tomas Palacios
Director, Microsystems Technology Laboratories
Clarence J. LeBel Professor

Department of Electrical Engineering and Computer Science

Design, fabrication, and characterization of novel electronic devices and sys-
tems based on wide bandgap semiconductors & two-dimensional (2-D) mate-
rials, polarization & bandgap engineering, transistors for high voltage, sub-mm
wave power & digital applications, sensors and heterogeneous integration.

Rm. 39-567 | 617-324-2395 | tpalacios @ mit . edu

GRADUATE STUDENTS
Patrick Darmawi-Iskander, EECS
Ayush Gupta, EECS

Jung-Han (Sharon) Hsia, EECS
Yixuan Jiao, EECS

Hae Won Lee, EECS

Kevin Limanta, EECS

Christian Lopez Angeles, EECS
Cheng-Hsin Liu, EECS

Yiyue (Alyssa) Luo, CSAIL
Gillian Micale, DMSE

John Niroula, EECS

Hridibrata Pal, EECS

Joshua Perozek, EECS

Qingyun Xie, EECS

Pradyot Yadav, EECS (co-advised with R. Han)
Aijia Yao, EECS

Jiadi Zhu, EECS

UNDERGRADUATE STUDENTS
Franck Belemkoabga, SuperUROP
Ellie M. Bultena, UROP

Denis Eruz, SuperUROP

Rachel Jiang, UROP

Jeewoo Kang, UROP

Makar Kuznietsov, UROP

Matthew A. Taylor, UROP

Hasan Zeki Yildiz, UROP

Erin W. Zhang, UROP

VISITORS

Amadeo de Gracia, Universidad Politécnica de Madrid

Sam Fuller, Analog Devices

Cristina Gomez Navarro Gonzalez, Universidad
Auténoma de Madrid

Miguel Grande, Universidad Politécnica de Madrid

David Morales, Universidad Politécnica de Madrid

Javier de Mena Pacheco, Universidad Politécnica de
Madrid

Marisa Lopez-Vallejo, Professor, Universidad
Politécnica de Madrid

Michal Prokop, Catalan Institute of Nanoscience and
Nanotechnology, Barcelona, Spain

Anthony Taylor, Edwards Vacuum

SUPPORT STAFF
Elizabeth Green, Sr. Administrative Assistant
Preetha Kingsview, Project Coordinator
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SELECTED PUBLICATIONS

P. C. Shih, J. Perozek, A. I. Akinwande, and T. Palacios,
“Anode-Integrated GaN Field Emitter Arrays for Compact
Vacuum Transistors,” IEEE Electron Device Letts., 44,11,
1895-1898,10.1109/LED.2023.3317071, 2023.

J.Zhu, and T. Palacios, “Design-Technology Co-Optimiza-
tion for 2D Electronics,” Nature Electronics, 6,11, 803- 804,
10.1038/541928-023-01072-1, 2023.

P.Wu, T.Y. Zhang, J. D. Zhu, T. Palacios, and J. Kong, “2D
Materials for Logic Device Scaling,” Nature Materials,
10.1038/541563-023-01715-W, 2024.

Y.Y. Luo, C. Liy, Y. J. Lee, J. Delpreto, K. Wu, M. Foshey,
D. Rus, T. Palacios, Y. Z. Li, A. Torralba, and W. Matusik,
“Adaptive Tactile Interaction Transfer Via Digitally
Embroidered Smart Gloves,” Nature Communications,
15,1, 10.1038/S41467-024-45059-8, 2023.

Y.Qin, M. Xiao,R.Z.Zhang,Q.Y.Xie, T. Palacios, B.Y. Wang,
Y. W. Ma, I. Kravchenko, D.P. Briggs, D. K. Hensley, B. R.
Srijanto, and Y. H. Zhang, “1 kV GaN-on-Si Quasi-Vertical
Schottky Rectifier,” IEEE Electron Device Letts., 44, 7,
1052- 1055, 10.1109/LED.2023.3282025, 2023.

M. T. Azad, T. Hossain, B. Sikder, Q. Y. Xie, M. Y. Yuan, E.
Yagyu, K. H. Teo, T. Palacios, and N. Chowdhury, “AlGaN/
GaN-Based Multimetal Gated High-Electron-Mobility
Transistor with Improved Linearity” IEEE Transactions
on Electron Devices, 10.1109/TED.2023.3311422, 2023.

S.S.Luo, K. Fu, Q.Y. Xie, M. Y. Yuan, G. H. Gao, H. Guo, R.
Xu, N.Giles, T.Li, Z. B. Mei, M. F. Xu, J. A. Zhou, Z. Y. He, C.
Chang, H.Y.Zhu, T. Palacios,and Y. J. Zhao, “Investigation
of Vertical GaN-on-GaN p-n diode with regrown p-GaN
for Operation in Venus and Other Extreme Environ-
ments,” Applied Physics Letts., 123, 24, 10.1063/5.0173535,
2023.

R.Qing, M. T. Xue, J. Y. Zhao, L. D. Wu, A. Breitwieser, E.
Smorodina, T. Schubert, G. Azzellino, D. Jin, J. Kong, T.
Palacios, U.B. Sleytr,and S. G. Zhang, “Scalable Biomimetic
Sensing System with Membrane Receptor Dual-Mono-
layer Probe and Graphene Transistor Arrays,” Science
Advances, 9, 29, 10.1126/sciadv.adf1402, 2023.
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David J. Perreault

Ford Professor of Engineering
Department of Electrical Engineering & Computer Science

Power electronics and energy conversion systems, high-efficiency radio-fre-
quency power amplifiers and rf applications, Renewable energy systems, ap-
plications of power electronics in industrial, commercial, scientific, transporta-
tion, and biomedical systems

Rm. 10-172 | (617) 258-6038 | djperrea @ mit . edu

POSTDOCTORAL ASSOCIATE
Xin Zan, RLE

GRADUATE STUDENTS
Julia Estrin, EECS

K Rafa Islam, EECS
Amanda Jackson, EECS
Mansi Joisher, EECS
Mohammad Qasim, EECS
Rachel Yang, EECS

UNDERGRADUATE STUDENTS
Sarah Coston, EECS

SUPPORT STAFF
David M. Otten, Prinicipal Research Engineer
Donna Gale, Administrative Assistant

SELECTED PUBLICATIONS

J. G. Kassakian, D.J. Perreault, G. C. Verghese, and M.
F. Schlecht, “Principles of Power Electronics,” 2nd ed.
Cambridge: Cambridge University Press, 2023.

J.D.Boles, J.E. Bonavia, J. H. Lang, and D.J. Perreault, “A
Piezoelectric-Resonator-Based DC-DC Converter Demon-
strating 1 kW/cm Resonator Power Density,” IEEE Trans-
actions on Power Electronics, vol. 38,no. 8, pp.10012-10025,
Aug. 2023.

H. Andersen, Y. Chen, M. M. Qasim, D. G. Guadrado, D.M.
Otten, E. Greitzer, D.J. Perreault, J.L.Kirtley, J.H. Lang and
Z.Spakovsky, “Design and Manufacturing of a High-Spe-
cific-Power Electric Machine for Aircraft Propulsion,”
AIAA/IEEE Electric Aircraft Technologies Symposium
(EATS), Jun. 2023.

X. Zan, K. N. R. Islam, and D. J. Perreault, “Wide-Range
Switched-Mode Power Amplifier Architecture,” 2023 [EEE
Workshop on Control and Modeling for Power Electronics,
Jun.2023.

E.Ng,J.D.Boles,J.H.Lang and D. J. Perreault, “Piezoelec-
tric Transformer Component Design for DC-DC Power
Conversion,” 2023 IEEE Workshop on Control and Modeling
for Power Electronics, Jun. 2023.
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Y. Chen, Z. S. Spakovsky, E. M. Greitzer, Z. C. Cordero, J.
H. Lang, J. L. Kirtley, D. J. Perreault, H. N. Andersen, M.
M. Qasim, D. G. Cuadrado, and D. M. Otten, “Technology
Demonstration of a Megawatt-Class Integrated Motor
Drive for Aircraft Propulsion,” AIAA/IEEE Electric Air-
craft Technologies Symposium (EATS), Jun. 2023.

M. M. Qasim, D. M. Otten, Z.S. Spakovszky,J. H.Lang, J. L.
Kirtley,and D. J. Perreault, “Design and Optimization of
an Inverter for a One-Megawatt Ultra-Light Motor Drive,’
AIAA/IEEE Electric Aircraft Technologies Symposium
(EATS), Jun. 2023.

Z. Shen, W. Chen, H. Zhao, L. Jin, A.J. Hanson, D. J. Per-
reault, C.R. Sullivan, F. Blaabjerg, and H. Wang, “Core
Energy Capacitance of NiZn Inductors,” IEEE Transactions
on Power Electronics, Vol 8, No. 4, pp. 4235-4240, Apr. 2023.

M.K.Ranjram and D. J. Perreault, “A Modeling Approach
forthe VIRT and Other Coupled Electronic and Magnetic
Systems,” IEEE J. of Emerging and Selected Topics in Power
Electronics, Vol. 10, No. 6, pp. 6728-6741, Dec. 2022.

J.D. Boles, E. Ng, J. H. Lang, and D. J. Perreault, “DC-DC
Converter Implementations Based on Piezoelectric Trans-
formers,” IEEE J. of Emerging and Selected Topics in Power
Electronics, Vol. 10, No. 6, pp. 6754-6769, Jun. 2022.

R.S.Yang, A.B. Nadler, C. R. Sullivan and D. J. Perreault,
“Permanent Magnet Hybrid Core Inductors for High
Saturation Capability,” 2022 IEEE Workshop on Modeling
and Control in Power Electronics, Jun. 2022.

J.D.Boles, J. J. Piel, E. Ng, J. E. Bonavia, B. M. Wanyeki, J.
H.LangandD. J. Perreault, “Opportunities, Progress and
Challenges in Piezoelectric-Based Power Electronics,’
2022 International Power Electronics Conference, May
2022, invited.

J. D. Boles, J. J. Piel, E. Ng, J. E. Bonavia, J. H. Lang and
D. J. Perreault, “Piezoelectric-Based Power Conversion:
Recent Progress, Opportunities and Challenges,” 2022
IEEE Custom Integrated Circuits Conference, Apr. 2022,
invited.

H. Zhang, G. Cassidy, A. Jurkov, K. Luu, A. Radomski,
and D. J. Perreault, “Modeling and Design of High-Power
Non-Isolating RF Power Combiners Based on Transmis-
sion Lines,” 2022 IEEE Applied Power Electronics Confer-
ence, Mar. 2022.
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Carlos M. Portela

Robert N. Noyce Career Development Chair
Assistant Professor

Department of Mechanical Engineering

Mechanics of materials, emphasis on architected materials, nanomechanics, in

) ) )
situ mechanical testing, extreme dynamic conditions, acoustic metamaterials,
precision additive manufacturing

Rm. 1-304 | 617-715-2680 | cportela @ mit.edu

POSTDOCTORAL ASSOCIATES

Molly Carton, MechE, MIT Engineering Excellence Fellow
Jet Lem, MechE

James U. Surjadi, MechE

GRADUATE STUDENTS
Thomas Butruille, MechE
Andrew Chen, MechE

Collin DesRoberts, MechE
Somayajulu Dhulipala, MechE
Michael Espinal, MechE
Samuel Figueroa, MechE
Rishi Komalapati, MechE
Rachel Sun, MechE

SUPPORT STAFF

Janet Maslow, Administrative Assistant

SELECTED PUBLICATIONS

T. Butruille, J.C. Crone, and C. M. Portela, “Decoupling
Particle-impact Dissipation Mechanisms in 3D Archi-
tected Materials,” Proc. Natl. Acad. Sci. 121 (2024)

Y.Kai, S. Dhulipala, R. Sun, J. Lem, W. DeLima, T. Pezeril,
and C. M. Portela, “Dynamic Diagnosis of Metamaterials
Through Laser-induced Vibrational Signatures,” Nature
623 (2023) 514—521. [Link]

P.Thakolkaran, M. A. Espinal, S. Dhulipala, S. Kumar, and
C.M. Portela, “Experiment-informed Finite-strain Inverse
Design of Spinodal Metamaterials,” arXiv:2312.11648 (2023).
[Link]
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https://doi.org/10.1038/s41586-023-06652-x

http://arxiv.org/abs/2312.11648

Negar Reiskarimian
X-Window Consortium Career Development 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

POSTDOCTORAL ASSOCIATE
Mohammad Barzgari, EECS

GRADUATE STUDENTS

Soroush Araei, EECS

Shahabeddin Mohin, EECS

Sarina Sabouri, EECS (co-supervised with A. Chandrakasan)
Melania St. Cyr, EECS, Draper Scholars Fellowship
Haibo Yang, EECS

SUPPORT STAFF

Maria Markulis, Administrative Assistant

SELECTED PUBLICATIONS

S. Mohin, S. Araei, M. Barzgari, and N. Reiskarimian, “A
Blocker-Tolerant mm-Wave MIMO Receiver with Spatial
Notch Filtering Using Non-Reciprocal Phase-Shifters for
5G Applications,” accepted and to appear in IEEE Radio
Frequency Integrated Circuits Symposium (RFIC), Jun.
2024 (Best Student Paper Award Finalist).

S. Araei, S. Mohin and N. Reiskarimian, “0.25-4GHz Har-
monic-Resilient Receiver with Built-in HR at Antenna and
BB Achieving +14/+16.5dBm 3rd/sth IB Harmonic BidB,”
in IEEE International Solid-State Circuits Conference
(ISSCC), pp 90-91, Feb. 2024.

S.Araei, S. Mohin, and N. Reiskarimian “Harmonic-Resil-
ient Fully Passive Mixer-First Receiver for Software-De-
fined Radios” IEEE J. of Solid-State Circuits (invited), vol.
58, 0. 12, pp. 3396-3407, Dec. 2023.

S. Araei, S. Mohin, and N. Reiskarimian “Realization of
Low-Loss Fully Passive Harmonic Rejection N-Path Fil-
ters” IEEE Microwave and Wireless Technology Letts.
(invited), vol. 33, no. 6, pp. 823-826, Jun. 2023.

S. Araei, S. Mohin, and N. Reiskarimian, “Realization of
Low-Loss Fully-Passive Harmonic Rejection N-Path Fil-
ters,” in IEEE International Microwave Symposium (IMS),
Jun.2023 (Selected as one of the top-50 IMS submissions).

S. Araei, S. Mohin, and N. Reiskarimian, “An Interfer-
er-Tolerant Harmonic-Resilient Receiver with >+10dBm
3rd Harmonic Blocker P1dB for 5G NR Applications,” in
IEEE International Solid-State Circuits Conference (ISSCC),
Pp. 294-295, Feb. 2023.
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N. Reiskarimian, “A Review of Nonmagnetic Nonrecipro-
cal Electronic Devices: Recent Advancesin Nonmagnetic
Nonreciprocal Components,” IEEE Solid-State Circuits
Magazine vol. 13, no. 4, pp. 112-121, Fall 2021.

N. Reiskarimian, M. Khorshidian,and H. Krishnaswamy,
“Inductorless, Widely Tunable N-Path Shekel Circulators
Based on Harmonic Engineering,” IEEE J. of Solid-State
Circuits (JSSC) (invited), vol. 56, no. 4, Apr. 2021.

A. Nagulu, N. Reiskarimian, and H. Krishnaswamy,
“Non-reciprocal Electronics Based on Temporal Modu-
lation,” Nature Electronics, May 2020.

M. Khorshidian, N. Reiskarimian,and H. Krishnaswamy,
“A Compact Reconfigurable N-Path Low-Pass Filter Based
on Negative Trans-Resistance with <1dB Loss and >21dB
Out-of-Band Rejection,” in IEEE International Microwave
Symposium (IMS), pp. 799-802, Jun. 2020.

M. Khorshidian, N. Reiskarimian,and H. Krishnaswamy,
“High-Performance Isolators and Notch Filters based on
N-Path Negative Trans-Resistance,” in IEEE International
Solid-State Circuits Conference (ISSCC), Feb. 2020.
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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
Thomas Heldt, MIT

Joohyun Seo, Analog Devices, Inc.
Vivienne Sze, MIT

CO-ADVISED STUDENTS
Syed Muhammad Imaduddin
Jamie Koerner, EECS

Isabella Romero Estevez, EECS

SUPPORT STAFF

Ava Bowen, Administrative Assistant

SELECTED PUBLICATIONS

A. Chandrasekhar, R. Padrés-Valls, R. Pallares-Lopez,
E. Palanques-Tost, N. Houstis, T. M. Sundt, H.-S. Lee, C.
G. Sodini, and A. D. Aguirre, “Tissue Perfusion Pressure
Enables Continuous Hemodynamic Evaluation and Risk
Prediction in the Intensive Care Unit,” Nature Medicine,
vol. 29, no. 8, pp. 1998-2006.

H.-Y.Lai, C. G. Sodini, T. Heldt, and V. Sze, “Individualized
Tracking of Neurocognitive-state-dependent Eye-move-
ment Features Using Mobile Devices,” in Proceedings of
the ACM on Interactive, Mobile, Wearable and Ubiquitous
Technologies 7(1):1-23, 2023

S. M. Imaduddin, C. G. Sodini, and T. Heldt, “Deconvolu-
tion-based partial volume correction for volumetric blood
flow measurement,” IEEE Transactions on Ultrasonics,
Ferroelectrics, and Frequency Control, 69(8): 2484-2498,
Apr. 2022.

J. Seo, H.-S. Lee, and C. G. Sodini, “Non-Invasive Evalu-
ation of a Carotid Arterial Pressure Waveform Using
Motion-Tolerant Ultrasound Measurements During the
Valsalva Maneuver,” IEEE J. Of Biomedical And Health
Informatics, vol. 25, no. 1, Jan. 2021.

H.-Y. Lai, G. Saavedra-Pefia, C. G. Sodini, V. Sze, and T.
Heldt, “App-based Saccade Latency and Error Determina-
tion Across the Adult Age Spectrum,” IEEE Transactions
on Biomedical Engineering 69(2): 1029-1039, 2021.
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Vivienne Sze
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
Tanner Andrulis, EECS (co-advised with Joel Emer)
Zih-Sing Fu, EECS (co-advised with Sertac Karaman)
Dasong Gao, EECS (co-advised with Sertac Karaman)
Michael Gilbert, EECS (co-advised with Joel Emer)
Keshav Gupta, EECS (co-advised with Sertac Karaman)
Jamie Koerner, EECS (co-advised with Thomas Heldt)
Peter Li, EECS (co-advised with Sertac Karaman)
Soumya Sudhakar, AeroAstro (co-advised with Sertac
Karaman)
Zi Yu Fisher Xue, EECS (co-advised with Joel Emer)

UNDERGRADUATE STUDENTS
Cynthia Cao, EECS

Andrew Feldman, EECS

Eyan Forsythe, EECS

Yicheng Huang, EECS

Kailas Kahler, EECS

John Posada, AeroAstro

Alex Studer, EECS

Adrianna Wojtyna, EECS

Reng Zheng, EECS

SUPPORT STAFF

Janice L. Balzer, Administrative Assistant

SELECTED PUBLICATIONS

P.Z.X.Li,S.Karaman, and V. Sze, “"GMMap: Memory-Effi-
cient Continuous Occupancy Map Using Gaussian Mix-
ture Model,” IEEE Transactions on Robotics (T-RO), Vol.
40, pp. 1339 — 1355, Jan. 2024.

T. Andrulis, J. Emer, and V. Sze, “CiMLoop: A Fast, Flexible,
and Accurate Compute-In-Memory Modeling Frame-
work,” IEEE International Symposium on Performance
Analysis of Systems and Software (ISPASS), May 2024.

T. Andrulis, G. I. Chaudhry, V. M. Suriyakumar, J. Emer,
V. Sze, “Architecture-Level Modeling of Photonic Deep
Neural Network Accelerators,” IEEE International Sym-
posium on Performance Analysis of Systems and Software
(ISPASS), May 2024

T.Andrulis, R.Chen, H.-S. Lee, J. Emer, and V. Sze, “Model-
ing Analog-Digital-Converter Energy and Area for Com-
pute-In-Memory Accelerator Design,” arXiv:2404.06553,
Apr. 2024

V. Sivaraman, P. Karimi, V. Venkatapathy, M.Khani, S.
Fouladi, M. Alizadeh, F. Durand, and V. Sze, “Gemino:
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Practical and Robust Neural Compression for Video Con-
ferencing,” USENIX Symposium on Networked Systems
Design and Implementation (NDSI), Apr. 2024.

Z.Y.Xue, Y. N. Wu, J. S. Emer, and V. Sze, “Tailors: Accel-
erating Sparse Tensor Algebra by Overbooking Buffer
Occupancy,” ACM/IEEE International Symposium on
Microarchitecture (MICRO), Oct. 2023.

Y. N. Wu, P. A. Tsai, S. Muralidharan, A. Parashar, V. Sze,
and J. S. Emer, “HighLight: Efficient and Flexible DNN
Acceleration with Hierarchical Structured Sparsity,”
ACM/IEEE International Symposium on Microarchitecture
(MICRO), Oct. 2023.
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Carl V. Thompson

Stavros Salapatas Professor of Materials Science and Engineering

Department of Materials Science and Engineering

Processing and properties of materials for micro- and nano-systems.

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

POSTDOCTORAL ASSOCIATES
Onur Guvenc, DMSE
Hui-Teng Tan, SMART

GRADUATE STUDENTS

Uttara Chakraborty, EECS (co-advised with D. Boning)
Misong Ju, DMSE

Christopher Mallia, DMSE

Khandoker N. Rafa Islam, EECS

Alex Wang, DMSE

UNDERGRADUATE STUDENTS

Louise Anderfass, DMSE

Jakob Stavehaug, DMSE, University of Illinois Urbana-
Champaign

SUPPORT STAFF

Ryan Kendall, Sr. Administrative Assistant

SELECTED PUBLICATIONS

H.T.Tan,Y.Gao,G. J. Syaranamual, W. A. Sasangka, S. C.
Foo, K. H. Lee, S. Arulkumaran, G.I. Ng, C. V. Thompson,
and C. L. Gan, “Investigation of the Role of Pre-existing
Oxide in the Initial Degradation Mechanism in AlGaN/
GaN HEMTs Under ON-state Stress,” Microelectronics
Reliability 150, article # 115165, 2023.

Y.Zhu, M. Chon, C.V.Thompson, and J. L. M. Rupp, “Time-
Temperature-Transformation (TTT) Diagram of Bat-
tery-Grade Li-Garnet Electrolytes for Low-Temperature
Sustainable Synthesis,” Angewandte Chemie International
Edition 62, article # 202304581, 2023.

U.Chakraborty, E. Bender, D. S. Boning, and C. V. Thomp-
son, “Identification of Multiple Failure Mechanisms for
Device Reliability using Differential Evolution,” IEEE
Transactions on Device and Materials Reliability 23, pp.
599-614,2023.

R.T.Benz, D. Beck, C. Belanger, A. Cabral, M. Ricci, C.
V. Thompson, and B. Duncan, “Silicate-Based Packaging
Materials for Heterogeneous Integration of Microsys-
tems,” [EEE Transactions on Components, Packaging and
Manufacturing Technology 14, pp. 368-375, 2024.
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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; microelectromechanical systems (MEMS) and nanoelectro-
mechanical systems (NEMS); powerMEMS; additively manufactured MEMS and
NEMS. Actuators, cold cathodes, ionizers, microfluidics, microplasmas, CubeSat
hardware, portable mass spectrometry, pumps, sensors, X-ray sources.

Rm. 39-415B | 617-253-0730 | Ifvelasq @ mit . edu

POSTDOCTORAL ASSOCIATE
Nicholas Lubinsky, EECS

GRADUATE STUDENTS
Zoey Bigelow, EECS

Jorge Canada Perez-Sala, EECS
Alejandro Diaz, EECS

Colin Eckhoff, EECS

Hunter Hinnen, EECS

Alex Kashkin, MechE
Hyeonseok Kim, MechE

SUPPORT STAFF

Jami L. Mitchell, Project Coordinator

SELECTED PUBLICATIONS

A. Kachkine and L. F. Veldsquez-Garcia, “High-Perfor-
mance, Low-Cost, Additively Manufactured Electrospray
Ion Sources for Mass Spectrometry,” J. of the American
Society for Mass Spectrometry, Vol. 35, No. 5, pp. 862—870,
May 2024. doi: 10.1021/jasms.3c00409

A.Diaz and L. F. Velasquez-Garcia, “Compact, Monolith-
ically 3-D Printed Quadrupole Mass Filters for CubeSat
Mass Spectrometry,” [IEEE Transactions in Instrumenta-
tion and Measurement, Vol. 73, pp. 1-10, Art no. 9505910,
Mar. 2024, doi: 10.1109/TIM.2024.3372214

Z.Bigelow and L. F. Velasquez-Garcia, “Autonomous, Addi-
tively Manufactured, Multi Langmuir Probe for CubeSat
Plasma Diagnostics,” IEEE Transactions in Instrumenta-
tion and Measurement, Vol. 73, pp. 1-13, Art no. 9505713,
Mar. 2024 doi: 10.1109/TIM.2024.3373052

J.Cafiada, H.Kim, and L. F. Velasquez-Garcia, “Three-Di-
mensional, Soft Magnetic-Cored Solenoids via Monolithic,
Multi-Material Extrusion,” Virtual and Physical Prototyp-
ing, Vol. 19. No. 1, €2310046 (18pp) Feb. 2024. [Link].

C.C.Eckhoff, N.K. Lubinsky, L. J. Metzler, R. E. Pedder, and
L.F.Velasquez-Garcia, “Low-Cost, Compact Quadrupole
Mass Filters with Unity Mass Resolution via Ceramic
Resin Vat Photopolymerization,” Advanced Science, Vol.
11, No. 9, 2307665, Mar. 2024 doi: 10.1002/advs.202307665
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H. Kim and L. F. Velasquez-Garcia, “Monolithically
3D-Printed Microfluidic Flow Distributor for Uniform
Operation of Multiplexed Electrospray Droplet CubeSat
Thrusters,” Technical Digest 22nd International Confer-
ence on Micro and Nanotechnology for Power Genera-
tion and Energy Conversion Applications, Abu Dhabi,
UAE, pp. 224 — 227, Dec. 11-14, 2023, doi: 10.1109/Power-
MEMS59329.2023.10417348

J. Cafiada and L. F. Velasquez-Garcia, “Monolithically
3D-Printed, Self-Heating Microfluidics,” Technical Digest
22nd International Conference on Micro and Nanotech-
nology for Power Generation and Energy Conversion
Applications, Abu Dhabi, UAE, pp. 210 - 213, Dec. 11-14,
2023, doi: 10.1109/PowerMEMS59329.2023.10417177

A.Kachkine, C.E.Owens, A. J. Hart, and Luis F. Velasquez-
Garcia, “3D-Printed, Non-Planar Electron Sources for
Next-Generation Electron Projection Lithography,” Tech-
nical Digest 36th International Vacuum Nanoelectronics
Conference (IVNC 2023), Jul.10-132023, Cambridge, MA,
USA, pp. 128-130, doi: 10.1109/IVNC57695.2023.10188962.

Z.Bigelow and Luis F. Velasquez-Garcia, “Fully 3D-Printed,
Miniature Langmuir Multi-Probe Sensor for Cubesat
Ionospheric Plasma Diagnostics,” Technical Digest 36th
International Vacuum Nanoelectronics Conference (IVNC
2023), Jul. 10 —13 2023, Cambridge, MA, USA, pp. 103-105,
doi: 10.1109/IVNC57695.2023.10188955.

C.C.Eckhoff, N. K. Lubinsky, R. E. Pedder, and Luis F. Vel-
asquez-Garcia, “Miniature, Monolithic, Fully Additively
Manufactured Glass-Ceramic Quadrupole Mass Filters
for Point-Of-Care Mass Spectrometry,” Technical Digest
36th International Vacuum Nanoelectronics Conference
(IVNC 2023), Jul. 10 — 13 2023, Cambridge, MA, USA, pp.
204-206, doi: 10.1109/IVNC57695.2023.10188968.

A.DiazandL.F.Velasquez-Garcia, “Miniature, 3-D Printed
RF Quadrupole Mass Filters for CubeSats,” Technical
Digest 36th International Vacuum Nanoelectronics Con-
ference (IVNC 2023), Jul. 10 — 13 2023, Cambridge, MA,
USA, pp. 106-108, doi: 10.1109/IVNC57695.2023.10188995.

N.K.Lubinsky and Luis F. Velasquez-Garcia, “3-D Printed,
Compact, Time-of-Flight Reflectron Mass Filters,” Tech-
nical Digest 36th International Vacuum Nanoelectronics
Conference (IVNC 2023), Jul.10-13 2023, Cambridge, MA,
USA, pp. 109-111, doi: 10.1109/IVNC57695.2023.10189013.
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Sixian You
Assistant Professor

Department of Electrical Engineering & Computer Science

Bioimaging Technologies. Microscopy. Biophotonics.
Rm. 36-393 | 617-258-5927 | sixian @ mit . edu

POSTDOCTORAL ASSOCIATES
Tong Qiu
Kristina Monakhov

GRADUATE STUDENTS
Honghao Cao, EECS
Kunzan Liu, EECS

Kasey Shashaty, EECS

Li-Yu Yu

SUPPORT STAFF

Catherine Bourgeois, Admin. Support Services Manager

SELECTED PUBLICATIONS

L.-Y.Yu,andS. You, “High-Fidelity and High-Speed Wave-
front Shaping by Leveraging Complex Media,” Science
Advances, arXiv preprint arXiv:2302.10254. 2024

T.Qiu, H. Cao, K. Liu, E. Lendaro, F. Wang, and S. You, “Spa-
tiotemporal Control of Nonlinear Effects in Multimode
Fibers For Two-Octave High-Peak-Power Femtosecond
Tunable Source,” Nature Communications, arXiv preprint
arXiv:2306.05244, 2024

R.Guo, Q.Yang, A. S. Chang, G. Hu, J. Greene, C. V. Gabel,
S.You,and L. Tian, “EventLEM: Event Camera Integrated
Fourier Light Field Microscopy for Ultrafast 3D Imaging,’
Light: Science & Applications, 2024.

218 Faculty Profiles MICROSYSTEMS ANNUAL RESEARCH REPORT 2024



Theses Awarded

S.B.

Katherine Lei (P. ANIKEEVA)
Functionalization Platform of Magnetic Nano

Materials through Silica Shell Formation

Nikita Romanov (R. HAN)
Edge-Radiating CMOS Sub-THz Phased Array

S.M.

MICROSYSTEMS ANNUAL RESEARCH REPORT 2024

Henry Andersen (J. LANG)
Modeling, Manufacturing, and Experimental Validation

of an Electric Machine for Aircraft Propulsion

H. Azzouz (D. ENGLUND)
Second Harmonic Generation in Silicon Photonic
Crystal Resonator for Quantum Optic Applications

Adina Bechhofer (L. DANIEL)
Geometrical Optimization of Planar Nano Vacuum
Channel Transistors

Mercer Boris (L. DANIEL)
Alin the Cath Lab: Implications of Clinical AI-Enabled
Assistance for Intravascular Ultrasound Procedures

Honghao Cao (s. You)
Adaptive Fiber Source for Label-free Nonlinear

Microscopy

Jakie Chen (L. DANIEL)
Clustering of Similar Incident Tickets Using Natural

Language Processing

S. Corsetti (J. NOTAROS)
Visible-Light Integrated Photonics for 3D-Printing and
Trapped-Ion Systems

Marc Davis (D. ENGLUND)
Numerical Synthesis of Arbitrary Multi-qubit Unitaries
with Low T-count

Connor Gerlach (s. You)
Non-diffracting Beam for Microscopy

Isaac Harris (D. ENGLUND)
Hyperfine Interactions of the Group IV Color Centers

A. Hattori (J. NOTAROS)
Integrated-Photonics Devices and Architectures for
Advanced Cooling of Trapped Ions

Lauren Heintz (L. DANIEL)
Scenario Analysis of Profitability of New Offerings
under Different Business Contract Models

Jung-Han (Sharon) Hsia (1. PALACIOS)
Optically Controlled Vertical GaN finFET for Power
Applications

Theses Awarded

Steven Hubbard (D. BONING)

Empowering Delivery Service Partners: A Study on
Leveraging Generative Artificial Intelligence and Text
Clustering to Support External Partners

Ryan Kochert (D. BONING)
Process Digitalization: 3D Deep Learning in
Manufacturing Applications

Mingyuan Li (D. BONING)

Cost Analysis and Process Optimization of
Electrochemical Micromachining for Volume
Manufacturing

Kunzan Liu (s. You)
Deep and Dynamic Metabolic Imaging

Andrew Mighty (L. DANIEL)
Autonomous Drone Assisted Aircraft Inspections

Mikala N. Molina (L. DANIEL)
Autonomous Surface Vehicles

Ololade Olaleye (D. BONING)
Machine Learning and Stochastic Simulation for
Inventory Management

Rachel Owens (D. BONING)
Dynamic Time Warping Constraints for Semiconductor
Processing

Sarah Spector (F. NIROUI)
Nonplanar Nanofabrication via Interface Engineering

Grace Tang (. LANG)
Designing an Efficient Power/Control System for a
Network of Piezoelectric Speakers

Heather L. Willis (L. DANIEL)
Analysis of Data from the U.S. Shipbuilding Industry
and Application to Improve Performance Metrics

Zi Yu Fisher Xue (V. szE)
Accelerating Sparse Tensor Algebra by Overbooking
Buffer Occupancy

Pradyot Yadav (T. PALACIOS)

Design/System Technology Co-optimization of Gallium
Nitride High Electron Mobility Transistors for Next-G
3DIC Heterogeneous Integration of Gallium Nitride and
SiCMOS

Sameia Zaman (W. OLIVER)

Kinetic Inductance Characterization of Thin
2H-NbSe2 Superconductor Using Circuit Quantum
Electrodynamics

M. ENG

o Cole Brabec (D. ENGLUND)

Fast Phase Retrieval: A Robust and Efficient
Multidimensional Phase Retrieval Algorithm
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M. ENG. (conTINUED)

Sophia Cheung (D. BONING)

Machine Learning Methods for Automated Macro-
Inspection and Improved Defect Identification in
Semiconductor Manufacturing

Matthew Cox (R. HAN)
Study on Large-Language-Model Assisted Analog

Circuit Design

Marc Davis (D. ENGLUND)
Numerical Synthesis of Arbitrary Multi-qubit Unitaries
with Low T-count

Andrew Feldman (V. szE)
Microarchitecture Categorization and Pre-RTL
Analytical Modeling for Sparse Tensor Accelerators

Raiphy Jerez (s. copay)
Novel Topologies for Capacitively Isolated Switched
Capacitor Converters

Monica Liu (H.-s. LEE)
Fully Differential Programmable Gain Chiplet for
Integrated Data Acquisition Systems

Thomas Ngé (L. DANIEL)
Application of Multi-Objective Genetic Optimization in
PCB Component Placement

Elian Malkin (p. ANIKEEVA)

Minimally Invasive Neuromodulation Using
Mechanically-sensitive Ion Channels and
Magnetically-actuated Nanotransducers

Jonathan Sampson (D. BONING)

Improving Macroscale Defect Detection in
Semiconductor Manufacturing using Automated
Inspection with Convolutional Neural Networks

Alex Studer (V. szE)
Extensible Real-Time Sensor and Test Interface for a
System-on-Chip

Jade Sund (s. copay)
A Hybrid Switched-Capacitor Converter for Capacitive
Wireless Power Transfer in Biomedical Applications

John Waterworth (D. BONING)
Deep Transfer Learning for Macroscale Defect
Detection in Semiconductor Manufacturing

Adrianna Wojtyna (V. szE)
Energy-Efficient Real-Time Hardware Acceleration for
Gaussian Fitting

PH.D.
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Saumil Bandopadhay (D. ENGLUND)
Accelerating artificial intelligence with programmable
silicon photonics

Liane Bernstein (D. ENGLUND)
Large-Scale Optical Hardware for Neural Network
Inference Acceleration

Theses Awarded

Kevin Chen (D. ENGLUND)
Protocols and Devices for Scalable Spin-Photon
Quantum Networks

Ronald David (D. ENGLUND)
Combining RF Photonics and RF Machine Learning to
Enable New Communications Architectures

Leon Ding (w. OLIVER)
Novel Gates with Superconducting Fluxonium Qubits

Justin Hou (L. LIL)
Hybridized Magnonics in Antiferromagnets and Cavity
Spintonic Devices

Zhonggqiang Hu (L. LIU)
Interactive Spin Dynamics in Magnon and Quantum
Spin System

Amir Karamlou (W. OLIVER)
Quantum Simulation of Many-body Systems with
Superconducting Qubits

Taekyong Kim (J. DEL ALAMO)
Switching Dynamics in Ferroelectric Hf, ,Zr, ,O,
Devices: Experiments and Models

Ching-Yun (Irene) Ko (L. DANIEL)
Robustness of Machine Learning Models

Florian Koehler (P. ANIKEEVA)
Magnetic Tools for Neural Interfacing

Yixi Liu (E. BOYDEN)
Toward Ultra-Resolution Biomolecular Mapping in
Cells with Expansion Microscopy

Yunpeng Liu (. Kim)

Yiyue (Alyssa) Luo (1. PALACIOS)
Intelligent Textiles for Physical Interactions

Alex Miller (s. MANALIS)
A blood exchange method to study circulation kinetics
of tumor cells in the blood

Atharva Sahasrabudhe (p. ANIKEEVA)
Multifunctional Wireless Gut-brain Neurotechnology

Jose E. Cruz Serralles (L. DANIEL)
Integral Equation-Based Inverse Scattering and Coil
Optimization in Magnetic Resonance Imaging

Pao-Chuan Shih (1. PALACIOS)
Vacuum Transistors Based on I1I-Nitrides Self-Aligned-
Gate Field Emitter Arrays

Anu Sinha (. BOYDEN)
Spatially Precise in Situ Transcriptomics in Intact
Biological Systems

Michael Skuhersky (€. BOYDEN)
An Integrated Approach for Caenorhabditis elegans
Nervous System Simulation

Alexander Sludds (D. ENGLUND)
Delocalized Photonic Deep learning on the Internet’s

edge
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Startups Affiliated with MTL
and MIT.nano Faculty

Polina Anikeeva

* Neurobionics | https://neurobionics.io/

Vladimir Bulovic
» QD Vision
« Kateeva | https://kateeva.com/
« Ubiquitous Energy | https://ubiquitous.energy
« Swift Solar | https://www.swiftsolar.com
« Optigon | https://www.optigon.us

o Active Surfaces | https://www.linkedin.com/company/activesurfaces

Tonio Buonassisi
e Xinterra Pte.Ltd. | https://xinterra.tech

Dirk R. Englund
* QuEra Computing, Inc | https://www.quera.com
« Lightmatter Inc | https://www.lightmatter.ai
* Quantum Network Technologies, Inc | https://www.qunett.com
* Dust Identity Inc | https://dustidentity.com/

o Axiomatic_Al | https://www.axiomatic-ai.com/

Eugene Fitzgerald

* nsc pte Itd | https://www.nscinnovation.com/

Ruonan Han

 Cambridge Terahertz | https://www.thzcorp.com

Juejun (JJ) Hu
* 2Pi Inc. | https://www.2pioptics.com/
« InSpek SAS | https://www.inspek-solutions.com/
» LyteChip Inc. | https://lytechip.com/

MICROSYSTEMS ANNUAL RESEARCH REPORT 2023 MTL Startups
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Hae-Sueng (Harry) Lee

* Omni Technologies | https://www.omnidesigntech.com

Scott Manalis
* Travera | https://www.travera.com

« Affinity Biosensors | https://affinitybio.com

William D. Oliver

« Atlantic Quantum | https://www.atlantic-quantum.com

Tomas Palacios
¢ Finwave Semiconductor | https://www.finwavesemi.com
* FabuBlox | https://www.fabublox.com

* Vertical Horizons

David Perreault
* Artic Sand
* Onchip power/Finsix
« Eta Devices | https://www.linkedin.com/company/eta-devices-inc-/about/

* Eta Wireless | https://www.etawireless.com

Charlie Sodini

¢ Prescient Devices | https://www.prescientdevices.com

Kripa Varanasi
« LiquiGlide Inc. | https://liquiglide.com
* Dropwise Corp. | https://www.drop-wise.com
* Infinite Cooling | https://www.infinite-cooling.com
* AgZen Inc. | https://www.agzen.com
* Alsym Energy | https://www.alsym.com
« CoFLo Medical | https://www.coflo-medical.com

Luis Fernando Velésquez-Garcia
« FORAY Bioscience | https://www.foraybio.com
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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 lon 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

224

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

Glossary
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MISTI
MIT-SUTD
MIT Skoltech
MTL

NSE

Physics
Sloan

SMA
LSMART

1 SMART-LEES
SUTD-MIT
UROP

MIT International Science and Technology Initiatives

MIT-Singapore University of Technology and Design Collaboration Office
MIT Skoltech Initiative

Microsystems Technology Laboratories

Department of Nuclear Science & Engineering

Department of Physics

Sloan School of Management

Singapore-MIT Alliance

Singapore-MIT Alliance for Research and Technology Center

SMART Low Energy Electronic Systems Center

MIT-Singapore University of Technology and Design Collaboration Office

Undergraduate Research Opportunities Program

U.S. GOVERNMENT ACRONYMS

AFOSR
LFATE-MURI

AFRL
ARL
LARL-CDQI
ARO
ARPA-E
DARPA
LDREaM
DoD

DoE
LEFRC
DTRA
IARPA
LRAVEN
NASA
LGSRP
NDSEG
NIH
LNCI
NNSA

U.S. Air Force Office of Scientific Research

Foldable and Adaptive Two-dimensional Electronics
Multidisciplinary Research Program of the University Research Initiative

U.S. Air Force Research Laboratory
U.S. Army Research Laboratory

U.S. Army Research Laboratory Center for Distributed Quantum Information

Army Research Office

Advanced Research Projects Agency - Energy (DOE)
Defense Advanced Research Projects Agency
Dynamic Range-enhanced Electronics and. Materials
Department of Defense

Department of Energy

U.S. Department of Energy: Energy Frontier Research Center (Center for Excitonics)

U.S. DoD Defense Threat Reduction Agency

Intelligence Advanced Research Projects Activity

Rapid Analysis of Various Emerging Nanoelectronics

National Aeronautics and Space Administration

NASA Graduate Student Researchers Project

National Defense Science and Engineering Graduate Fellowship
National Institutes of Health

National Cancer Institute

National Nuclear Security Administration

MICROSYSTEMS ANNUAL RESEARCH REPORT 2024 Glossary
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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
LPECASE Presidential Early Career Awards for Scientists and Engineers
LSEES NSF Science, Engineering, and Education for Sustainability
LSTC NSF Science-Technology Center

ONR Office of Naval Research

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

226 Glossary
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Principal Investigator Index

A

Agarwal, Anuradha M.
Akinwande, Akintunde I. ..

Anikeeva, Polina

iv, 145,150, 177

Vv, 78, 81, 82, 83,178
70,179, 222

Antoniadis, Dimitri A.

B
Baldo, Marc A.

34,125,180

94,115, 133, 140, 144, 181

Bawendi, Moungi G.

97,133,148

Berggren, Karl K.

101, 164, 165, 167, 168, 169

Boning, Duane S.

ii, 24, 50, 127,129, 182

Boyden, Edward S.

107,183

Braatz, Richard D.

44

Bulovi¢, Vladimir ...

Buonassisi, Tonio

i,iii, iv, 33,139, 184, 148, 182, 222
222

C

Chandrakasan, Anantha P.

Cheema, Suraj

18, 58, 110, 185

186

Chen, Kevin

41,187

Coday, Samantha

188

Comin, Riccardo

91,163, 189

D

Dagdeviren, Canan

61, 68, 73

Daniel, Luca

del Alamo, JesUs A. ...

129,190

............... V, 34, 49, 52, 85, 111, 113, 117, 119,

E

Emer, Joel S.

122, 125, 126, 156, 160, 191

116

Englund, Dirk R.

14,124,192, 222

F

222

Fitzgerald, Eugene A.
H

Han, Jongyoon

62, 65, 66, 67,193

Han, Ruonan

ii, 10, 14, 16, 173, 194, 222

Han, Song 112, 114, 128,195
Hart, A. John 98
Heldt, Thomas 63, 69,175
Hu, Juejun V, 145, 146, 147,152, 196, 222
Hu, Qing 197
J

Jacobson, Joseph 86
Jaramillo, Rafael 89,138,198

Jarillo-Herrero, Pablo
Ju, Long

iv, v, 102, 170, 171, 199

v, 88, 90, 93, 108, 200
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K

Kimerling, Lionel C.

145,150

Kim, Jeehwan
Kong, Jing

V, 43, 45, 48, 55, 87,118, 201
, 32, 35, 39, 42, 46, 47, 53, 56, 91, 92,

L
Lang, Jeffrey H.

96, 104, 105, 202, 198

ii, 33, 72,203, 199

LeBeau, James M. 138
Lee, Hae-Seung 120, 204, 222, 223
Li, Mingda 27, 31,205
Liu, Lugiao 31, 94, 115, 206
M

Macfarlane, Robert J.

Manalis, Scott R.

95

207, 223

N

Niroui, Farnaz

V, 41, 99, 208

Notaros, Jelena

134, 135,136, 137, 141, 209

o)

O'Brien, Kevin

162,166

Oliver, William D.

iv, v, 166, 171, 210, 223

P

Palacios, Tomas

i,1i, iii, iv, v, 10, 22, 23, 25, 28,
29, 30, 36, 37, 40, 54, 59, 96, 211, 206, 174

Perreault, David J.
Portela, Carlos M.

154,158, 159, 212, 223
95,213

R

Reiskarimian, Negar
Ross, Frances M.

................................. 13, 15,17, 18,19, 20, 71, 214

89,96

S

Sarkar, Deblina

26,27

106

Smith, Zachary P.
Sodini, Charles G.

175, 215, 210, 223

Sze, Vivienne

ii, 12, 63, 116, 130, 157, 216

T

Thompson, Carl V.

v, 9,217, 212

Tisdale, William A.

103,133, 142, 143

\'

Varanasi, Kripa K.

223

Velasquez-Garcia, Luis F. .....oovvceenrerrrsnnnnene ii,iv,2,3,4,5,6,7 8, 60,

75,76, 77,79, 98, 218, 223

Y

Yildiz, Bilge ii, v, 49, 51,121, 122, 123, 131

You, Sixian 151, 219
227



IN APPRECIATION OF OUR
MICROSYSTEMS INDUSTRIAL GROUP MEMBER COMPANIES:

Analog Devices
Applied Materials
Draper
Edwards
Ericsson
GlobalFoundries
Hitachi High-Tech Corporation
IBM
Lam Research Corp.
Lockheed Martin
muRata
NEC Corporation
Soitec
Taiwan Semiconductor Manufacturing Company
Texas Instruments

AND MIT.NANO CONSORTIUM MEMBER COMPANIES:

Analog Devices, Inc.
Applied Materials
Edwards
Fujikura
IBM Research
Lam Research
Lockheed Martin
NC
NEC Corporation
Shell
UpNano

Viavi Solutions

MTL ; oo MIT.nano





